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The synchrotron based vacuum ultraviolet-pulsed field ionization-photoelectron (VUV-PFI-PE) spectrum
of ammonia (NH3) has been measured in the energy range 10.12-12.12 eV using a room-temperature NH3

sample. In addition to extending the VUV-PFI-PE measurement to include theV2
+ ) 0, 10, 11, 12, and 13

and theV1
+ + nV2

+ (n ) 4-9) vibrational bands, the present study also reveals photoionization transition line
strengths for higher rotational levels of NH3, which were not examined in previous PFI-PE studies. Here,
V1

+ andV2
+ represent the N-H symmetric stretching and inversion vibrational modes of the ammonia cation

(NH3
+), respectively. The relative PFI-PE band intensities for NH3+(V2

+)0-13) are found to be in general
agreement with the calculated Franck-Condon factors. However, rotational simulation indicates that rotational
photoionization transitions of the P-branches, particularly those for the lowerV2

+ PFI-PE bands, are strongly
enhanced by forced rotational autoionization. For the synchrotron based VUV-PFI-PE spectrum of the
origin band of NH3

+, rotational transition intensities of the P-branch are overwhelming compared to those of
other rotational branches. Similar to that observed for thenV2

+ (n ) 0-13) levels, theV1
+ + nV2

+ (n ) 4-9)
levels are found to have a positive anharmonicity constant; i.e., the vibrational spacing increases asn is
increased. The VUV laser PFI-PE measurement of the origin band has also been made using a supersonically
cooled NH3 sample. The analysis of this band has allowed the direct determination of the ionization energy
of NH3 as 82158.2( 1.0 cm-1, which is in good accord with the previous PFI-PE and photoionization
efficiency measurements. Using the knownnd(V2

+)1,10r00) Rydberg series of NH3 as an example, we have
demonstrated a valuable method based on two-color infrared-VUV-photoion depletion measurements for
determining the rotational character of autoionizing Rydberg states.

I. Introduction

As a model system for the study of photoionization dynamics,
ammonia (NH3) has been the subject of numerous photoion-
ization and photoelectron studies.1-13 Using the single-photon
vacuum ultraviolet (VUV) and multiphoton excitation pulsed
field ionization-photoelectron (PFI-PE) method, rotationally
resolved photoelectron spectra for theV2

+ ) 1-9 inversion or
“umbrella” vibrational bands of NH3+(X̃2A2′′) have been
reported previously.3-6 These studies have provided a detailed
picture on the photoionization dynamics of NH3 and accurate
ionization energies (IEs) and spectroscopic constants for NH3

+-
(X̃2A2′′;V2

+)1-9). Furthermore, by combining the known
transition energy forV2

+ ) 1 r V2
+ ) 0, the study of Reiser et

al. has allowed the indirect determination of the IE for NH3.4

The most precise IE for NH3 of 82 158.751( 0.016 cm-1 was
obtained recently from the analysis of Rydberg series resolved
in the high-resolution PIE measurement by Seiler et al.6

Interestingly, there was no report on the rotationally resolved
VUV-PFI-PE spectrum of the origin band of NH3

+. The lack
of VUV-PFI-PE measurement for the origin band is in part
due to the unfavorable Franck-Condon factor (FCF) for the
photoionization transition. The only successful observation of
the rotationally resolved origin band of NH3

+(X̃2A2′′) was made
by Dickinson et al. using the (2+1′) resonance-enhanced

multiphoton mass-analyzed threshold ionization scheme via the
NH3(C̃′;V2′)0) intermediate state.7

When a molecule is excited to a Rydberg state lying above
its ionization threshold, it can decay via autoionization, predis-
sociation, and/or fluorescence.8 It is well-known that near
resonance autoionization processes can affect the rotational
transition intensities in PFI-PE spectra via channel interac-
tions.7,9 Thus, the study on autoionization mechanisms is
essential for the understanding of molecular photoionization
dynamics. Ashfold et al.,10 Miller et al.,11 and Bacon and Pratt12

have performed extensive studies on the autoionization mech-
anisms of NH3. Noordam et al.13 have provided an intuitive
picture for the competition between the three decay channels,
field ionization, rotational autoionization, and predissociation,
based on the line widths observed in field induced ionization
measurements. Moreover, the detailed characterization of the
quantum defects of autoionizing Rydberg series can give
valuable insight into the character of the molecular orbital from
which the photoelectron is produced.

In this article, we report three experiments aiming to provide
additional details on the photoionization dynamics of NH3. First,
taking advantage of the broad tunability of the high-resolution
VUV synchrotron radiation source at the Chemical Dynamics
Beamline of the Advanced Light Source (ALS), we have
recorded the VUV-PFI-PE spectra for theV2

+ ) 0-13
vibrational bands and the combination bandsV1

+ + nV2
+ (n )

4-9) of NH3
+ using an effusive NH3 sample at room temper-

ature, whereV1
+ is the symmetric N-H stretching vibrational
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mode. This study represents the first PFI-PE study to determine
the relative intensities of theseV2

+ vibrational bands for
comparison with the FCF prediction. Furthermore, this experi-
ment has allowed the examination of photoionization transition
line strengths for the formation of higher rotational states of
NH3

+(V2
+) and the observation of the PFI-PE vibrational bands

of NH3
+ [V2

+ ) 0, 10-13 andV1
+ + nV2

+ (n ) 4-9)] for the
first time. We have also performed VUV laser based PFI-PE
measurements of the NH3

+(X̃2A2′′;V2
+)0-3) vibrational bands

using a supersonically cooled NH3 sample for comparison with
the VUV synchrotron based measurements. The VUV laser
PFI-PE spectrum of the origin band thus measured has provided
a direct determination of the IE(NH3). The comparison of the
VUV laser PFI-PE spectra with the corresponding synchrotron
based VUV-PFI-PE spectra have also made possible a more
precise energy calibration of the VUV synchrotron based PFI-
PE spectra.

As demonstrated in recent IR-VUV studies,14-17 the IR-
VUV-PIE and IR-VUV-PFI-PE schemes have resulted in
a significant simplification of the respective PIE and PFI-PE
spectra for NH3. Here, we report the comparison of the
autoionizing Rydberg series of NH3 near its ionization threshold
observed in the VUV laser PIE measurement and those recorded
using the IR-VUV laser PIE scheme. Most interestingly, the
two-color IR-VUV-PIE measurement of the present study
reveals IR-VUV-photoion depletion (IR-VUV-PID) signals
of NH3

+, demonstrating that the IR-VUV-PID scheme can
be a valuable method for determining the rotational character
of autoionizing Rydberg resonances observed in single-photon
VUV-PIE studies. The IR-VUV-PID measurement can be
considered as a variant of IR-UV pump probe methods such
as resonant ion-dip IR spectroscopy,18,19 which was first
demonstrated21 by Page et al.

The earliest IR-rovibration-selected and UV-resonance-
enhanced multiphoton ionization study dates back to the work
of Esherick and Anderson.20

II. Experiment

A. Synchrotron Based VUV-PFI-PE Measurements.The
PFI-PE vibrational bands of NH3+(V2

+)0-13) were measured
using the VUV photoelectron-photoion facility of the Chemical
Dynamics Beamline at the ALS, which was operated in the
multibunch mode (period) 656 ns, dark gap) 112 ns). The
experimental setup and procedures were similar to those
described previously.22-24 In the present experiment, a 2400
lines/mm grating (dispersion) 0.64 Å/mm) was used to disperse
the first-order harmonics of the undulator VUV beam with
entrance-exit slit sizes in the range 30-100µm. The dispersed
VUV beam emerging from the monochromator was focused into
the photoionization/photoexcitation (PI/PEX) region of the
apparatus. All spectra were calibrated by using the PFI-PE
bands for Ne+(2P3/2,1/2), Ar+(2P3/2,1/2), Kr+(2P3/2,1/2), and
Xe+(2P3/2,1/2) obtained under the same experimental conditions.
This energy calibration procedure is based on the assumption
that the Stark shifts for the IE of NH3 and the rare gases are
identical. We note that this energy calibration procedure also
assumes the linear energy extrapolation. Because the low end
of the VUV energy range of interest here is nearly 2 eV lower
than the IE of Xe+(2P3/2), we expect that the linear extrapolation
method carries a larger error limit than that of(0.5 meV as
achieved in previous studies.22-24 As described below, the
energy calibration of the synchrotron based VUV-PFI-PE
measurements was improved in this study by using the VUV
laser PFI-PE spectra for theV2

+ ) 0-3 bands of NH3+.

In the present PFI-PE measurement, the NH3 sample (purity
g99.99%, Aldrich) was introduced into the PI/PEX region as
an effusive beam at room temperature. The density of the
effusive beam at the PI/PEX region was estimated to be 10-3

Torr. The background pressure in the photoionization chamber
was maintained at≈2 × 10-6 Torr during the experiment. The
PFI pulse (0.8-1.0 V/cm, 40 ns duration) was applied every
synchrotron period at a delay of 10 ns with respect to the
beginning of the dark gap. The VUV energy was scanned in
step intervals of 0.2 meV. The counting time per data point
varied in the range 5-15 s for differentν2

+ bands.
B. Laser Based VUV-PFI-PE Measurements.The ex-

perimental procedures for VUV-PFI-PE measurements using
the VUV laser photoion-photoelectron apparatus have been
described in detail previously.25,26In brief, the apparatus consists
of a pulsed (30 Hz) tunable VUV laser system, a pulsed
molecular beam source, a time-of-flight (TOF) electron spec-
trometer for PFI-PE detection, and a TOF mass spectrometer
for ion detection. The electron spectrometer and ion mass
spectrometer are each equipped with a set of microchannel plates
(MCPs). Tunable VUV laser radiation is generated by resonance
enhanced four-wave difference-frequency mixing (ωvuv ) 2ω1

- ω2) in a Kr gas cell via the Kr 4pf 5p′ transition at
98 855.06 cm-1 ()2ω1). The fixed UV frequency,ω1, is
generated by sum frequency mixing of the second harmonic
frequency of an injection seeded Nd:YAG (355 nm) pumped
dye laser output and the fundamental output (1064 nm) of the
Nd:YAG pumped laser. The tunable visible frequency,ω2 (spans
the range 580-725 nm) is generated by another dye laser
pumped by the 532 nm output of the same Nd:YAG laser. The
optical bandwidth of the VUV radiation is measured to be 0.12
cm-1 (fwhm).

The NH3 (purity g99.99%, Aldrich) sample is premixed with
He in the 1:9 ratio to a total stagnation pressure of≈1100 Torr
prior to the expansion through a pulsed valve (nozzle diameter
) 0.5 mm) operating at 30 Hz. The pulsed beam thus formed
is skimmed by a conical skimmer before entering the PI/PEX
region of the photoion-photoelectron apparatus. On the basis
of spectral simulation of single-photon VUV laser PFI-PE
spectra for theV2

+ ) 0-3 vibrational bands of NH3+(X̃), we
estimate that the rotational temperature for NH3 achieved in
the supersonic expansion is≈20 K.

For the PFI-PE detection, a dc field of 0.1 V/cm is applied
to PI/PEX region to disperse prompt background electrons. In
the present VUV-PFI-PE measurement, a PFI field of 0.3
V/cm is employed after a 1µs delay with respect to the VUV
laser pulse. The resulting PFI-PEs are detected by the electron
MCP detector. The signals from the electron MCP are amplified
before feeding into a boxcar integrator, which is interfaced to
a personal computer. Two digital delay generators are used to
control the timing sequence of turning on the molecular beam,
the VUV laser, and the electric field pulse for PFI and electron
detection.

C. VUV-PIE, IR -VUV-PIE and IR-VUV-PID Mea-
surements.The VUV-PIE and the two-color IR-VUV-PIE
and IR-VUV-PID measurements are made using the same
VUV laser photoion-photoelectron apparatus as described in
section II.B. The IR-VUV experiments use an additional Nd:
YAG pumped IR-optical parametric oscillator/amplifier (IR-
OPO/A) laser system (repetition rate) 15 Hz, pulse energy
≈5 mJ/pulse, optical bandwidth≈0.25 cm-1).18-21 The IR laser
beam is aligned to counterpropagate with the VUV laser beam
to ensure the maximum spatial overlap of the two lasers. The
application of the VUV photoionization laser is delayed with
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respect to the firing of the IR laser by≈50-100 ns. After a
delay of 1µs with respect to the VUV laser pulse, a dc field of
≈60 V/cm is used to extract photoions into the TOF mass
spectrometer for detection by the ion MCP detector.

To detect the IR-VUV-PIE and IR-VUV-PID signals, the
boxcar is set to collect NH3+ photoion signals at 30 Hz with
the “toggle mode”. Because the VUV beam is fired at 30 Hz
and the IR is set at 15 Hz, the toggle mode allows shot-to-shot
corrections of VUV-only photoion background by taking the
differences of two adjacent ion signals as the net signals in the
IR-VUV-PIE and IR-VUV-PID measurements. The net
signals for IR-VUV-PIE measurements are positive signals,
whereas the IR-VUV-PID peaks have negative intensities. In
this work, the focus is on the demonstration of IR-VUV-PID
measurements of the Rydberg series of NH3.

The application of the IR-VUV-PIE and IR-VUV-PID
method involves two steps. The first step concerns the measure-
ment of the IR spectrum of neutral NH3. This is done by
scanning the IR laser radiation through rovibrational transitions
from the ground vibrational state to the excitedV1 (symmetric
N-H stretch)) 1 vibrational state of NH3 while fixing the
VUV laser radiation at a frequency below the VUV photoion-
ization threshold of NH3. Because NH3+ can only be formed
when NH3 absorbs both the IR and VUV photons, the recorded
IR-VUV-photoion spectrum for NH3+ corresponds to a mea-
sure of the IR absorption spectrum of NH3, which provides
accurate measures of the IR frequencies for the preparation of
NH3(V1)1) in specific rotational levels. From another point of
view, setting the IR laser at a selected rotational transition also
depletes the populations of specific rotational levels in the
ground vibrational state of NH3. Thus, fixing the IR frequency
at a specific rotational transition and scanning the VUV laser
energy can give rise to a negative PIE signal of an autoionizing
Rydberg peak if the Rydberg line is formed by excitation from
the neutral rotational state of NH3, which is depleted by the IR
radiation.

III. Symmetry Considerations and Selection Rules on
NH3 Photoionization

The selection rules based on symmetry considerations for the
photoionization of NH3 have been discussed in detail in refs
27-30. Here, only a brief summary is given to facilitate the
interpretation of the current work. Ammonia in its groundX̃1A1′
state has a pyramidal structure ofC3V symmetry with the main
electronic configuration of (1a1′)2(2a1′)2(1e′)4(3a1′)2, whereas the
X̃2A2′′ ground state for NH3+ has a planarD3h structure with
the main electronic configuration of (1a1′)2(2a1′)2(1e′)4(1a2′′).27,28

Considering that the nuclear wave function in the ground state
of NH3 is located equally in both potential wells associated with
the umbrella motion, NH3 in its ground state can be considered
to haveD3h(M) symmetry.29 The inversion levels are labeled
as the symmetric (A2′) and antisymmetric (A2′′) combinations
of the C3V pyramidal conformations interchanged through
excitation of the inversion or “umbrella” mode.30

The selection rules for photoionization of NH3 are governed
by restrictions due to the nuclear spin statistics and by parity
constraints.28,29 On the basis of the nuclear spin statistics, the
rovibronic levels with symmetriesΓevr ) A2 for ortho-NH3 and
E for para-NH3 have the nuclear spin statistical weights of 12
and 6, respectively, whereas no rovibronic levels with A1

symmetry exist because of their zero statistical weights. In
addition, transitions between levels ofortho-component and
para-component are not allowed. The parity constraints on
photoionization are described bypevr′ X pevr

+ X pl ) (-), where

l is the orbital angular momentum quantum number of the
photoelectron andpl ) (-1)l represents the photoelectron parity.
From the combination of the two restrictions, allowed rovibronic
transitions on the photoionization of NH3 are as follows: A2′
T A2′′ and E′ T E′′ for evenl, and A2′ T A2′, A2′′ T A2′′, E′
T E′ and E′′ T E′′ for odd l.

The schematic diagrams of Figure 1a,b show the symmetry
labels of some rovibronic energy levels of the NH3(X̃1A1′;V1)0)
and NH3

+(X̃2A2′′;V2
+) states and the symmetry allowed transi-

tions between them, which are of interest to the present study.
The respective rovibronic transitions to evenν2

+ [ΓV(evenV2
+)

) A1′] and oddV2
+ [ΓV(oddν2

+) ) A2′′] are depicted separately
in Figure 1a,b for the sake of clarity.

IV. Results and Discussion

A. VUV -PFI-PE Spectra for NH3
+[W2 ) 0-13 and W1

+

+ nW2
+ (n ) 4-9)]. Figure 2 depicts the single-photon VUV-

PFI-PE spectrum of NH3 in the energy range 10.13-11.90 eV
obtained using an effusive NH3 sample and the high-resolution
monochromatized VUV undulator synchrotron source at the
ALS. The energy range of this spectrum covers the formation
of the vibrational bands ofV2

+ ) 0-13 andV1
+ + nV2

+ (n )
4-9). Particularly, this spectrum provides a grand view of the
Franck-Condon envelope for photoionization transitions to
theseV2

+ vibrational bands of NH3+(X̃2A2′′) from the NH3-
(X̃1A1′) ground state. The excitation profile of the longV2

+

vibrational progression observed in the VUV-PFI-PE spectrum
is similar to that reported in previous HeI photoelectron
measurements1,31and is consistent with the pyramidal-to-planar
geometry change upon photoionization of NH3. The V2

+ band
intensity is found to increase fromV2

+ ) 0 to 5 and then
decrease fromV2

+ ) 5 to 13. TheV2
+ ) 14 band is the last

band that can be observed within the sensitivity of the present
experiment. However, because no rotational structures are
evident in the VUV-PFI-PE spectrum of this band, it is not
shown here. The relative intensities for theV2

+ ) 0-13 PFI-
PE vibrational bands observed here are in general agreement
with the FCFs calculated by Botschwina et al.32

Figure 1. Symmetry labels of rotational energy levels for the NH3-
(X̃1A1′;V2)0) (lower) and NH3

+(X̃+ 2A2′′;V2
+) (upper) states. Photoion-

ization transitions to form NH3+(X̃+ 2A2′′) in V2
+ ) even states andV2

+

) odd states are shown in (a) and (b), respectively. Solid lines are
allowed rotational levels and dotted lines are forbidden due to nuclear
spin statistics. Some allowed transitions are shown as solid arrows for
l even transitions and as dashed arrows forl odd transitions.
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Parts a-l of Figure 3 compare the respective VUV-PFI-
PE spectra for theV2

+ ) 1-12 bands of NH3+ (upper curves)
with their corresponding simulated spectra (lower curves)
obtained on the basis of the extended Buckingham-Orr-Sichel
(BOS) model.33-35 The assignments of rovibrational transitions
are marked on top of the VUV-PFI-PE spectra. The spectrum
for the (V2

+ ) 0 or 00) origin band of NH3
+ along with its

simulated spectrum is shown in Figure 4a.
The rotational structures of the PFI-PE vibrational bands of

NH3
+(ν2

+)0-13) have been simulated by assuming that the
energiesEJ,K (EJ+K+) for rotational levels of NH3 (NH3

+) are
described by those of a rigid oblate symmetric top molecular
species:EJ,K ) BνJ(J + 1) + (Cν - Bν)K2 [EJ+,K+ ) Bν

+J+(J+

+ 1) + (Cν
+ - Bν

+)(K+)2], whereBν(BV
+) andCν(CV

+) are the
rotational constants andJ (J+) and K (K+) are the rotational
quantum numbers for a given vibrational levelV (V+) of NH3

(NH3
+). The rotational constants of the neutral ground vibra-

tional state of NH3, i.e., V ) 0 or 00, B0 ) 9.947 cm-1 andC0

) 6.227 cm-1, are obtained from ref 30. The rotational constants
(BV

+ andCV
+) for NH3

+(V2
+)0-9) were taken from the ref 4.

TheBV
+ andCV

+ values forV2
+ ) 10-13 were determined by

spectral simulations (see Table 1) of the present study. A
Gaussian line shape with a full-width at half-maximum (fwhm)
of 4.5 cm-1 is used as the instrumental PFI-PE resolution
profile in the simulation.

The relative intensities for rotational structures observed in
individual vibrational bands for NH3+(X̃2A2′′,V2

+)0-13) were
simulated using the extended Buckingham-Orr-Sichel (BOS)
model as described in detail previously.33-35 This model was
originally derived to predict rotational line strengthσ(N+rJ′′)
observed in single-photon photoionization of diatomic mol-
ecules33 and has been extended for the simulation of symmetric
top molecules.34,35Here, the BOS model is extended to simulate
the rotationally resolved photoionization processes, NH3-
(X̃1A1′;00,J,K) + hν f NH3

+(X̃2A2′′;V2
+)0-13,J+,K+) + e-,

where both NH3 and NH3
+ are symmetric top species. The BOS

model does not take into consideration of interchannel couplings
and, thus, is not expected to be capable of providing a good fit
to the PFI-PE spectrum if near resonance autoionization is an
important photoionization mechanism. Despite this limitation,
the BOS simulation has been shown to be useful for deducing
more precise values for spectroscopic constants of interest such
as IEs, vibrational frequencies, and rotational constants for the

cation.33-35 Furthermore, comparing the PFI-PE spectrum with
its BOS simulation often helps to identify indirect photoion-
ization processes mediated by near resonance autoionization.

On the basis of the BOS model, the photoionization cross
section or line strength for a rotational photoionization transition
is calculated according to

The factorCλ is associated with the electronic transition moment,
which is the linear combination of electron transition amplitudes
for the possible angular momentuml of the ejected electron.
The other factorQ(λ,N+,J′′) is determined by the standard
angular momentum coupling constants (Clebsch-Gordon coef-
ficients), which are calculated using the formula for a Hund’s
case (b) to case (b) transition in the present study and given by

whereλ is the orbital angular momentum component out of
which ionization occurs and is related to the quantum number
l of the photoelectron by the relation|λ - 1| e l e |λ + 1|.
Assuming that the highest occupied 3a1′ orbital of NH3 is
primarily atomic in nature, only theλ ) (1 transitions are
included in the simulation. The calculation of the relative
rotational transition intensities has also taken into account the
Boltzmann rotational distribution of NH3 at 298 K (room
temperature) and the nuclear spin statistics of NH3. Considering
that the dominant feature of the spectra is governed by the P,
Q, and R branches, and that the transitions involved are parallel
type band transitions between the neutral and ion, we have only
taken into account of the∆J + ) J + - J′′ ) 0, (1 and∆K+

) K+ - K′′ ) 0 transitions in the simulation. Although the
rotational levels with theJ′′ values up to 15 and theK′′ values
up to 10 have been taken into consideration in the simulation,
only K′′ ) 0 and 1 are marked in the assignments of Figure
3a-l and Figure 4a due to the space limitation.

All synchrotron based VUV-PFI-PE spectra for the NH3+-
(V2

+ ) 1-12) bands are partially rotationally resolved with an
intense Q-branch located at the center of each spectrum. As
shown in Figure 3a-l, the pattern of rotational structures of

Figure 2. Synchrotron based VUV-PFI-PE spectrum of NH3+ in the VUV energy range 10.13-11.90 eV. The vibrational bandsV2
+ ) 0-13

andV1
+ + nV2

+ (n ) 4 and 9) are marked in the figure.

σ(N+rJ′′) ∝ ∑
λ

Q(λ,N+,J′′)Cλ (1)

Q(λ,N+,J′′) ) (2N+ + 1)(N + λ J′′
-K+ K+ - K′′ K′′ )2

(2)

Synchrotron Based VUV-PFI-PE Spectrum of NH3 J. Phys. Chem. A, Vol. 110, No. 27, 20068491



the simulated spectra (lower spectra) are in general agreement
with those of the experimental spectra (upper spectra). A
noticeable difference between the experimental and simulated
spectra is that the P-branches of most of these PFI-PE
vibrational bands, particularly the bands with lowerV2

+ values,

exhibit strongly enhanced intensities for rotational transitions
compared to the corresponding simulated intensities for these
rotational transitions. This observation can be ascribed to forced
autoionization9,36(an electron is released as a result of a channel
interaction between a discrete Rydberg state and a pseudo-

Figure 3. (a)-(l) are synchrotron based VUV-PFI-PE spectra of the 2n (n ) 1-12) vibrational bands of NH3+, respectively. Assignments of
rotational photoionization transitions are marked on top of the peaks resolved in the spectra.
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continuum of high-n Rydberg states and the subsequent field
ionization of these high Rydberg states), which has been
observed in PFI-PE vibrational bands of many simple molec-
ular ions such as NO+ 37 and ND3

+.24 The VUV-PFI-PE peaks
(marked by downward arrows) on the high energy sides of the
V2

+ ) 7-12 vibrational bands shown in Figures 3g-l are
identified as the combination bands ofV1

+ + nV2
+, n ) 4-9,

respectively. To show the relative intensities of these combina-
tion vibrational bands, we have also marked theV1

+ + nV2
+ (n

) 4-9) bands in Figure 2, along with the marking of theV2
+

) 0-13 vibrational progression.
As a result of forced rotational autoionization,9,36 the syn-

chrotron based PFI-PE spectrum of the origin band of NH3
+

(shown in Figure 4a) is found to exhibit overwhelming
intensities for the P-branch rotational transitions compared to
the rotational transition intensities observed for other branches.
The unusually high rotational intensities observed for the
P-branch of the origin band are likely the result of longer
lifetimes of Rydberg states involved near the ionization threshold
of NH3.

We have also obtained the VUV laser PFI-PE spectra for
the NH3

+(V2
+)0-3) vibrational bands using a supersonically

cooled NH3 sample. Considering that the VUV laser energy
calibration can be made with significantly higher precision, we

have used these VUV laser based spectra to recalibrate the
energy scale of the VUV synchrotron based PFI-PE spectra.
The VUV laser PFI-PE spectrum for the origin (V2

+ ) 0) band
of NH3

+ obtained here is plotted in Figure 4b for comparison
with the synchrotron based spectrum of Figure 4a. Because the
laser based PFI-PE spectra for theV2

+ ) 1-3 bands have been
reported previously,4-6 they are not shown here. Due to the
significantly lower rotational temperature (≈20 K) achieved for
the molecular beam NH3 sample, the VUV laser PFI-PE
spectrum for the origin band of NH3+ is found to display well
resolved rotational transitions. The respective assignments of
rotational transitions,NK+

+ r J′′K′′, are marked on top of the
PFI-PE peaks of Figure 4b. At a rotational temperature of 20
K, the NH3 sample is predominantly populated in the 10 and 11
rotational levels. Because the BOS simulation model used here
has assumed only the occurrence of∆K+ ) 0 transitions, the
∆K+ ) 1 transition 22 r 11 observed in PFI-PE spectrum of

Figure 4. (a) Synchrotron based VUV-PFI-PE spectrum (upper
spectrum) of the origin (V2

+ ) 0) band of NH3
+ observed using a room-

temperature NH3 sample. (b) VUV laser based PFI-PE spectrum (upper
spectrum) of the origin (V2

+ ) 0) band of NH3
+ observed using a

supersonically cooled NH3 sample. Assignments of rotational photo-
ionization transitions are marked on top of the peaks resolved in the
spectra. The simulated spectra based on the extended BOS model are
shown as the lower spectra in (a) and (b). See the text.

TABLE 1: Ionization Energies (IEs) and Rotational
Constants (BW

+/CW
+) Observed in the Present VUV

Synchrotron and Laser PFI-PE Measurements and Their
Comparison with Previous UV and IR-VUV Laser PFI-PE
Studies.

IE (cm-1) BV
+/CV

+ (cm-1)

VUV synchrotronaν+

bands ref 4b
VUV c or

IR-VUVd ref 4b
VUV c or

IR-VUVd

20 82162 905e 82159.0 82158.2 10.64/5.25 10.64/5.10
21 83067 935e 83062.4 83061.6 10.19/5.31 10.18/5.27
22 84002 968e 84002.9 84002.9 9.77/5.40 9.76/5.39
23 84970 995e 84972.2 84972.3 9.35/5.50 9.33/5.46
24 85965 1014e 85966.4 85965.6 8.95/5.60 8.95/5.53
25 86979 1031e 86980.2 86979.5 8.60/5.70 8.57/ -
26 88010 1044e 88010.7 8.25/5.80
27 89054 1063e 89058.4 7.95/5.95
28 90117 1072e 90116.8 7.65/6.05
29 91189 1078e 91189.4 7.40/6.20
210 92267 1088e 7.15/6.35
211 93355 1087e 6.90/6.50
212 94442 1090e 6.65/6.65
213 95532 6.40/6.80
1121 86501.0 86285.7 9.9/5.25 10.00/5.60
1123 88180.7 9.23/-
1124 89301f 1004g

1125 90305f 1047g

1126 91352f 1115g

1127 92467f 1154g

1128 93621f 1068g

1129 94689f

a This work. Based on VUV synchrotron based PFI-PE measure-
ments. The IE values are obtained on the basis of BOS simulations of
the VUV synchrotron based PFI-PE spectra and are estimated to have
error limits of (5 cm-1 for V2

+ ) 0-11 and(8 cm-1 for V2
+ ) 12

and 13. The simulations of the VUV synchrotron based PFI-PE spectra
for theV2

+ ) 0-9 bands useBV
+/CV

+ values reported in ref 4. For the
V2

+ ) 10-13 bands, theBV
+/CV

+ values are determined on the basis of
the best simulated fit to the VUV synchrotron based PFI-PE spectra
and the extrapolation of theBV

+/CV
+ values for theV2

+ ) 0-9 bands
of ref 4. b The IE andBV

+/CV
+ values for theV2

+ ) 0-9 andV1
+ + V2

+

vibrational bands are obtained from ref 4 on the basis of nonresonant
two-photon PFI-PE and (2+1′) resonant multiphoton PFI-PE mea-
surements.c The IE andBV

+/CV
+ values forV2

+ ) 0-3 are determined
on the basis of simulation of the VUV laser PFI-PE spectra obtained
in the present work. The IE andBV

+/CV
+ values forV2

+ ) 10-13 are
determined on the basis of simulation of the VUV synchrotron PFI-
PE spectra obtained in the present work.d The IE andBV

+/CV
+values

for V1
+ + nV2

+ (n ) 1 and 3)are obtained from the IR-VUV-PFI-
PE study reported in ref 38.e Vibrational spacings of adjacentV2

+

vibrational levels.f The IE values of the combination bandsV1
+ + nV2

+

(n ) 4-9) are estimated as the energies of the VUV-PFI-PE peaks
marked as downward arrows in Figures 3g-l. See the text.g Vibrational
spacings of adjacentV1

+ + nV2
+ (n ) 4-9) vibrational levels.
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Figure 4b is not predicted in the lower simulated curve. The
BOS simulation of Figure 4b has taken into account the spin-
rotation splitting of 0.8 cm-1 for the neutral states and used a
Gaussian instrumental profile of a fwhm≈1.8 cm-1. Similar
to the observation in Figure 4a, the P-branch rotational transi-
tions, 00 r 10 and 11 r 21 are also found to be enhanced by
forced autoionization.

The simulation of the VUV laser PFI-PE spectrum of Figure
4b leads to theBV

+/CV
+ values of 10.64/5.10 cm-1 for the ground

state of NH3
+ and IE(NH3) value of 82 158.2( 1.0 cm-1. These

values, together withBV
+/CV

+ and IE values forV2
+ ) 1-3

determined in the present VUV laser PFI-PE measurement and
those forV2

+ ) 4 and 5 obtained in the recent IR-VUV-PFI-
PE study,38 are compared in Table 1 to those forV2

+ ) 0-9
reported previously by Reiser et al.4 The IE(NH3) ) 82 158.2
( 1.0 cm-1 determined here on the basis of simulation of the
present VUV laser PFI-PE study is in excellent agreement with
the previous indirect determination4 of 82 159.0( 1.0 cm-1

and the most precise value of 82 158.751( 0.016 cm-1 derived
from the analysis of Rydberg series resolved in the recent high-
resolution VUV-PIE study.6 Using theBV

+/CV
+ constants for

V2
+ ) 0-9 reported in ref 4 and those forV2

+ ) 10-13 obtained
by simulations in this work, we have obtained the IE values
for the formation of NH3

+(V2
+)0-13) based on BOS simula-

tions of the VUV synchrotron PFI-PE spectra. This comparison
shows that the IE[NH3+(X̃;V2

+)0-9)] values obtained in the
present synchrotron and laser VUV-PFI-PE study and the
recent IR-VUV-PFI-PE measurement are in agreement with
those obtained by Reiser et al. after taking into account the
experimental uncertainties.

The present VUV synchrotron PFI-PE measurements also
provide information on the combination bandsV1

+ + nV2
+ (n

) 4-9) of NH3
+, which are predicted to occur by the FCF

calculations.39 The energies of the PFI-PE peaks (marked by
downward arrows in Figures 3g-l) are considered as the
positions for Q-branch rotational transitions of theV1

+ + nV2
+

(n ) 4-9) bands. Thus, these PFI-PE peak energies are listed
in Table 1 as estimates of the IEs for the formation of NH3

+-
[V1

++nV2
+(n ) 4-9)] from NH3. The Q-branch assignment is

based on the observation of the VUV-PFI-PE spectra of the
nV2

+ (n ) 1-13) bands, which are found to peak predominantly
at the Q-branch rotational photoionization transitions. The
VUV-PFI-PE spectra of thenV2

+ (n ) 1-13) bands shown
in Figure 3a-l also reveal that as n is increased, the Q-branch
becomes more dominant. The IE andBV

+/CV
+ values forV1

+ +
nV2

+ (n ) 1 and 3) obtained from the previous IR-VUV-
PFI-PE and UV laser PFI-PE measurements are also included
in Table 1.

We find that the vibrational spacings of theV1
+ + nV2

+ (n )
4-9) levels are close to those of thenV2

+ (n ) 0-13) (see
Table 1). Furthermore, both thenV2

+ andV1
+ + nV2

+ vibrational
progressions are found to exhibit positive anharmonicities; i.e.,
the vibrational spacing increased asn increased. The extrapola-
tion of the observed combination bands,V1

+ + nV2
+ (n ) 4-9),

yields an intercept orV1
+ value of 3261( 36 cm-1, which is

slightly higher than the extrapolated value of 3232((10) cm-1

based on the IR-VUV-PFI-PE data. Nevertheless, these
extrapolatedV1

+ values are in agreement after taking into
account the error limits of both experiments. We note that the
spacing (1120 cm-1) observed between the IE forV1

+ + 4V2
+

obtained here and that forV1
+ + 3V2

+ determined in the IR-
VUV-PFI-PE study seems too high compared to the vibra-
tional spacings observed for the higher levels. This observation
suggests that the IE values forV1

+ + nV2
+ (n ) 4 and 5)

obtained here on the basis of the estimates of the Q-branch
assignments are likely too high.

B. IR-VUV-PIE and IR-VUV-PID Spectra of NH3
+.

In this section, we present a valuable method for determining
the rotational assignment of the autoionizing Rydberg series
based on the two-color IR-VUV-PID scheme. Owing to the
recent high-resolution PIE study of Seiler et al.,6 several
autoionizing Rydberg series converging to specific rotational
levels of the excited NH3+(V2

+)1) vibrational state have been
assigned. As described below, one of these Rydberg series of
NH3 is used here to illustrate the IR-VUV-PID technique for
examining the rotational nature of autoionizing Rydberg states.

Figure 5 shows the IR-VUV-photoion spectrum for theV1

band of NH3 in the IR range 3300-3390 cm-1. Although this
spectrum was reported in the recent IR-VUV-PFI-PE study
of NH3,38 it is shown again here to facilitate the description
given below. This spectrum was obtained by detecting NH3

+

ions with the VUV laser fixed at an energy below the IE(NH3)
while scanning the IR laser energy across theV1 absorption band.
Because NH3+ can be formed only when NH3 absorbs both the
IR and VUV photons, the IR-VUV-photoion spectrum thus
obtained represents a measure of the IR absorption spectrum
of NH3. As shown in Figure 5, seven rotational transitions from
NH3(V1)0;J′′,K′′) to NH3(V1)1;J′,K′) vibrational state are
observed. These include the P(1) [00(a) r 10(s)] at 3317.21
cm-1, Q(1) [11(s) r 11(a)] transition at 3335.19 cm-1, Q(1)
[11(a)r 11(s)] at 3336.96 cm-1, R(0) [10(s)r 00(a)] at 3355.00
cm-1, R(1) [21(s) r 11(a)] at 3374.54 cm-1, R(1) [20(a) r 10-
(s)] at 3376.29 cm-1, and R(1) [21(a)r 11(s)] at 3376.32 cm-1.
Here, the rotational transitions are designated asJ′K′ r J′′K′′. The
symmetric and antisymmetric tunneling components (i.e., sym-
metric and antisymmetric combinations of the two localized
nuclear wave functions) of NH3 are labeled as (s) and (a),
respectively. We note that the assignment of the observed
rovibrational transitions was made on the basis of the high-
resolution IR spectroscopic data of Benedict et al.40

On the basis of the assignment of the IR-VUV-photoion
spectrum of Figure 5, the IR laser can be used to prepare NH3

in a known rotational level of NH3(V1)1), i.e.,J′ ) 0 via P(1)
[00(a) r 10(s)] at 3317.2 cm-1, J′ ) 1 via R(0) [10(s) r 00(a)]
at 3355.0 cm-1, or J′ ) 2 via both R(1) [20(a) r 10(s)] and
R(1) [21(a) r 11(s)] at 3376.3 cm-1, prior to VUV-PIE or

Figure 5. IR-VUV-photoion spectrum for theV1 ) 1 band of NH3 in
the IR frequency range 3300-3390 cm-1. The VUV frequency was
set at 82 057.5 and 82 049.1 cm-1 for measuring the IR spectrum in
the regions of 3300-3320 and 3320-3390 cm-1, respectively. The
assignments of the rotational transitions are marked on top of the peaks
resolved in the spectrum. The positions of these transitions are given
below the peaks. See ref 38.
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VUV-PFI-PE measurements. It has been demonstrated in
previous IR-VUV studies38 that the IR-VUV-PIE and IR-
VUV-PFI-PE spectra can be greatly simplified due to the
reduction of rotational photoionization transitions.

Figure 6 depicts the single-photon VUV-PIE spectrum
(upper spectrum) of NH3 in the VUV range 82 100-83 150
cm-1 obtained using a supersonically cooled NH3 sample. This
spectrum reveals complex autoionizing Rydberg structures and
is consistent with the high-resolution VUV-PIE reported
previously by Seiler et al.6 As marked in Figure 6, the major
autoionization features have been identified as members of
two nd Rydberg series. The stronger Rydberg series,nd-
(V2

+)1,10r00), has a quantum defectδ ) 0.036 and a
converging limit of NH3

+(X̃;V2
+)1,J+

K+)10) at 83 082.2 cm-1,
and arises from the rotational transition 10 r 00. The weaker
series,nd(V2

+)1,21r10), results from the rotational transition
21 r 10 and has aδ value of 0.055 and a converging limit of
NH3

+(X̃,V2
+)1,J+

K+)21) at 83 102.3 cm-1.
Using the “toggle” mode for NH3+ ion detection and setting

the IR laser at the R(0) [10(s) r 00(a)] (J′ ) 1 r J′′ ) 0)
transition, i.e., 3355.0 cm-1, we have obtained the IR-VUV-
PIE and IR-VUV-PID spectrum for NH3+ in the VUV range
82 050-83 250 cm-1 (see the lower spectrum of Figure 6). The
positive IR-VUV-PIE signal corresponds to NH3

+ formed
from the intermediate state NH3[X̃;V1)1,10(s)] prepared by IR
excitation, whereas the negative IR-VUV-PIE or IR-VUV-
PID signal arises from depletion of the NH3

+ ion intensity that
results from photoionization of NH3[X̃;V1)0,00(a)]. In other
words, the observation of the IR-VUV-PID signal indicates
that the autoionizing Rydberg resonance has a contribution from
neutral NH3(X̃;V1)0) populating the 00(a) rotational level. As
shown in Figure 6, the IR-VUV-PID spectrum exhibits a
series of negative peaks, the positions of which match members
of thend(V2

+)1,10r00) Rydberg series observed in the upper
VUV-PIE spectrum of NH3. This observation can be taken as
support for the assignment of this Rydberg series as originated
from the 00(a) rotational level of NH3(X̃;V1)0).

As expected, the pattern of positive PIE peaks resolved in
the lower IR-VUV-PIE spectrum of Figure 6 is significantly
simplified compared to that observed in the upper VUV-PIE
spectrum. However, the nature of these IR-VUV-PIE peaks
is not known. Considering that the energy range for the IR-
VUV-PIE spectrum of Figure 6 corresponds to the total energy
(the sum of IR, VUV, and initial rotational energies of of NH3)

range 85 450-86 600 cm-1, these IR-VUV-PIE peaks should
belong mostly to members of thend Rydberg series converging
to V2

+ ) 4 and 5 states of NH3+ because the ionization
thresholds for these states are 85 965.6 and 86 979.5 cm-1,
respectively.

We have also looked for IR-VUV-PID signals by setting
the IR laser at 3317.2 cm-1 to excite the P(1) [00(a) r 10(s)]
transition and at 3376.3 cm-1 to excite both the R(1) [20(a) r
10(s)] and R(1) [21(a) r 11(s)] transitions. Due to the weak
depletion signals observed for these measurements, the signal-
to-noise ratios of these measurements are poor, and thus are
not shown here.

V. Conclusions

We have obtained synchrotron based VUV-PFI-PE spectra
for the V2

+ ) 0-13 vibrational bands of NH3+ using room-
temperature NH3. The higher rotational temperature of NH3 has
provided information on rotational photoionization transition line
strengths for higher rotational states of NH3, which were not
observed in previous laser based PFI-PE studies. In addition
to extending the rotationally resolved photoelectron measure-
ment to higher vibrational bandsV2

+ ) 0, 10-13, and thus,
providing a grand view of the FCF profile for excitation of the
V2

+ vibrational progression of NH3+, this experiment has also
made possible the identification of theV1

+ + nV2
+ (n ) 4-9)

combination vibrational bands. Although the observed intensity
profile of theV2

+ VUV-PFI-PE bands is in general agreement
with the calculated FCFs, the P-branch rotational intensities for
the origin VUV-PFI-PE band are found to be greatly enhanced
by forced rotational autoionization, rendering a significantly
higher overall intensity for theV2

+ ) 0 band than that predicted
by the FCF calculation. We have also measured the VUV laser
PFI-PE spectra for theV2

+ ) 0-3 bands of NH3+ using a
supersonically cooled (≈20 K) sample. Simulation of the
rotational structures resolved in the VUV laser PFI-PE
spectrum of the origin band of NH3+ has provided a direct IE-
(NH3) determination of 82158.2( 1.0 cm-1, which is in
excellent accord with previous measurements.

Using the well-established autoionizing Rydberg seriesnd-
(V2

+)1,10r00) of NH3 as an example, we have demonstrated
that the two-color IR-VUV-PID detection scheme is a valuable
method for identifying the rotational nature of autoionizing
Rydberg resonances.
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