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ABSTRACT
The first measurement of the photoelectron spectrum of the silylidyne free radical, SiH, is reported between 7 and 10.5 eV. Two main
photoionizing transitions involving the neutral ground state, X+ 1Σ+ ← X 2Π and a+ 3Π← X 2Π, are assigned by using ab initio calculations.
The corresponding adiabatic ionization energies are derived, IEad(X+ 1Σ+) = 7.934(5) eV and IEad(a+ 3Π) = 10.205(5) eV, in good agreement
with our calculated values and the previous determination by Berkowitz et al. [J. Chem. Phys. 86, 1235 (1987)] from a photoionization mass
spectrometric study. The photoion yield of SiH recorded in this work exhibits a dense autoionization landscape similar to that observed in the
case of the CH free radical [Gans et al., J. Chem. Phys. 144, 204307 (2016)].

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094863

I. INTRODUCTION

Chemically similar to carbon, silicon is believed to be an ele-
ment that exists abundantly in interstellar space.1,2 Even though
most silicon is in the form of silicates, the chemistry of the remain-
ing silicon (estimated at around 1% of total silicon3,4) is very poorly
known.1 All species containing silicon are, therefore, potentially very
interesting to better understand the chemistry of silicon. Unlike the
various silicon compounds, such as SiC,5 SiH4,6 SiO,7–9 SiN,10,11

SiS,12 and SiCN,13 that have been already detected in space, the exis-
tence of SiH is still not ascertained albeit for a tentative detection
from Orion-KL,14 several decades after the prediction of its exis-
tence in 1978.15 Although not unambiguously detected in space, SiH
and its cation SiH+ are suspected to be key intermediates in silicon
chemistry in the gas phase1 and also on grains from the hydrogena-
tion of atomic silicon sticking to the grains. The addition reactions
of hydrogen atoms are, indeed, omnipresent on the grains.16

In the 1980s, Berkowitz et al.17 studied the photoionization of
the SiH radical between 1600 and 1200 Å by photoionization mass
spectrometry with a wavelength resolution of about 0.8 Å. They
used reactions of F atoms with SiH4 to generate the SiHn radicals.

In their paper, they published the first measurement of the SiH
adiabatic ionization energy. For this, they used the rather abrupt
onset in the SiH+ ion yield and located the ionization threshold as
approximately the half-rise point to the direct ionization plateau.
This led to IE = 7.91 ± 0.01 eV. They also discussed the autoion-
ization processes that strongly affect the SiH+ ion yield and partly
assigned the autoionization features to neutral Rydberg series con-
verging to the first excited electronic state of the cation (a+3Π).
From this analysis, they inferred an ionization limit for the a+ state
at 10.21 eV.

From the theoretical side, the SiH photoionization has also
been investigated, leading to IE values of 7.8618 and 7.93 eV19

(toward the cation ground state).
In this paper, a radical source similar to the one of Berkowitz

et al.17 (i.e., a microwave discharge that generates fluorine atoms
coupled to a flow-tube reactor) was employed to efficiently pro-
duce in situ the radicals from the SiH4 precursor. Its coupling with
a double-imaging photoelectron/photoion coincidence (i2PEPICO)
spectrometer and a synchrotron radiation source allowed us to
acquire the ion yield and mass-selected photoelectron spectra for
a series of SixHy products. Only the results obtained for the SiH
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radical are discussed in this paper. The first measurement of
the threshold photoelectron spectrum presented here yields reli-
able values of ionization energies (IE) with an improved accuracy.
From our experimental photoionization spectrum, we tentatively
progress in the autoionization feature assignments initiated by
Berkowitz et al.17

This paper is organized as follows: In Sec. II, we introduce our
experimental and calculation methodologies. In Sec. III, we present
our experimental photoelectron and ion yield spectra and we dis-
cuss the vibronic structure of SiH+ and the Rydberg state landscape
above the first ionization threshold observed through autoionization
processes. Section IV gives the conclusion and perspectives for this
work.

II. METHODOLOGIES
A. Ab initio calculations

The ab initio calculations on the electronic states of SiH and its
cation SiH+ were carried out by using the internally contracted mul-
tireference configuration interaction method with Davidson correc-
tion (MRCI + Q) with complete active space self-consistent field
(CASSCF) wave functions. The CASSCF and MRCI calculations
were performed at full valence, namely, with 15 (14 for SiH+) elec-
trons distributed in 17 orbitals with the 1s, 2s, and 2p orbitals of
silicon atom kept doubly occupied and fully optimized. All calcula-
tions were performed by using the MOLPRO 2015 package.20 The
main configuration of the two lowest electronic states of SiH and
the three lowest electronic states of its cation SiH+ are given in the
following:

SiH(X 2Π) : (1σ)2
(2σ)2

(3σ)2
(1π)4

(4σ)2
(5σ)2

(2π)1

or (1sσ)2
(2sσ)2

(2pσ)2
(2pπ)4

(3sσ)2
(3pσ)2

(3pπ)1,

SiH(a 4Σ−) : [. . . ](4σ)2
(5σ)1

(2π)2,

SiH+(X+ 1Σ+) : [. . . ](4σ)2
(5σ)2

(2π)0,

SiH+(a+ 3Π and A+ 1Π) : [. . . ](4σ)2
(5σ)1

(2π)1.

For the neutral ground state, the “united-atom” configuration
is also given in view of the discussion on autoionization via Rydberg
states (see Sec. III B).

The potential energy curves of these five states were computed
as a function of the Si–H bond length, R(Si– H), by using the
AVnZ (augmented-VnZ) (n = T, Q, 5, and 6) basis sets. Typical
plots are shown in Fig. 1. Equilibrium geometries for the SiH(X2Π),
SiH(a4Σ−), SiH+(X+1Σ+), and SiH+(a+3Π) states were calculated
by using the OPTG routine in MOLPRO with the AVnZ (n = T,
Q, 5, and 6) basis sets. Anharmonic frequencies were calculated by
using the DIATOMIC routine in MOLPRO with the same basis
sets, where the potential curves for the SiH(X2Π), SiH(a4Σ−),
SiH+(X+1Σ+), and SiH+ (a+3Π) states, shown in Fig. 1, were fitted
with a polynomial of order 8, allowing the spectroscopic constants
to be calculated (ωe, ωexe, and ωeye). Complete basis set (CBS)
extrapolations were carried out by using the AVnZ (n = T, Q, 5,
and 6) basis set series. The CASSCF (ECASSCF) and dynamical cor-
relation (EMRCI+Q − ECASSCF) energies were extrapolated by using

FIG. 1. Calculated potential energy curves (MRCI/AV6Z method) of the ground
state X2Π and the first excited electronic state a 4Σ− of neutral SiH, as well as the
ground state X+1Σ+ and the two lowest excited states a+3Π and A+1Π of SiH+

cation. The single-point energies have been calculated every 0.01 Å.

the ECASSCF(CBS) + A × exp(−Bn) and ECorr(CBS) + C × n−3 func-
tions, respectively. The vibrational frequencies (ωe) and equilibrium
geometries (Re) were extrapolated by using the same function as
for the dynamical correlation extrapolation. The calculated energies
reported in this paper correspond to ECASSCF(CBS) + ECorr(CBS)
corrected by the zero-point energy [E(corr ZPE) given in Table I].
All the calculated values are reported and compared with calculated
values from the literature19,21 in Table I.

The Franck–Condon (FC) calculations shown in Sec. III A were
performed with the PGOPHER22 and ezFCF23 software by using the
ab initio output files (Molden output files calculated with the AVQZ
basis set for all states) and neglecting spin. The adiabatic transition
energies obtained by the CBS extrapolations corrected from the ZPE
were used to fix the energy of the origin bands (v+ = 0← v = 0) of
the calculated spectra.

B. Experimental details
The experiments were performed at the SOLEIL French syn-

chrotron facility on the DESIRS beamline25 and have been described
in detail previously.26,27 SiH4 (1 × 1013 molecules cm−3) seeded in
helium carrier gas (1:1000) was introduced into the flow tube reac-
tor (total pressure of 4 × 10−1 mbar) to react with the F atoms
(around 1 × 1013 atoms cm−3) produced upstream by a microwave
discharge on F2. F atoms react with SiH4 along successive H-atom
abstraction reactions to generate a series of SiHn radicals. By
adjusting the experimental conditions such as the concentration of
F atom, gas flows, or injector distance, the production of SiH radical
was optimized considering the compromise between selectivity and
productivity.
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TABLE I. Calculated molecular properties of the two lowest electronic states of the neutral and cationic species of SiH
free radical. All values from this paper correspond to complete basis set extrapolations (see text for details), except for the
anharmonicity constants that are calculated at the AV6Z level of theory. Previous theoretical values from the literature are
reported in brackets.

State E (eV) E(corr ZPE) (eV) Re (Å) ωe (cm−1
) ωexe (cm−1

) ωeye (cm−1
)

X2Π 0 0 1.521 2043.87 35.88 0.07
(1.5169)21 (2041.5346)21 (32.9505)21

a4Σ− 1.715 1.716 1.493 2059.24 57.80 −1.65
(1.7528)21 (1.4893)21 (2069.6140)21 (64.8035)21

X+1Σ+ 7.927 7.934 1.505 2154.37 33.64 0.05
(7.93)19 (1.510)19 (2153.5)19 (38.9)19

(2155.35)24 (38.82)24

a+3Π 10.191 10.171 1.540 1734.08 76.82 −1.40
(1729.79)24 (103.68)24

The SiHn mixture was twice skimmed before arriving in the
interaction chamber (pressure of 2 × 10−7 mbar) and crossing at
a right angle the monochromatized synchrotron radiation in the
center of the double-imaging photoelectron/photoion spectrome-
ter DELICIOUS3.28 The photon resolution in the 7–10.5 eV energy
range was about δλ = 2.16 Å corresponding to δE varying from 9 to
19 meV over the whole domain. The photoions and the photoelec-
trons were extracted by an 88.7 V/cm DC field in opposite directions
and detected by two VMI (Velocity Map Imaging) detectors.

The signals acquired along the measurement were corrected
by the photon flux evolution independently recorded on a Si pho-
todiode (AXUV, IRD). The coincidence scheme leads to ion-mass
filtered photoelectron images that were then Abel inverted to extract
the mass-selected photoelectron spectra, recorded in our case for
the SiH radical. The SiH signal was thus recorded as a function
of electron kinetic energy and photon energy leading to the 2D-
matrix displayed in Fig. 2(a). To facilitate integration along the
kinetic energy scale of a given ionic state and improve the signal-
to-noise ratio of the final photoelectron spectrum, treatment of the
photoelectron matrix was then performed so that the constant ionic
state lines initially diagonal became vertical. The x axis values of the
rotated photoelectron matrix correspond to the difference between
photon energy and photoelectron kinetic energy [see Fig. 2(b)].
From the rotated matrix, the slow photoelectron spectrum (SPES)
was extracted by integrating the signal over a narrow kinetic energy
range (0–10 meV), following the previous methodology.29,30 The
total SPES resolution was measured at 10 meV at 7.9 eV by using
the Si atom ionization transitions. The calibration of energy scale
was achieved with an absolute accuracy of ±3 meV by using the
Si and He third-order ionization transitions. Note that the 88.7
V/cm extraction field leads to a field-induced downshift of the IEs
of ∼7 meV. After correction by this shift, the absolute accuracy on
each ionization threshold retrieved from the spectrum was estimated
to be ±5 meV.

In addition, the spectra displayed in this paper have been
treated to remove any contributions from the 29Si isotope that
appears at the same mass as 28SiH. They, thus, correspond to the
28SiH dominant isotopolog. To perform this correction, in energy
ranges where the 28SiH ion signal is negligible compared with that
of 29Si, we have checked that our sample is representative of the

29Si-isotope natural abundance (5.1% with respect to 28Si). 5.1% of
the spectrum obtained on the 28Si mass channel was thus subtracted
from the signal of the 28SiH mass channel. The absence of the strong
Si autoionization resonance in the 28SiH total ion yield validates our
correction procedure.

III. RESULTS AND DISCUSSION
A. Photoelectron spectrum

Figure 3 displays the SPES spectrum obtained from integra-
tion of the mass-selected photoelectron signal of Fig. 2(b) over the

FIG. 2. Panel (a) Raw photoelectron matrix corresponding to m/z = 29; panel
(b) Rotated matrix so that constant ionic state lines are now vertical and the
horizontal axis values correspond to the difference (photon energy–photoelectron
kinetic energy) in eV. The colormap has been adjusted to saturate autoionization
lines (which appear now as diagonals) to show low intensity signals.
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FIG. 3. Slow photoelectron spectrum of the SiH radical between 7.0 and 10.5 eV. The combs displayed as dotted lines are derived from our calculated vibrational parameters
in Table I. Their absolute positions have been adjusted with the help of our calculations and the experimental spectrum. The three origin bands are assumed to be at around
7.93, 8.46, and 10.20 eV. The red and blue combs mark the observed Δν bands for the X+1Σ+ ← X2Π and a+3Π← X2Π photoionization transitions, respectively. The
gray comb and the labels between brackets locate the calculated energies of the a+3Π← a4Σ− transitions (probably unobserved here, see assignment discussion detailed
in the text).

0–10 meV kinetic energy range. Photoionizing transitions involving
the ground (X+1Σ+) and the first excited (a+3Π) electronic states of
SiH+ are unambiguously observed. The most intense bands located
at around 7.93 and 10.2 eV are assigned to the origin bands of the
X+1Σ+ ← X2Π and the a+3Π← X2Π transitions, respectively. Sev-
eral weaker bands are observed from either side of these two intense
bands, corresponding to vibrational progressions and assigned by
their Δv value. Above 10.3 eV, the photoelectron spectrum presents
an onset due to contribution from the SiH3 → SiH+ +H2 + e−

dissociative ionization channel. This point will be discussed in a
forthcoming paper dedicated to SiH3.

Each Δv (= v+ − v) band is, in fact, the overlap of transitions
from the different vibrational states v populated in the electronic
ground state corresponding to a group of sequence bands. For
instance, the Δν = 0 band of the X+1Σ+ ← X2Π transition is the
superposition of the X+1Σ+ (ν+ = ν) ← X2Π (ν) transitions with
different ν values from 0 to 4. Indeed, observation of the Δv = −4
band around 7 eV (see the magnified part of the spectrum to the
left of Fig. 3) demonstrates that the vibrational states of the neutral
SiH ground state are populated up to at least v = 4 in the radi-
cal source. At first glance, the intensity of the Δv = +2 band of the
X+1Σ+ ← X2Π transition is too intense with respect to the over-
all vibrational progression, which could be the signature of another
photoionizing transition involving the a4Σ− metastable state of neu-
tral SiH: a+3Π← a4Σ−. Indeed, from the electronic energy of the
a4Σ− state with respect to the ground state of the neutral SiH (see
Fig. 1), the a+3Π← a4Σ− transition should occur at about 8.46
eV17,21,31 and its potential vibrational progression would also par-
tially coincide with the vibrational progression of the X+1Σ+ ← X2Π
transition (see the gray comb in Fig. 3). In addition, the successive

exothermic H-abstraction reactions needed for the production of the
SiH radical,17

SiH4(X 1A1) + F(2P) → SiH3(X 2A1) +HF(X 1Σ+)
(ΔHr = −1.9 eV),

(1)

SiH3(X 2A1) + F(2P) → SiH2(X 1A1) +HF(X 1Σ+)
(ΔHr = −2.1 eV),

(2)

SiH2(X 1A1) + F(2P) → SiH(X 2Π) +HF(X 1Σ+)
(ΔHr = −2.1 eV),

(3)

lead to a total excess energy larger than 6 eV distributed as kinetic
and internal energies between the HF and SiHn fragments. As the
a 4Σ− state of SiH is located 1.75 eV21 above the ground state,
the population of this state is energetically possible. Meanwhile,
this excess energy of the reaction system can also be the source
of high vibrational temperature, explaining the population up to
v = 4 in the neutral electronic ground state. However, it should be
noted that in similar reactions of hydrogen atom abstraction by
fluorine,32,33 the excess energy of these reactions was found mainly as
vibrational energy in HF and, therefore, one expects relatively little
internal energy in SiH, although its production reactions are highly
exothermic.

To figure out whether bands involving the metastable state of
neutral SiH (a4Σ−) are observed, Franck–Condon (FC) calculations
have been performed independently for all three photoionizing tran-
sitions (X+1Σ+ ← X2Π, a+3Π← X2Π, and a+3Π← a4Σ−), neglecting
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the rotational structure, and the resulting simulated spectra are dis-
played in Fig. 4. Note that, in this figure, to compare the calculations
with the experimental spectrum, we had to lower the energy scale
of our calculated spectrum by 7 meV to account for the Stark-shift
induced by the extraction electric field (see Sec. II B). The vibra-
tional temperature was manually adjusted at 2500 K based on the
following procedure. Since the experimental spectrum could not
be well described by FC calculations, the vibrational temperature
could not be adjusted with respect to the hot band intensities. We,
thus, used the fact that the ωe vibrational frequencies are quite dif-
ferent between the X and a+ states (see Table I), which implies a
very asymmetric profile of the corresponding origin band of the
a+3Π← X2Π photoionizing transition located around 10.2 eV [see
panel (c) of Fig. 4]. By adjusting the vibrational temperature, we
succeeded in reproducing this shape satisfactorily, and we kept this
temperature for the other transitions displayed in Figs. 4(b) and 4(d)
to be consistent.

These calculations indicate that the FC factors corresponding
to these three Δv = 0 transitions are close to 1 and the spectrum
should exhibit almost exclusively the origin bands for all three tran-
sitions [see panels (b)–(d) of Fig. 4]. This can be easily predicted
from Fig. 1 that depicts the potential energy curves calculated in
this paper for the two lowest electronic states of the neutral and the
cationic species. In this figure, it is obvious that the equilibrium Si–H
bond lengths of these four states are very close and all the potential
energy curves are quite parallel around their minima.

On the other hand, as earlier pointed out by Berkowitz
et al.,17 it is clear that strong autoionizations exist in the energy
region of Δv = 2 band of the X+1Σ+ ← X2Π photoionizing transition
(≈8.45 eV). To investigate the effect of this process on the treated
signal, as shown in Fig. 5, we plot two slow photoelectron spectra

FIG. 4. Comparison between the experimental SPES [panel (a)] and the calculated
spectra (Tvib = 2500 K, FWHM = 30 meV) for the X+1Σ+ ← X2Π [in red, panel
(b)], a+3Π← X2Π [in blue, panel (c)], and a+3Π← a 4Σ− [in gray, panel (d)]
photoionizing transitions. In panels (b)–(d), a zoomed-in view of the calculated
spectrum is shown to better observe the vibrational progressions.

FIG. 5. SPES spectra extracted from the rotated matrix of Fig. 2(b) for two dif-
ferent electron kinetic energy ranges (0–100 meV in blue, 500–600 meV in red)
show strong autoionization effects in the vibrational branching ratios for threshold
photoelectrons. Note that the broad signal appearing above 10.3 eV corresponds
to contribution from dissociative ionization of the SiH3 radical also produced in our
experiment.

extracted from the rotated matrix by integrating over two different
kinetic energy ranges, 0–100 and 500–600 meV. They are shown as
blue and red curves, respectively. For direct ionization to an ionic
state, the contribution to the SPES will remain the same, assuming
that the partial cross-section does not change much near the thresh-
old. For autoionization, however, since autoionizing states appear
at a given photon energy and not along the constant ionic state
lines, their contribution to the SPES will be dramatically different
for different integration intervals.

From the two spectra displayed in Fig. 5, it is noted, indeed,
that autoionization processes affect differently both spectra, and this
is particularly true for the Δv = 2 band located around 8.45 eV.
For threshold electrons (blue spectrum), the behavior of this vibra-
tional band is clearly non-FC,34 whereas for faster photoelectrons
(red spectrum), outside the influence of autoionization, the intensity
of this transition is more consistent with our calculated FC factors
(see Fig. 4). If direct ionization of the metastable state (a+3Π← a4Σ−
photoionizing transition) dominated at the photon energy of the
Δv = 2 band, we would expect its relative intensity with respect to
the other bands not to depend so dramatically on electron kinetic
energy, and a “non-FC behavior” should be observed at all electron
kinetic energies due to the addition of the photoionizing transition
from the neutral metastable state. From the observed SPES dif-
ference, the contribution of the photoionizing transition from the
neutral a 4Σ− metastable state appears negligible.

To extract the ionization energies from our experimental spec-
trum, we performed a simple simulation of the X+1Σ+ ← X2Π
transition neglecting the spin–orbit coupling and the rotational
structure. Only the vibrational structures of SiH and SiH+ were
then considered by using the experimental vibrational wavenumbers
from Refs. 35 and 36. Note that the experimental spectral resolu-
tion is not high enough to perform a more sophisticated simulation
including the rotational and the spin-orbit structures, even if the cor-
responding molecular constants are known.36 As about ten Δv bands
are observed for the X+ ← X photoionizing transition and at least
four vibrational levels are populated in the ground state (Δv = −3 is
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clearly observed), such a model would imply the manual fit of too
many parameters such as the vibrational, rotational, and spin tem-
peratures that are not necessarily thermalized in our experiment, as
well as the rotational branch intensities and the Franck–Condon fac-
tors (affected by autoionization processes) to model the different Δv
band intensities. To reduce drastically this number of parameters,
we imposed that the FC factors for a given Δv band be the same
for the corresponding transitions starting from each v level, which
is usually the case for the transitions starting from the first vibra-
tional states. For the Δv = 0 band, we fixed FC(v = 0→ v+ = 0) = FC
(v = 1→ v+ = 1) = FC(v = 2→ v+ = 2) = ⋅ ⋅ ⋅ = 1 instead of our cal-
culated values (0.992, 0.975, and 0.958, respectively); for the Δv = +1
band, FC(v = 0→ v+ = 1) = FC(v = 1→ v+ = 2) = FC(v = 2→ v+

= 3) = ⋅ ⋅ ⋅ = 0.05 instead of 0.008, 0.015, 0.022, etc.; for the Δv = +2
band, FC(v = 0→ v+ = 2) = FC(v = 1→ v+ = 3) = FC(v = 2→ v+

= 4) = ⋅ ⋅ ⋅ = 0.12 instead of 0.0006, 0.0019, 0.0037, etc.. Here, the
ionization energies and band intensities (i.e., the FC factors) were
the only manually adjusted parameters and the modeled stick spec-
trum was convolved with a Gaussian line shape with a full width
at half maximum (FWHM) of 30 meV to mimic the rotational
and spin–orbit structures. The vibrational temperature was kept at
2500 K, similar to the simulation displayed in Fig. 4.

The obtained result for the X+1Σ+ ← X2Π transition is depicted
in Fig. 6. Note that the differences between this latter simulation
and the FC simulation reported in panel (b) of Fig. 4 are the use of
experimental vibrational constants from Ref. 35, which better repro-
duce the sequence band positions, and the use of manually adjusted
intensity factors for each Δv band (keeping the same intensity factor
for given sequence bands), which facilitates the band shape com-
parisons. The goal here was to take into account each component
of each Δv band (−4 up to +4) to reproduce as well as possible

FIG. 6. Experimental SPES of SiH in the vicinity of the X+1Σ+ ← X2Π transition
(in black) and calculated spectrum (in red). The red comb locates the energies
of each Δv(= v+ − v) band involving one populated v level of the SiH elec-
tronic ground state, with the smallest v value of a given group of sequence bands
displayed in solid vertical line.

TABLE II. Experimental adiabatic photoionization energies IEad of SiH in eV,
measured in this paper and compared with the results of Ref. 17.

State This work Reference 17

X+1Σ+ ← X2Π 7.934(5) 7.91(1)
a+3Π← X2Π 10.205(5) 10.21(1)

each band shape (for instance, Δv = +2 that is much narrower than
Δv = −1). The fact that we correctly reproduce the different shapes
of the vibrational bands allows us to limit the effect of the autoion-
ization on the determination of the adiabatic ionization energy,
even without determining the vibrational distribution of SiH in our
experiment.

The positions of the X+1Σ+ (ν+ = 0) ← X2Π (ν = 0) and a+3Π
(ν+ = 0) ← X2Π (ν = 0) transitions derived with the procedure
described in the previous paragraph correspond to the adiabatic
ionization energies (IEad) toward these two cationic states. These
values, after field-induced shift corrections, are reported in Table II.
Note that these ionization energies are given with 1σ (standard devi-
ation) error bars and have been derived neglecting the spin–orbit
(SO) coupling that occurs in the neutral ground state with a SO
coupling constant36 ASO = 142.83 cm−1 and possible asymmetric
rotational envelopes. In Tables I and II, the calculated and experi-
mental results obtained in this work are compared with values from
the literature. The agreements are excellent. Our measured transi-
tion energies confirm the ones obtained by Berkowitz et al.17 by
photoionization mass spectrometry and the calculation of Rosmus
and Meyer.19

Similar to the work of Berkowitz et al.,17 our experimental IE
value can be used to derive the dissociation energy D0(SiH) of the
silylidyne radical using the following equation:

IE(SiH) +D0(SiH+) = D0(SiH) + IE(Si).

With the known values of IE(Si) = 8.15166(3) eV,37 D0(SiH+)
= 3.22(3) eV,38 and our measurement, we obtain D0(SiH)
= 3.00(3) eV, which agrees with the value obtained by Berkowitz
et al. [2.98(3) eV] and the limit given by Huber and Herzberg
[D0(SiH) ≤ 3.060 eV].35

The calculated and experimental energy differences between
the two lowest cationic states [ΔEX+−a+ = T0(a+) − T0(X+)] are 2.24
and 2.271(5) eV, respectively. These results are in good agreement
with the calculated ΔE values of Sannigrahi et al. (2.31 eV, corrected
from the ZPE).31 The experimental ΔE value obtained by Berkowitz
et al.17 is of 2.30 ± 0.01 eV, indirectly inferred from the Rydberg
series converging to a+ (see Sec. III B).

B. Photoion yield
The mass-selected SiH+ photoion yield recorded in this paper is

displayed in Fig. 7, and a tentative analysis is proposed in this section
based on the previous work of Berkowitz et al.17

The configuration of the electronic ground state of the
SiH united-atom system39 is [⋅ ⋅ ⋅](3sσ)2

(3pσ)2
(3pπ)1. Ionization

toward the X+1Σ+ and a+3Π cationic states involves in both cases
the removal of a “p-like” electron (3pπ and 3pσ, respectively). This

J. Chem. Phys. 157, 014303 (2022); doi: 10.1063/5.0094863 157, 014303-6

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 7. Mass-selected ion yield of the SiH radical. The labels located by combs correspond to the assignments of the Rydberg series of neutral species observed by
autoionization. The black, blue, green, and red combs correspond to the transitions from X2Π (ν = 0) to the Rydberg series converging to the a+3Π (ν+ = 0) state with
quantum defect δ equal to 0.225, 0.097, −0.120, and 0.518. The gray dashed vertical lines locate ionization thresholds originating from different vibrational levels of neutral
SiH.

leads to the expectation of only s and d neutral Rydberg series, whose
member energies follow the Rydberg formula

ERy = IE −
Ry
(n∗)2 , (4)

with Ry being the Rydberg constant of SiH (Ry = 13.60544 eV), n∗

being the effective quantum number such that n∗ = n − δ, and δ
being the quantum defect.

In their paper, Berkowitz et al.17 identified two Rydberg series
converging to the a+3Π cationic state. The first one is composed of
broad features and is assigned to a “d-” or “s-like” Rydberg series.
A second one is suspected to be a “p-like” series allowed through
l-spoiling of the non-spherical molecular potential.17

In Fig. 7, four combs are displayed corresponding to fitted Ryd-
berg series converging to the a+ cationic state using Eq. (4), the
adiabatic ionization energy derived from the photoelectron spec-
trum [10.205(5) eV], and four different quantum defects [0.225 (in
black), 0.518 (in red), 0.097 (in blue), and −0.120 (in green)]. The
labeling of the principal quantum number is uncertain and has been
arbitrarily started at n = 3 for each series. This means that the quan-
tum defect values given in this paper are given modulo an integer
(e.g., −0.120 might correspond to a quantum defect of 0.88 or 1.88,
. . .). Note that for hydrocarbon molecules, quantum defects associ-
ated with s, p, and d series have typical δ values close to 1, 0.5, and 0,
respectively (see, for instance, Table 3 of Ref. 40). For molecules with
heavier atoms, these values can be significantly higher, with quan-
tum defects close to 2 for s series, for instance, for the S2 molecule
(see Table 2 in Ref. 41). In this paper, it is not possible to distin-
guish between a “s” or “d” character of the corresponding states since
the principal quantum number value is not unambiguously assigned

(note that Berkowitz et al. did not conclude either on this charac-
ter). What we can predict from the electronic configuration of the
neutral species is that the expected Rydberg series converging to the
a+ state are s or d series since they correspond to the removal of
an electron from the 3pσ orbital. In our experiment, the SiH is pro-
duced in several vibrational levels (see Sec. III A), and for each series,
several sequence bands exist [i.e., Rydberg states converging toward
a+3Π(v+ = v) and reached from X2Π(v) state with v = 0, 1, 2, . . .].
For the sake of clarity, only the Rydberg transitions from v = 0 are
reported.

The Rydberg series associated with the red and black combs
corresponds to the ones reported by Berkowitz et al.,17 who derived
n∗ values rather than a constant δ value for a series. The blue and
green combs, not observed by Berkowitz et al.,17 are tentative new
assignments. These two new series would correspond to “s-” or
“d-like” series in view of their quantum defect values (0.097 and
−0.120). Nevertheless, it is not possible to distinguish between the
“s” or “d” character of such series, since the principal quantum
number values are not unambiguously assigned.

All the strong features located by the combs in Fig. 7 are due to
electronic autoionization as was found in our previous study on the
CH radical.30

It should be noted that the n = 3 state of the δ = 0.225 Ryd-
berg series coincides with the ν+ = 2 vibrational level of X+1Σ+
cationic state, leading to a strong autoionization-at-threshold struc-
ture (i.e., releasing a photoelectron without kinetic energy), which
could explain the intense band in the SPES spectrum corresponding
to the Δν = 2 band of the X+1Σ+ (ν+) ← X2Π (ν) transitions.

One sharp feature in the ion yield matching the ionization
energy (X+ ← X at 7.934 eV) remains unassigned (either in this work
or in the Berkowitz et al. paper; see Ref. 17). This feature seems to
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be observed as weak “hot bands” below the first ionization energy
due to population of excited vibrational states in the neutral ground
state (see the magnified portion of the spectrum in Fig. 7). Indeed,
as shown in Fig. 7, when reporting the ionization thresholds corre-
sponding to transitions involving vibrationally excited levels in the
neutral ground state toward the vibronic ground state of the cation
(v+ = 0), these energies match weaker peaks observed in the ion
yield that we assign to hot bands. The remaining structures in this
region are most probably due to vibrational autoionization processes
as in the case of the CH radical.30

IV. CONCLUSIONS AND PERSPECTIVES
In this paper, we measured for the first time the threshold

photoelectron spectrum of the SiH radical by coupling a flow-tube
reactor and a double-imaging photoelectron/photoion spectrome-
ter. The adiabatic ionization energies for the electronic ground state
X+1Σ+ and the first excited electronic state a+3Π have been deter-
mined, in good agreement with our calculated values as well as the
previous study of Berkowitz et al.,17 based on photoionization mass
spectrometry with an improved accuracy.

Investigations at higher spectral resolution, using laser-based
experiment such as pulsed-field-ionization zero-kinetic energy pho-
toelectron spectroscopy, would be of great interest to resolve the fine
structure of the above-mentioned ionizing transitions (including the
rotational and spin–orbit structures) to determine more precisely
the ionization energies.

The strong autoionization features observed in the SiH+ ion
yield were also discussed based on the previous work of Berkowitz
et al.,17 and a tentative assignment of additional Rydberg series
was proposed. Similar strong autoionization processes were also
observed in our previous work on CH radical with the same exper-
iment.30 These two systems (CH and SiH) are benchmark systems
to study autoionization processes, and our experimental ion yields
might stimulate new theoretical studies.

Finally, during our experiment, the radical source conditions
allowed the production of other Si-bearing radicals, such as SiH3,
SiH2, Si2, Si2H, Si3, as well as products with fluorine atoms (SiF,
for instance). Thanks to the mass-selectivity of the double-imaging
spectrometer, all photoelectron and photoion signals have been
recorded simultaneously, and analysis of these spectra will be pub-
lished in forthcoming papers. In particular, the dissociative ioniza-
tion channel of SiH3 appearing above 10.3 eV (SiH3 → SiH+ + H2
+ e−) will be discussed with the help of the present SiH+ ion yield.

SUPPLEMENTARY MATERIAL

See the supplementary material for the experimental dataset of
the photoelectron spectrum reported in Fig. 3 and for the photoion
yield reported in Fig. 7.
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