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Beam-laser measurements of lifetimes in SiOT and N, +
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We have constructed a beam-laser lifetime-measuring apparatus and tested it by measuring the
well known lifetime of the v = 0 level of the B?%, * state of N2 ™. Our result of 61.8(5) ns is
in excellent agreement with previous high-precision measurements. Employing this technique we
performed measurements of the lifetimes of the four lowest vibrational levels of the B2X™ state
of ?88i'®O*. The results are (in ns) 69.5(6), 72.4(5), 75.2(5), and 78.0(8) for v = 0,1,2, and 3,

respectively.

PACS number(s): 33.70.Fd

I. INTRODUCTION

SiO* plays a significant role in the chemistry of dif-
fuse interstellar clouds [1-6], shock-heated dense molecu-
lar clouds [7,8], and hot circumstellar regions [9,10]. Al-
though the neutral SiO molecule has been identified in
maser or thermal emission from nearly 200 circumstel-
lar sources [11], no direct detection of SiO* has been
reported. Lovas [12] did consider it as a possible source
of the unidentified U86.2 radio line; however, in a recent
fast-ion-beam laser spectroscopy study [13] we showed
definitively that it could not be the source and we pro-
vided a set of precise molecular constants to facilitate
optical and radio-frequency searches.

Equally vital to the study of interstellar molecules and
in particular to the determination of their abundances is
a knowledge of transition probabilities and spontaneous-
emission lifetimes. There do not appear to be any ex-
perimental or theoretical data in this regard for SiOt,
apart from the ab initio calculation of transition proba-
bilities within and between the X 23t and AZ2II states
by Werner, Rosmus, and Grimm [14]. We have there-
fore undertaken a beam-laser lifetime measurement, us-

ing a newly constructed apparatus which incorporates '

all the advantages inherent to the collinear beam-laser
technique of Ceyzeriat et al. [15]. As a preliminary step
to test the reliability of our apparatus, we have made
an 0.8%-accuracy measurement of the lifetime of the
much-studied B 2%, T state of 1N, *, obtaining excel-
lent agreement with previous high-precision results. We
then measured the lifetimes of four vibrational levels of
the B2X* state of 285i'6O+.

II. EXPERIMENT

The beam-laser method of measuring spontaneous-
emission lifetimes, pioneered by Andrid and co-workers
[16,17], is a highly reliable and selective technique which
produces cascade-free decay curves. Most of the earli-
est work was undertaken with crossed-beam geometry,
where the ions were excited by the pulse of resonant
light produced by their motion through the intersection
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of the cw laser beam and the ion beam. Later work
by Winter and Gaillard [18] employed collinear geome-
try and the Doppler switching technique, which brought
the ions into and out of resonance in a Doppler tuning
region which was translated along the beam axis. This
post-acceleration region was biased with a dc potential
so that the fast-moving ions were resonant with the laser
frequency only during their transit through this region.
Downstream, the spontaneous fluorescence was viewed
at right angles by a fixed light collection system. This
technique was refined by Ceyzeriat et al. [15] to include a
modulation of the post-acceleration potential to subtract
the background signal. Also, a second resonant Doppler
tuning region was added farther downstream and the flu-
orescence from it was used for normalization to account
for fluctuations in laser intensity and ion beam current.
In the present work we have further refined the technique
of Ceyzeriat et al. to provide an improved normalization
signal.

The ion accelerator and laser beam source for this ex-
periment were similar to those used in previous spectro-
scopic measurements and have been described in more
detail before [13,19]. The ions were produced in a high-
temperature hollow cathode ion source using SiO pow-
der as the source feed for beams of SiO* and nitrogen
gas for N+ beams. The ions were extracted at an en-
ergy of 8 keV, electrostatically focused and mass selected
by a Wien filter. After being focused a second time,
the ion beam was deflected through a 5° angle by an
electric field to overlap the laser beam collinearly and
pass through two 6-mm-diam aperture plates separated
by 0.85 m. This made it possible to align the axes of the
laser beam and ion beam routinely to +7 mrad. Finally,
the ions were deflected by another electric field into a
current monitor. Typical ion currents through the appa-
ratus were 5-6 pA.

Located between the aperture plates was a Doppler
tuning region mounted on a translation stage driven by a
stepper motor located outside the vacuum. The Doppler
tuning region was comprised of an excitation region sur-
rounded on either side by grounded cylinders (see Fig. 1).
The excitation region consisted of three post-acceleration
electrodes biased to Doppler tune the ions into resonance
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FIG. 1. Schematic drawing of the Doppler tuning region
showing the axial potentials. The cylindrically symmetric
Doppler tuning region is comprised of three post-acceleration
electrodes with grounded cylinders at either side. The po-
tentials on the electrodes were modulated at 1 kHz; the solid
and dashed lines represent the axial potential encountered by
the ions for either phase of the modulation. The laser fre-
quency was chosen so that the ions were in resonance only
for the peak of the solid curve. The Doppler detuning from
resonance is shown on the right-hand ordinate. Fluorescence
from the Doppler tuning region is viewed by an internal pho-
tomultiplier (PMT).

with the laser. The geometry and potential distribution
of the excitation region were designed (using the SIMION
program [20]) to provide efficient excitation of the ions by
maintaining resonance with the laser beam over nearly a
10-mm distance, which corresponds to roughly one life-
time. It is important to realize that the functional form
of the exponential decay curve is independent of the tem-
poral resolution of the excitation process, provided one
takes care to observe the decay only after all excitation
has ceased. This arises from the fundamental property of
spontaneous emission that the probability of decay per
unit time is independent of the length of time elapsed
since excitation. For the same reason, no errors can arise
from backlash in the translation stage; this allows us to
add together data taken while scanning the Doppler tun-
ing region upstream and downstream.

The grounded cylinder downstream from the excita-
tion region was slotted to permit viewing of the fluores-
cence by a fixed monochromator as the ions decayed in
flight. A spherical mirror was used to double the light-
collection efficiency of the monochromator. Decay curves
were acquired by translating the Doppler tuning region.
The ambient dc magnetic field was canceled by three or-
thogonal pairs of Helmholtz coils external to the vacuum
chamber.

The potentials on the post-acceleration electrodes were
modulated at a frequency of 1 kHz using a square wave to
bring the ions into and completely out of resonance with
the laser light (see Fig. 1). This served two purposes.
First, it modulated the intensity of the laser-induced flu-
orescence in the post-acceleration region; this was viewed
by a small photomultiplier internal to the vacuum cham-
ber, which was attached to the post-acceleration region
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and translated with it. The photocurrent was monitored
by a lock-in amplifier, providing a signal used to normal-
ize the fluorescence decay curve for variations in excita-
tion. Second, this made possible the acquisition of de-
cay curves free of background counts due to ion—neutral
species collisions, scattered laser light, and photomulti-
plier dark noise. Two input channels of a personal com-
puter data acquisition board were used to record the
pulses from the monochromator photomultiplier, with
each channel gated to one phase of the voltage modula-
tion on the excitation region. A decay curve was acquired
as the difference of the two count rates when the ions were
in and out of resonance with the laser frequency.

The derivation of the normalization signal is the only
major difference between this experimental technique
and that of Ceyzeriat et al. [15]. That method used the
fluorescence from a second unmodulated Doppler tuning
region for normalization. In our apparatus, the normal-
ization signal is directly proportional to the fluorescence
from the excitation region itself. It thus takes into ac-
count not only variations in ion beam current and laser
power, but also more subtle effects such as variation in
the spatial overlap of the laser beam and the ion beam
in the excitation region. Furthermore, the lock-in tech-
nique removes the background signal arising from scat-
tered laser light and collisions with residual gas.

For the SiO* lifetime measurements, typical ion beam
currents of 5 pA produced signal count rates of ~4000
counts/s for an F'/3.8 monochromator with 2-mm slits.
This slit width corresponded to a resolution of 20 A. The
background count rate was ~250 counts/s, of which ~70
counts/s was due to dark noise from the photomultiplier
and the majority of the remainder from ion collisions
with background gas. The background pressure in the
interaction region of the system was 4 x 10~7 Torr. For
the N, + measurements, the signal and background count
rates were ~4500 and ~750 counts/s, respectively, with
an ion current of 6.5 pA.

For the Av = 0, B2X™ — X 2% bands of 28Si'60 the
excitation light at ~385 nm was produced by intracavity
frequency doubling of a single frequency cw Ti-sapphire
ring laser. The typical output power was 60 mW. The
(0,1) band of the B2X, + — X 2, * of 14N, * was excited
with light from a uv-pumped cw ring dye laser with Stil-
bene 420 dye. The single frequency output power was
~200 mW at 428 nm. For all measurements, the laser
beams were loosely collimated by a 1.5-m focal length
lens before entering the vacuum. The entrance and exit
windows were at Brewster’s angle and two internal baffles
were located after the entrance window to reduce scat-
tered laser light. The laser beam direction was defined
by two fixed apertures separated by ~3.8 m, located on
either side of the vacuum system to position the laser
beam accurately relative to the apparatus.

The single frequency ring lasers had ~1-MHz line-
widths and were frequency stabilized to better than 20
MHz/h. The 60-V anode-cathode potential of the ion
source was fixed by a voltage-stabilized power supply
and the discharge current (60 mA) was kept constant
within 10% by manual adjustment of the filament heat-
ing. Slow drifts away from exact resonance with the peak
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of the Doppler distribution, caused either by laser fre-
quency drift or ion beam velocity drift, could be moni-
tored and corrected by the recorded normalization signal.
The Doppler widths for N, ¥ and SiO+ were 170 MHz
and 150 MHz, respectively; for collinear geometry this
corresponds to a 5-eV energy spread of the ion beam.
Thus, with this selective excitation, even the hyperfine
structure of N, T was well resolved and, in principle, the
lifetime measurements could be easily made as a function
of rotational quantum number or for different hyperfine
components. This is of value in cases where the lifetime
is affected by predissociation mediated by hyperfine in-
teractions [21].

A decay curve was acquired by stepping the position of
the Doppler tuning region while recording the two gated
fluorescence signals from the monochromator, the nor-
malization signal from the internal photomultiplier, the
laser power, and the ion beam current. For a typical de-
cay curve, the Doppler tuning region was translated in
steps of 1.27 mm, dwelling for 3 s at each position. Scans
began from a position ~38 mm from the center of the
post-acceleration region (equivalent to 2.9 lifetimes for
SiO* and 2.6 for N, *) and were made back and forth
over a distance of 86 mm (6.5 lifetimes for SiO* and 5.9
for Np t). Twelve separate decay curves were accumu-
lated for each vibrational band. In addition to the decay
curves, a spectrum measuring the laboratory frequency of
the optical transition was acquired before and after each
series of lifetime measurements to calibrate the ion veloc-
ity using the relativistic Doppler formula. The ability to
determine the ion velocity with negligible uncertainty is
a major advantage of all collinear beam-laser techniques.

III. RESULTS
A. N, 1 lifetime analysis

The fitting procedure first normalized the individual
fluorescence decay curves using the lock-in signal from
the internal photomultiplier. The statistical weight of a
data point was determined as follows. Before normaliza-
tion, the net signal is the difference of two gated signals
obeying Poisson statistics; thus the uncertainty was esti-
mated as the square root of the sum of the gated signals.
An estimate of the uncertainty due to noise in the nor-
malization signal was added in quadrature (see below).
Nonlinear least-squares curve fitting was used to deter-
mine the amplitude, exponential decay constant, and any
residual background not eliminated by the gating tech-
nique. The background was determined to be 51 £ 71
counts, which is consistent with zero. The 12 data sets
for N + were analyzed individually as an internal check
on the consistency of the data and also analyzed summed
together. The results of these individual fits are shown
in Table I. The standard deviation of the mean of the 12
measurements was 0.42 ns and the weighted average of
the lifetime was 61.7(3) ns. The fit to the summed de-
cay curves produced a lifetime of 61.8(3) ns and a x? per
degree of freedom X2 4,ceq Of 1.03 (see Fig. 2). The excel-
lent agreement between the internal and external values
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TABLE I. Determination of the lifetime of the v = 0 level
of the B2X, * state of *Ny* from individual normalized
fluorescence decay curves.

Lifetime (ns) Xeduced
61.8 + 0.7 1.1
61.8 + 1.0 1.0
61.7 £ 0.9 0.8
62.1 + 0.9 1.0
61.8 = 0.8 1.2
60.2 + 0.8 1.2
589 + 1.2 1.2
63.4 + 1.3 1.2
62.0 =+ 1.4 0.8
64.4 + 1.5 1.0
62.1 £ 1.2 1.3
63.4 + 1.3 1.0

gives us confidence in our estimates of the statistical un-
certainty.

In addition to the statistical uncertainty, several other
random and systematic errors must be considered. The
conversion from distance to time was made by calcu-
lating B (speed of ions relative to that of light) using
the optical spectra taken before and after the lifetime
measurement. The absolute wave number of the P5(15),
J" =14, F" = 131 transition of the B?%, * - X 2%, +
(0,1) band was measured in the laboratory frame to bet-
ter than a part in 107 using the Aimé-Cotton Te, atlas
as the reference [22]. The wave number of this transi-
tion is known to about the same precision from previous
studies [19]. These two wave numbers yield an 8 parts
in 10° measurement of 3, which leads to a completely
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FIG. 2. Least-squares fit to summed and normalized fluo-
rescence decay curves for the v = 0 level of the B?%, * state
of 1N *. The abscissa is measured relative to the first chan-
nel and a constant background of 51 counts, determined from
the fit, has been subtracted from the signal. The x? per de-
gree of freedom was 1.03. The inset is a semilogarithmic plot
of the same data and fit.



negligible contribution to the uncertainty of the lifetime
measurement.

Using 5 x 10715 cm? as an upper limit on the quench-
ing cross section for N, * [23,24], the mean free path at
our background pressure of 4 x 10~7 Torr would be ~154
m. For B = 7.89 x 10~* the collisional quenching rate
is 1.53 x 103 s™!, representing a negligible correction of
0.006 ns to the lifetime. Furthermore, lifetime measure-
ments made with changes in background pressures rang-
ing over more than an order of magnitude showed no ef-
fects of collisional quenching within experimental error.
Since the spontaneous decay of the ions was viewed in
a field-free region maintained by the grounded cylinder
and the Helmholtz coils, corrections for the Stark effect
or quantum beats were also negligible.

The largest systematic error in beam-laser measure-
ments of lifetimes often arises from spatial and temporal
variation of the excitation of the transition as the decay
curve is acquired. It is necessary to maintain constant
laser power, frequency, and transverse mode distribution,
ion current, velocity, and cross sectional distribution, as
well as unvarying overlap of the two beams during the en-
tire acquisition period. In practice, we found that about
half of the variation of the normalization signal could be
explained by the recorded variations of the ion beam cur-
rent and laser power, mostly due to the former. It was
thus essential to have the normalization signal to correct
the decay curve. The normalization signal on average
varied about 5% over a scan. Analyzing the data with
no normalization shifted the lifetime by 5% and yielded
a x2 probability of 11%. With correction by the normal-
ization signal, the x? probability increased to 40%.

Small systematic errors in lifetime measurements can
sometimes be revealed by analyzing a subset of the data
that includes only data above a given channel, a proce-
dure known as tail fitting. Figure 3 shows the variation
in the lifetime as the starting channel for the tail fit is
systematically increased; the background and amplitude
were fixed at the values obtained for the entire data set.
The lifetime remained essentially constant and within the
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FIG. 3. Tail fitting analysis of the lifetime 7 of the v = 0
level of the B?%, T state of *N2*. The quantity to is
the time corresponding to the initial channel included in the
least-squares fit for the lifetime (measured from the first chan-
nel of data). The error bar represents one standard deviation
of the statistical uncertainty in the lifetime from fitting all the
data. The background and amplitude for the fit to the decay
curve were held fixed as to was varied out to three lifetimes.
The dashed lines represent the total estimated uncertainty of
the lifetime including three times the uncertainty introduced
during normalization added in quadrature to the statistical
uncertainty in the least-squares fit.

uncertainty bounds as the first three lifetimes of data
were ignored.

The statistical uncertainty in the normalization signal
was determined from the observed scatter about linear
regression fits to small portions of this signal. This was
then numerically propagated into the lifetime by chang-
ing in turn the data in each channel of the normaliza-

TABLE II. Summary of high-precision measurements of the lifetime of the v = 0 level of the

B2%, " state of 1N *.

Methods used are PE, pulsed electrons; PP, pulsed protons; BG, beam

gas; IEPDC, inelastic electron-photon delayed coincidence; HFD, high-frequency deflection; and
BL, beam laser. N is the rotational quantum number.

Author(s) Reference ~ Method N Pressure Lifetime
(mbar) (ns)

Sebacher [25] PE 1.5x 107! 65.0 £ 2.0
Nichols and Wilson [26] PP 65-550 65.9 + 1.0
Desesquelles et al. [27] BG 1x107° 66.0 =+ 1.4
Gray et al. [28] PE 1.5x 1074 61.3 + 0.8
Dotchin et al. [29] PP (1 x1073)—(2.5 x 1071) 60.4 + 04
Bingham [30] PP 1x1072%-1 60.7 + 1.3
Smith et al. [31] IEPDC 2.5 x 10~* 60.6 £ 0.6
Erman [24] HFD 9-15 <1x1072 62.4 £ 0.3
Remy and Dumont [32] PE 6-18 (7 x 107%)—(1 x 1073?) 61.5 + 0.4
Schmoranzer et al. [33] BL 8-13 1x107° 61.35+ 0.29
This work BL 14 4x107"7 61.8 £ 0.5




2018

tion by one standard deviation and repeating the least-
squares lifetime analysis with the altered normalization.
This procedure produced an average estimate of the con-
tribution to the uncertainty in the lifetime of 0.13 ns.
As a cautious overestimate of any systematic errors in
the experiment due to variations in ion excitation which
were not removed by normalization with the internal pho-
tomultiplier signal we have tripled this statistical uncer-
tainty. Adding this error in quadrature with the statisti-
cal uncertainty, the final result for the lifetime is 61.8(5)
ns. This estimate of the total uncertainty is indicated by
dashed lines in Fig. 3.

The lifetime of the v = 0 level of the B 2%, * state of
14N,* has been carefully measured by a variety of tech-
niques [24-33], making it an excellent calibration test of
this apparatus. Table II summarizes the most precise
of the previous results. Our measurement on a single
rotational level has the highest resolution and complete
selectivity. It is meaningful to compare it with lower-
resolution results that sum over a range of rotational
levels because they are all in a region far from local-
ized perturbations due to the A 2II, level [19]. It is evi-
dent that there is close agreement among the most recent
high-precision results, which gives us confidence that our
technique is capable of lifetime measurements with better
than 1% accuracy.

B. SiO* lifetime analysis

The data analysis for the v = 0,1,2,3 levels of the
B2%* state of SiOT was undertaken in the manner pre-
viously described for N» +. The collisional background
was smaller by a factor of more than 3, resulting in lower
statistical uncertainty. The summed normalized decay
curve for v = 0 is shown in Fig. 4. The fitted back-
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FIG. 4. Least-squares fit to summed and normalized fluo-
rescence decay curves for the v = 0 level of the B2X ™ state
of 28Si'®O%. The lifetime was determined to be 69.5(6) ns.
The abscissa is measured relative to the first channel and a
constant background of —3 counts, determined from the fit,
has been subtracted from the signal. The x? per degree of
freedom was 0.90. The inset is a semilogarithmic plot of the
same data and fit.
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TABLE III. Lifetime measurements of the B2X™ state of
288i1607 as a function of vibrational level. All uncertainties
represent one standard deviation. N is the rotational quantum
number.

v N T ATstatistical ATnormalization A7’!:01:&11 Xfeduced
(ns) (ns) (ns) (ns)

0 41 69.5 0.2 0.6 0.6 0.9

1 40 724 0.3 0.5 0.5 1.1

2 39 752 0.4 0.3 0.5 1.3

3 29 78.0 0.6 0.5 0.8 0.9

ground was —3 % 39 counts. The lifetime measurements
for these levels are shown in Table III. There is a clear
trend of significant increase in lifetime with increasing
vibrational level.

No previous measurements or theoretical predictions
exist for comparison, but other results in related
molecules are available. In particular, the CO* molec-
ular ion, which has a similar valence structure outside
the closed-shell core, has been the subject of a theo-
retical and experimental study by Marian et al. [34].
Figure 5 plots our SiOt data together with the mea-
sured and calculated CO™* results of Marian et al. It
is evident that both molecules exhibit similar behavior
and furthermore that the theory accounts for it in the
case of COt (apart from an overall 10% discrepancy in
the absolute values). The “state-averaged complete ac-
tive space self-consistent-field—multireference configura-
tion interaction” calculations of Marian et al. provide
an insight into the origin of the strong vibrational de-
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FIG. 5. Vibrational dependence of B-state lifetimes in
SiO* and CO*. Measurements of the lifetimes of the first
four vibrational levels of the B 22+ state of 28Si'®O™ are com-
pared with the measurements and theoretical predictions of
Marian et al. for the B2X™ state of CO*. The dashed lines
are linear regression fits.



pendence of the B-state lifetime. In contrast to the
X 2%* ground state, which is well described by the
single 102202302402 17* 501 configuration at all rel-
evant internuclear distances, the B2X* configuration
changes significantly as the internuclear separation is in-
creased. Near the equilibrium distance, it is predomi-
nantly 102202 30240 174502, but as the distance in-
creases, there is a greater admixture of another low-lying
configuration 102202302 402 172 501 2, which is also
singly excited with respect to the ground-state configura-
tion. This configuration enters the B-state wave function
with a sign opposite to that of the ...40! 17% 502 con-
figuration. The resulting cancellation of contributions to
the electric dipole transition moment leads to a rapid de-
crease with increasing internuclear distance, and hence
with increasing vibrational number, as a result of anhar-
monicity in the potential [34]. In the SiO* case, similar
calculations should be possible and it is reasonable to
suppose that a similar mechanism is the cause of the be-
havior we have observed. Indeed, measurements such as
these can serve as a valuable test of ab initio calculations,
which can then be trusted to provide absolute transition
probabilities and lifetimes for molecules which may be
difficult to study experimentally.
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IV. CONCLUSIONS

We have tested our modified beam-laser lifetime mea-
suring technique with a measurement of the lifetime of
the v = 0 level of the B2%,, + state of Ny + which agrees
with previous precision beam-laser measurements. The
use of collinear geometry in this beam-laser technique
provides precise knowledge of the ion velocity and excel-
lent spectroscopic selectivity. Our experimental design
provides a true normalization signal, background elimi-
nation, and efficient excitation. This apparatus has then
been used to measure the lifetime of the first four vi-
brational levels of the B2%¥t state of SiOt, which were
previously unknown, to better than 1%.
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