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a b s t r a c t
The new technique of cavity enhanced velocity modulation spectroscopy has been further developed,
incorporating a tighter cavity to laser lock and an optical frequency comb for absolute frequency calibration. Several Nþ
2 transitions have been observed with much higher precision than previously possible, and
transitions that were blended in earlier Doppler-limited experiments are now resolved. The full-width at
half-maximum of the observed Lamb dips is  40 MHz, and appears to be dominated by a broadening due
to the velocity modulation. Future extension of this technique into the mid-infrared should enable significant improvements in the sensitivity and resolution of vibrational spectroscopy of molecular ions.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
Ever since its development by Gudeman et al. in 1983 [1], velocity modulation spectroscopy has been the workhorse of molecular
ion spectroscopy, because of its sensitive discrimination between
ion and neutral signals [2]. In the past 25 years, this technique
has been used to study nearly 50 different molecular ions, as
reviewed in [3]. It has been implemented at wavelengths ranging
from the UV to the millimeter-wave [4,5]. The most sensitive
velocity modulation spectrometers (e.g., [6,7]) combine optical
heterodyne modulation with a modiﬁed White cell for unidirectional multipassing. The S/N ratio of such experiments could
be further improved by extending the optical path length using
an external cavity, but the traditional 1f demodulated signal
vanishes in such a cavity.
No major technological advances have been published on velocity modulation since it was last reviewed in [3]. However, additional molecular ions have been studied, including FeCOþ [8] and
FeOþ [9] in the millimeter/submillimeter range, and D2 Oþ [10],
SOþ [11], and H3 Oþ [12] in the mid-infrared. Other molecules such
þ
as Cl2 [13], COþ [14], and Nþ
2 [15] have been studied in the visible/
near-IR using the optical heterodyne magnetic rotation enhanced
velocity modulation previously reviewed in [3].
In a recent Letter [16], we demonstrated that ion-neutral discrimination can be achieved in an optical cavity, using phasesensitive 2f detection. This work also showed that Lamb dips were
observable due to the high intracavity power, thus opening the
⇑ Corresponding author at: Department of Chemistry, University of Illinois at
Urbana-Champaign, 600 S. Mathews Avenue, Urbana, IL 61801, USA.
E-mail addresses: aamills2@illinois.edu (A.A. Mills), bsiller2@illinois.edu (B.M.
Siller), bjmccall@illinois.edu (B.J. McCall).
URL: http://bjm.scs.illinois.edu (B.J. McCall).
0009-2614/$ - see front matter Ó 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2010.10.002

door to routine sub-Doppler spectroscopy of molecular ions. However, those experiments were limited by a poor laser to cavity lock
and a lack of precise frequency calibration. Here, we present an improved system that uses a double-passed acousto-optic modulator
(AOM) to achieve a tight lock of the cavity to the laser, and an optical frequency comb to obtain precise frequency calibration.
We demonstrate the method using the well-studied Nþ
2 ion,
which is abundant in atmospheric aurorae and nitrogen discharges
[17]. The A2 Pu  X2 Rþ
g system has been studied extensively.
Several bands were observed in auroral storms by Meinel in
1950 [18], and the 1–0 band was recorded in the laboratory by
Benesh et al. in 1979 with a resolution of 1800 MHz [19]. Ferguson
et al. recorded the Doppler-limited spectrum of several bands
including the 1–0 band with a measurement precision of 60 MHz
and an accuracy of 150 MHz [17]. These studies all relied on
unmodulated sources, either DC positive column discharges or
hollow cathodes. Other workers investigated higher vibrational
levels by using velocity modulation [20–22].
Several groups [23–28] have used optical frequency combs to
measure the absolute transition frequencies of molecular neutrals,
in many cases combining them with sub-Doppler techniques to
achieve a precision as good as 10 kHz. However, to our knowledge, the present Letter represents the ﬁrst application of optical
frequency combs to high-precision molecular ion spectroscopy.
2. Experimental setup
The experimental setup is an improved version of the one
described in [16], and is illustrated in Figure 1. Molecular ions
ðNþ
2 Þ were produced in an uncooled positive column discharge cell
with a continuous ﬂow of nitrogen at 0.5–4 Torr, as measured by
a thermocouple gauge that was calibrated to a capacitance
manometer. The ions were probed by the output of a Ti:Sapphire
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Figure 1. Experimental layout. Faraday isolator (FI), Fabry–Perot interferometer
(FPI), acousto-optic modulator (AOM), polarizing beamsplitter (PBS), quarter-wave
plate (QWP), radiofrequency generator (RF), electro-optic modulator (EOM),
photodiode (PD), voltage controlled oscillator (VCO), avalanche photodiode (APD),
high-pass ﬁlter (HP).

laser which was injected into an external cavity containing the discharge cell. An electro-optic modulator (EOM) added sidebands at
14 MHz, and the back-reﬂection off the cavity was used to generate
a Pound–Drever–Hall error signal that represents the difference
between the laser frequency and the cavity modes [29].
The low-frequency portion ð K 100 HzÞ of this error signal was
fed back to a piezo on the cavity, which essentially locks the cavity
to the laser; the laser itself is stabilized to an internal reference cavity
which is temperature and pressure stabilized. The high-frequency
portion of the error signal was fed to a voltage-controlled oscillator
(VCO), which feeds a double-passed acousto-optic modulator
(AOM; central frequency of 85 MHz) in a scheme similar to [30].
The frequency-shifted laser light was thereby locked to any fast
ﬂuctuations of the external cavity. This introduced a jitter of
1–2 MHz (as measured by ﬂuctuations in the voltage input of the
VCO while the system is locked), which is considerably smaller than
the width of all of our observed transitions. The improved lock,
compared to that in Ref. [16], enabled us to remove the intracavity
iris which had been used to lower the ﬁnesse to  100, resulting in
a higher ﬁnesse of  250 in the present experiment.
Before passing through the AOM (which blue-shifts the laser
by 170 MHz), a portion of the laser beam was picked off and
sent into a wavemeter (Bristol 621A-IR) with an accuracy of
0:2 ppm ð 65 MHzÞ, which was used for rough calibration.
Another portion was combined on a photodetector with an optical
frequency comb (MenloSystems FC1500), and the beat note was
counted with the comb electronics. The FC1500 is a ﬁber-based
comb, which contains two locking systems to keep the repetition
frequency ðfrep Þ and the carrier-envelope offset ðfceo Þ stabilized. In
our case, frep was locked near 100.005 MHz, and fceo was locked to
 20 MHz. These frequencies are based on an input from a highstability oven-controlled crystal oscillator that is disciplined to
the Global Positioning System (Endrun Technologies Tycho, HSOCXO). Since the oscillator control loop averaging time constant
is over 500,000 s, the stability of the oscillator’s 10 MHz frequency
reference is expected to be better than 1  1012 . The output of the
ﬁber comb is frequency doubled in a periodically poled lithium
niobate crystal, and spectrally broadened with a photonic crystal
ﬁber. Because the comb light passes through a sum-harmonic generation periodically poled lithium niobate crystal, fceo becomes
2f ceo .

The output of the cavity was directed onto a photodiode, the
signal from which was demodulated by a lock-in ampliﬁer referenced to twice the plasma frequency (with the phase set to be
optimally sensitive to ion signals). The output of the lock-in was
recorded, along with calibration data, by a custom LabView
program over the course of each scan.
Scanning was performed in two different modes, which we refer
to as high resolution and ultra-high resolution. In the high resolution scans, the laser was stepped in 5 MHz steps, with a 300 ms
time constant and a 300 ms delay between points, and calibration
was performed using only the wavemeter. In the ultra-high resolution scans, the laser was stepped in 1 MHz steps, with a 1 s time
constant and delay time, and was calibrated using the frequency
comb. For this purpose, the data acquisition computer recorded
frep , jfceo j, and jfbeat j from the comb’s computer, for each frequency
step in our scans. Because the measurement system for jfbeat j has
a bandwidth of only 19.5–25.5 MHz, it was necessary to ratchet
frep by 1.2 Hz whenever jfbeat j approached its limit in the course of
a scan. This ensured continuous measurements of the beat frequency against the same comb mode throughout an entire scan,
which was typically 0.9 GHz in length. In the future, this ‘soft lock’
of the comb to the laser could be replaced by a system that directly
locks the Ti:Sapphire laser to the comb; in such a scenario the laser
could be scanned over long ranges simply by stepping frep .
The laser frequency can be determined using the equation
fTi:S ¼ nfrep þ 2f ceo þ fbeat . The difﬁculty in using the frequency comb
for absolute calibration is that neither n (the comb mode participating in the beat) nor the signs of fceo and fbeat are known a priori.
The sign of fbeat is easily determined by monitoring the change in
jfbeat j as the laser is tuned: if jfbeat j increases as fTi:S is increased, then
its sign must be positive. The sign of fceo can only be determined by
changing jfceo j while watching jfbeat j while the laser is held at a constant frequency. However, this last step was inadvertently omitted
in the present experiment, so the sign of fceo is unknown in our
measurements; however, all the ultra-high resolution scans
reported here were recorded on two consecutive days, and the
(unknown) sign of fceo was ﬁxed by its lock, which was left on continuously during that period.
The value of the comb mode n was determined by using an estimate of fTi:S from the wavemeter, which we call fwm . For each possible sign of fceo , an estimate of n was calculated using n ¼ ðfwm 
2f ceo  fbeat Þ=frep . These estimates can be expected to differ from
an integer by an amount as large as 0.65, which represents the
absolute accuracy of the wavemeter divided by frep . We found that
in all cases only a single integer was within 0.65 of n , so that the
determination of the true integer value of n was unambiguous.
This was also true in some cases for nþ ; these cases were used to
determine the difference between fwm and fTi:S under the assumption that fceo is positive. We found that the wavemeter’s offset varied by K 8 MHz over the course of a day, so that this could be used
to ‘calibrate’ the wavemeter and unambiguously determine the
integer value of nþ . For all scans, we found that nþ ¼ n  1, and
consequently the two possible values of fTi:S for the two signs of
fceo differ only by frep  2j2f ceo j ¼ 20:005 MHz. For the remainder
of this Letter, we adopt the value corresponding to a negative fceo ,
but we caution that all of our frequencies may be overestimated
by 20.005 MHz as a result. In the future, this ambiguity can be
resolved by a direct determination of the sign of fceo and/or by
using a more accurate wavemeter. Nevertheless, the precision of
the frequency determination at each step is  1 MHz.

3. Transition frequencies
Ten transitions of the Q 22 branch of the v ¼ 1
0 band of the
þ
Meinel system A2 Pu  X2 Rþ
g of N2 were observed in ultra-high
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resolution scans. A representative set of high and ultra-high resolution scans of the Q 22 (14.5) line are shown in Figure 2. The vertical line represents the previously reported line center from the
Doppler limited work of Ferguson et al. [17], and the horizontal
line represents their stated calibration uncertainty ð150 MHzÞ.
Of the 10 observed transitions, eight were previously observed
by [17], but Q 22 (0.5) and Q 22 (2.5) are reported here for the ﬁrst
time.
In the work of Ferguson et al. [17], many closely spaced transitions were unresolvable because of the Doppler-limited linewidths. Given the narrow sub-Doppler Lamb dips in the present
Letter, many of these ‘blended’ transitions are now resolvable.
For example, the R11 (10.5) transition was previously blended with
the stronger Q 22 (11.5) transition. As shown in Figure 3, the Lamb
dips of these two transitions are clearly separated.
Each Lamb dip was ﬁt to a Gaussian proﬁle to determine the
value of and the uncertainty in the line center frequency. Because
of the relatively low S/N ratio of the wings of the Lamb dips, the
proﬁles could be ﬁt equally well to a Gaussian or a Lorentzian; a
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200x10

150
100
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0
10859.30
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Frequency (cm )
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Table 1
1
Doppler free transition frequencies ðin cm Þ of the Q 22 (J) series calibrated with a
frequency comb, as well as the differences from the previously published values [17],
and the differences from an effective Hamiltonian ﬁt using the spectroscopic
constants from [17]. Note that the observed frequencies may be systematically too
high by 20 MHz due to an ambiguity in the sign of fceo (see text).
J

Observed

Obs. – [17]

Obs.–Calc.

0.5
2.5
4.5
6.5
7.5
8.5
9.5
11.5
12.5
14.5

10924.65608(10)
10919.46795(4)
10912.92682(3)
10905.01953(3)
10900.54840(3)
10895.72876(3)
10890.55859(5)
10879.15394(3)
10872.91398(3)
10859.34469(3)

–
–

0.00408
0.00325
0.00322
0.00313
0.00310
0.00286
0.00299
0.00294
0.00288
0.00279

0.00182
0.00853
0.00540
0.00076
0.00359
0.00306
0.00002
0.00269

Gaussian ﬁt was chosen because it was less sensitive to the noise
in the wings of the observed dips. Table 1 shows our line center
frequencies, the differences between these and the previous
measurements, and the differences between our frequencies and
the predictions of an effective Hamiltonian ﬁt.
The differences between our line centers and those of [17] are
reasonably small, but are in some cases larger than the previous
work’s estimated precision of about 0:002 cm1 (which may apply
only to the stronger transitions of [17]). The higher precision of the
present Letter is evident from the residuals from the effective
Hamiltonian ﬁt (which used the constants from [17]). These residuals are tightly clustered around þ0:003 cm1 , with a standard
deviation of 0:0004 cm1 . This suggests that the molecular
constants of this widely used prototype ion could be signiﬁcantly
improved using this method of sub-Doppler spectroscopy.
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4. Linewidth investigation
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Figure 2. High-resolution (wavemeter calibrated) and ultra high-resolution (comb
calibrated) scans of the Q 22 (14.5) line. The vertical line represents the previously
reported line center [17]. The Lamb dip occurs within the uncertainties of the
previous measurement, which is represented by the horizontal line.
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In our initial report on cavity enhanced velocity modulation
spectroscopy [16], the observed linewidth of the Lamb dips
ð 130 MHzÞ was dominated by the mechanical instability of the
cavity, and the resulting frequency jitter in the laser (which was
locked to the cavity). With our improved lock of the cavity to the
laser, a considerably smaller Lamb dip linewidth (as low as
40 MHz) is observed. However, this width is still quite a bit larger
than expected from pressure broadening, so we have investigated
its dependence on the cell pressure, rotational level, and laser
power.
A graph of the FWHM of the Q 22 (14) transition at several pressures between 0.5 and 4.5 Torr is shown in Figure 4. The calculated
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60
40
20

10879.10

10879.15

10879.20

Expected Pressure Broadening
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Figure 3. The high resolution scan of the Q 22 (11.5) line shows a second Lamb dip
where the previously blended and unreported R11 (10.5) line is now clearly resolved.
The vertical line near R11 (10.5) represents the predicted position from an effective
Hamiltonian ﬁt, and the horizontal bar indicates the rms-error of the Hamiltonian
ﬁt. The lock-in time constant was increased half-way through the scan which
reduced the noise of the scan and broadened the observed R11 (10.5) Lamb dip.
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1
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4

Pressure (Torr)
Figure 4. Linewidth as a function of cell pressure shows that the actual linewidth is
much larger than the expected pressure broadening. Line of best ﬁt: FWHM
ðMHzÞ ¼ 8  pðTorrÞ þ 32.

4

A.A. Mills et al. / Chemical Physics Letters 501 (2010) 1–5

pressure broadening coefﬁcient, assuming a Langevin collision rate
and using the formulas in [31], is approximately 1.8 MHz/Torr. Not
only is the slope of the observed pressure dependence (8 MHz/
Torr) much higher than this, but there is also a signiﬁcant linewidth (32 MHz) even at the limit of zero pressure. Clearly an effect
other than pressure broadening is dominating the observed
linewidth.
To investigate the possible role of hyperﬁne structure on the
observed linewidth, we measured transitions from many rotational
states at the same pressure of 0.35 Torr. No change in the FWHM as
a function of the rotational quantum number was observed. To
check for power broadening, we measured the FWHM of the
Q 22 (14.5) transition at incident optical powers between 7 and
30 mW, and observed no change over this range.
It seems clear that some other process is dominating the linewidth of the Lamb dips. We propose a lifetime broadening mechanism, based on the amount of time that a particular ion will be
resonant with both counter-propagating laser beams (and thus
participate in the Lamb dip) before its velocity is signiﬁcantly
changed by the AC ﬁeld of the velocity modulation.
To estimate the order of magnitude of this effect, we assume
that the drift velocity of the ions is proportional to the instantaneous voltage applied to the discharge cell. From the observed
Doppler shift between the line center and the maxima of the velocity-modulated line proﬁles, we estimate the peak drift velocity to
be  72 000 cm=s, which corresponds to a peak Doppler shift of
 800 MHz. In order for an ion to be probed by both directions of
the laser beam in the cavity, its velocity along the cavity axis must
be close enough to zero that its Doppler shift with respect to both
beams is smaller than the cavity linewidth ð 0:5 MHzÞ. Since the
Doppler shift changes from  800 MHz to 0 MHz in one quarter of
a discharge cycle ð 6 lsÞ, the ion has an effective ‘lifetime’ of only
 4 ns, which corresponds to a lifetime broadening of  40 MHz, in
rough agreement with our observations. The origin of the observed
pressure dependence is unclear at the present time.
5. Saturation parameter
Figure 5 shows the experimentally observed Lamb dip depth as
a function of the laser power incident on the cavity, which was
adjusted by a variable attenuator on the RF input of the AOM
(which changed its diffraction efﬁciency) while keeping all other
experimental parameters constant. Theoretically [32], one would
expect the ratio of the dip depth to the Doppler-limited absorption
depth to be equal to ð1 þ SÞ1=2  ð1 þ 2SÞ1=2 , where S is the saturation parameter. Since the Doppler-limited absorption depth is
independent of power, and S is proportional to the incident power,
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Figure 5. Experimentally observed Lamb dip depth, together with theoretical ﬁt.

we ﬁt the observed dip depth to the expression A½ð1 þ kPin Þ1=2 
ð1 þ 2kP in Þ1=2 . As seen in Figure 5, the ﬁt is quite good; the resulting constant of proportionality is k ¼ 0:20  0:01 mW1 .
The saturation parameter S can be conveniently deﬁned as
X2 =C2 , where X is the angular Rabi frequency and C is the relaxation rate. Given that X ¼ lE=
h (where l is the transition dipole
moment and E is the electric ﬁeld strength), that the ﬁeld intensity
I ¼ E2 c=8p, and also that the ﬁeld intensity inside the cavity can be
expressed as I ¼ F gP in =pr 20 (where F is the cavity ﬁnesse, g is the
coupling efﬁciency into the cavity [or the ratio P out =P in ], and r 0 is
the beam radius inside the cavity), we can write S in terms of P in as

S ¼ kPin ¼

8p

l2 g F
P
2
2 in
ch C pr0
2

ð1Þ

or, given an experimentally determined constant of proportionality
k, we can write

l2
2

C

2

¼k

ch pr20
:
8p g F

ð2Þ

Substituting in the appropriate values for our case (F ¼ 250,

g ¼ 0:008, r0 ¼ 0:07 cm, and k ¼ 2  105 s erg1 Þ, we ﬁnd that
l=C ¼ 0:090 Debye=MHz.
According to lifetime measurements [33], the Einstein coefﬁcient for the 1–0 Meinel band is  7  104 s1 ; this is in good
agreement with the theoretical value [34] of 5:9  104 s1 . Combining this with the linestrength of the Q 22 (14) transition used
for these measurements (computed from PGopher [35]), the transition dipole moment is expected to be l ¼ 0:38 Debye. This suggests a relaxation rate C  4:2 MHz. This demonstrates the
ability of cavity enhanced velocity modulation Lamb dip spectroscopy to determine the ratio l=C.
6. Conclusions and outlook
We have demonstrated that cavity enhanced velocity modulation spectroscopy can be used to make high precision ð 1 MHzÞ
measurements of molecular ion spectra, when used in conjunction
with an optical frequency comb. This method provides considerably higher precision than conventional Doppler-limited spectroscopy, and consequently offers the prospect of more accurate
determinations of molecular constants. Quantitative measurements of the Lamb dip depth also offer the possibility of experimentally determining ratios of transition dipole moments to
relaxation rates.
Although our initial demonstration of this method has utilized
an electronic transition of a molecular ion, we see no reason why
this method could not be extended to vibrational spectroscopy in
the mid-infrared. Typical vibrational dipole moments are on the
order of 0.15 D, and this vibronic dipole moment was only
0.43 D, therefore the power density would only need to be about
10 times higher. This increased intracavity power could be
achieved by using a higher ﬁnesse cavity or a higher power laser
(e.g., a cw OPO). In such a case, frequency calibration could be performed either with a mid-infrared comb [36], or by upconverting
the mid-infrared laser to the near-infrared by sum frequency generation with a stabilized Nd:YAG laser in a periodically poled lithium niobate crystal.
The widths of the Lamb dips are comparable to the kinematically compressed linewidths of ion beam instruments [37], therefore similar precision can be obtained with the current type of
instrument. Ion beam instruments are considerably more complex
and suffer from reduced ion density, but do offer other advantages,
including simultaneous mass spectrometry, mass identiﬁcation of
spectral lines, and the possibility of rotational cooling when used
with supersonic ion sources.
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High-precision sub-Doppler vibrational spectroscopy of molecular ions would enable determination of molecular constants with
near-microwave precision, which could in turn facilitate the prediction of pure rotational transitions. This could be very useful in
reducing the classic ‘search problem’ in rotational spectroscopy,
and could also facilitate astronomical observations of molecular
ions that have not been measured in the microwave, sub-mm, or
THz regions. Furthermore, the high precision of this method would
facilitate the identiﬁcation of four-line combination differences in
complex spectra (such as, for example, CHþ
5 [38,39]) and thereby
provide additional information to enable their assignment.
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