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Abstract: Frequency-based cavity mode-dispersion spectroscopy (CMDS), previously applied
for Doppler-limited molecular spectroscopy, is now employed for the first time for saturation
spectroscopy. Comparison with two intensity-based, cavity-enhanced absorption spectroscopy
techniques, i.e. cavity mode-width spectroscopy (CMWS) and the well-established cavity
ring-down spectroscopy (CRDS), shows the predominance of the CMDS. The method enables
measurements in broader pressure range and shows high immunity of the Lamb dip position to
the incomplete model of saturated cavity mode shape. Frequencies of transitions from the second
overtone of CO are determined with standard uncertainty below 500 Hz which corresponds to
relative uncertainty below 3× 10−12. The pressure shift of the Lamb dips, which has not been
detected for these transitions in available literature data, is observed.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Accurate spectroscopy of atoms and molecules is a basic tool for tests of fundamental physics
[1] not only in the simplest molecular systems but also with polyatomic molecules [2]. Such
fundamental research based on atomic and molecular systems has multiple applications in subjects
such as quantum electrodynamics (QED) tests [3–5], determination of physical constants and
their variability [6,7], measurements of the electric dipole moment of electron and the electron
shape [8,9], searching for new forces [3,10] and the dark matter [11,12]. Accurately known
molecular transition frequencies can also serve as frequency standards [13].

In the above-mentioned applications and many others, the molecular transition frequencies
need to be measured with unprecedented accuracy. The most common measurements of
Doppler-broadened transitions typically attain megahertz or sub-megahertz accuracy. Kilohertz
accuracy has already been achieved [14–16]. Recently, CO2 transition frequencies from the
(30012) ← (00001) band were determined with minimum combined uncertainty of 200 Hz
[17]. In the Doppler regime such low measurement uncertainties are possible only for well
isolated transitions. On the other hand, kHz uncertainties and lower are typical for Doppler-free
techniques, such as saturation spectroscopy, that make it possible to resolve and accurately
determine frequencies of transitions separated by less than the Doppler width [18].

Many molecular transitions in the visible and near-infrared range have relatively low intensities.
This prevents not only saturation spectroscopy measurements but also standard absorptive
measurements from being performed with sufficient signal-to-noise ratio in a single-pass
absorption cell. A high-finesse optical cavity can be used both to enhance the absorption path
length and to induce saturation conditions by enhancing optical power in the system. Saturation
spectroscopy has already been applied in multiple techniques based on optical cavities. Apart from
simple cavity-enhanced spectroscopy (CEAS) [19], it has been demonstrated and successfully
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used in techniques such as cavity ring-down spectroscopy (CRDS) [20,21] and noise-immune
cavity-enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) [22,23].

In this work, we apply for the first time the cavity mode-dispersion spectroscopy (CMDS)
[24] and cavity mode-width spectroscopy (CMWS) [25,26] techniques in saturation conditions.
CMDS is a recently developed one-dimensional, frequency-based spectroscopic technique that
relies on determination of dispersive shifts of high-finesse cavity modes. In a Doppler-limited
non-saturated spectroscopy technique, CMDS offers significantly wider dynamic range and
higher accuracy than the absorption-based CEAS, CRDS and CMWS techniques [27]. In the
last two cases, the absorption coefficient is determined from measurements of the photon life
time in the cavity and of the cavity mode width, respectively. One of the main limitations of
CRDS is related to the non-linearity of the detection system [28]. This problem can be overcome
by proper calibration of the detection system [29]. On the other hand, CMDS enables similar
accuracy without the necessity of such calibration procedures [27]. In contrast to CRDS and
CMWS, a CMDS spectrum is determined from central frequencies of cavity modes and not
from the light intensity or its dependence on time. The CMDS, CMWS, and CRDS techniques
can be implemented in the same experimental setup both for Doppler-limited and saturation
spectroscopy. In the present work, applicability of all those techniques to saturation spectroscopy
is compared and carefully analyzed. We apply the sub-Doppler CMDS technique to measurements
of transitions from the second overtone ((3← 0) band) of the CO molecule in the spectral range
near 1.57 µm.

2. Experimental details

2.1. Experimental setup

The measurements are performed with the spectrometer described in Ref. [27], which is slightly
modified for the purpose of the present study. The high-finesse optical cavity is 73-cm long
and consists of two spherical mirrors in non-confocal configuration. The intensity reflectivity
of the mirrors at the wavelength of CO transitions (1.57 µm) reaches R ≈ 0.999992 and at the
wavelength of the Nd:YAG laser (1.064 µm) it reaches R ≈ 0.98. The finesse of the cavity filled
with a non-absorptive sample is F ≈ 390 000 at 1.57 µm, corresponding to the full width at half
maximum (FWHM) of the cavity mode of δν ≈ 0.54 kHz and the ring-down time decay constant
of τ ≈ 300 µs. The increased reflectivity of the mirrors and thus the higher finesse is the main
difference between the present and previous arrangement of the spectrometer. It enables higher
intra-cavity probe beam power, which in our measurements is up to 170 W for the coupling
efficiency of approximately 20%. The cavity length is actively stabilized [30] in reference to the
frequency of the I2-stabilized Nd:YAG laser, which prevents drifts due to variations in laboratory
pressure and temperature. One of cavity mirrors is mounted on a piezo transducer and can be
moved along the cavity optical axis in a controlled way. It enables shifting positions of the cavity
modes in the frequency domain and thus spectra acquisition with frequency step lower than the
cavity free spectral range (FSR), which is approximately 204.5 MHz. The cavity temperature
is actively stabilized at 296 K within ±50 mK. As a probe gas we use a commercial sample of
CO with 0.99997 purity. The sample pressure in the cavity is determined from Doppler-limited
measurements before and after the Lamb dip measurement and referenced to HITRAN [31] line
intensities with uncertainty below 2%.

The probe laser is an external-cavity diode laser (ECDL) which emits in the spectral range
near 1.57 µm. The system is arranged in a dual-beam configuration [27,32,33]. Part of the laser
beam is used as a locking beam for locking the laser frequency to the cavity resonance with the
Pound-Drever-Hall technique (PDH) [34], which also enables beam spectral narrowing [35].
Based on our previous studies [36], we estimate the spectral width of the laser relative to the
cavity mode frequency to be below 40 Hz. The bandwidth of the PDH lock servo loop is above
1 MHz. Another part of the beam, with polarization orthogonal to the locking one, serves as the
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actual probe beam and is phase-modulated with an electro-optic modulator (EOM) working in the
frequency range from 200 MHz to 20 GHz, amplified with booster optical amplifier (BOA) and
frequency-shifted with an acousto-optic modulator (AOM). This configuration enables the use of
a first-order EOM side-band as the probe beam. The AOM triggers ring-down decays for the
CRDS and ensures that neither the carrier frequency nor EOM side-bands, other than the selected
positive or negative first-order one, are in resonance with the cavity. The orthogonality of probe
and locking beam polarizations enables their separation behind the cavity. For this purpose a
polarizing beam splitter with extinction ratio of 1000:1 is used. Part of the laser beam is also used
to generate a beat-note signal between the laser and an optical frequency comb (OFC), which
enables determination of the probe beam absolute frequency at each spectral point, based on
the OFC offset frequency (f0 ≈ 20 MHz), repetition rate (frep ≈ 250 MHz), beat-note frequency
and frequencies of RF signals driving the EOM and AOM. A wavemeter of accuracy better than
frep/2 is used to determine the number of the comb tooth nearest to the laser frequency. The
signal generators driving the EOM and AOM, frequency counters and the OFC are referenced
to the stable 10 MHz RF signal (stability of 10−12 at 1 s) delivered to our laboratory from the
Astro-Geodynamic Observatory in Borowiec, Poland by a fiber link [36].

2.2. CRDS, CMWS and CMDS in saturation conditions

The CRDS technique has already been applied to measurements in saturation conditions in
different laboratories. In the Doppler regime, CRDS relies on determination of the time constant,
τ, of the exponential decay of light intensity, I, at the ring-down cavity output: I (t) = I0 exp (−t/τ).
The absorption coefficient, α, is then determined as α = 1/(cτ) − αbg, where αbg corresponds to
the cavity base losses and c is the speed of light. In saturation conditions as the intracavity power
decreases, the absorption coefficient increases, which leads to non-exponential ring-down decay
signals [18,20,37]. However, in a typical approach designed to measure Lamb dip positions,
it is assumed that the saturation is weak and a single-exponential decay is fitted [38,39]. As a
consequence, the derived absorption coefficient has an intermediate value between saturated
and non-saturated absorption. An example of such saturated ring-down decay together with
the residuals from the fit of an exponential function is shown in Fig. 1 in panels (e) and (f),
respectively. In this approach the Lamb dip position is determined but its shape cannot be
accurately derived.

In CMWS, the absorption coefficient is derived from the full width at half maximum (FWHM)
of the cavity mode, δν, and from the refractive index of the sample, n: α = 2πnδν/c − αbg [25].
In the CMDS technique, from the same measurement of the cavity mode shape its position in the
frequency domain is derived. The difference, ∆νD, between the measured mode position and its
position resulting from linear dependence of the longitudinal mode order versus frequency, is the
measure of the resonant sample dispersion. This linear dependence arises from the cavity length
and broadband dispersion which in the limited spectral range can be approximated as constant.

In contrast to a Doppler-broadened line, a Lamb dip is a narrow spectral feature. In our
conditions its width is more than two orders of magnitude below the cavity FSR. To probe it, it is
necessary to reduce the spectrum frequency step much below the cavity FSR, which is done by
controlled changes of the cavity length, thus scanning the resonant frequency of selected cavity
mode (probe mode) across the Lamb dip. In such case the corresponding change of the cavity
FSR needs to be accounted for [24], as explained below.

In our approach to CMDS the reference cavity FSR, νFSR0, is determined before the scan across
the Lamb dip by measuring frequencies of two cavity modes far from the resonant dispersion.
The laser is frequency-locked to the N-th order cavity mode (lock mode) at central frequency
νl0 far from the resonant dispersion, see Fig. 2, whereas the probe mode of order N + k at
central frequency νp0 = νl0 + kνFSR0 + ∆νD0 is measured. If νFSR0 changes by ∆νFSR due to
change of the cavity length, positions of the lock and probe modes shift to νl = νl0 + N∆νFSR
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Fig. 1. Signals in CRDS, CMDS and CMWS in saturation conditions. (a) Simulations of
an absorptive and (b) dispersive Lamb dip. The three points marked in color correspond to
the dip center, its falling and rising absorptive slope. (c) Measured transmission, T , through
the cavity mode as function of the detuning from the cavity mode center, δf , corresponding
to the three spectral points marked out in panels (a) and (b). (d) Residuals from the fit of
Lorentzian function to the measured cavity mode shape for the three spectral points. (e)
Saturated ring-down decay and (f) residuals from the fit of single-exponential decay. The
decay is fitted with a function y = a exp (−t/τ) + b, where τ is the fitted time decay constant,
t is time, a is the decay amplitude, and b accounts for possible offsets in electrical signals.

and νp = νl + k (νFSR0 + ∆νFSR) + ∆νD, respectively. Frequencies ∆νD0 and ∆νD are the relevant
mode shifts due to resonant dispersion at two considered points of the measured spectrum.
Frequencies νl0, νl and mode order N are determined from measurements of the locking beam
optical frequency with the OFC, whereas

(︁
νp0 − νl0

)︁
and

(︁
νp − νl

)︁
are determined from the mode

center fits and the change of cavity FSR is calculated as ∆νFSR = νFSR0 (νl − νl0) /νl0.

Fig. 2. Lock (blue) and probe (red) cavity mode in presence of resonant dispersion in the
region of the probe mode. Solid lines indicate cavity modes and their positions on the
frequency axis for given cavity length, whereas dashed lines show cavity modes of the same
orders after changing the cavity length and thus the FSR. Note that the probe mode shifted
due to the resonant dispersion is also broadened due to associated resonant absorption.

In saturation-free case, the cavity mode shape can be approximated with a Lorentzian function.
Similarly to CRDS, the CMWS and CMDS techniques can be implemented in saturation
conditions. Following the standard approach to CRDS in saturation conditions, in CMWS and
CMDS we assume non-saturated mode shape and determine the cavity mode width and its central
frequency from the fit of a Lorentzian function. In panel (c) of Fig. 1, measured cavity modes
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in saturation conditions are presented as functions of the detuning from the mode center, δf .
Panel (d) presents residuals from the fit of a Lorentzian function to the measured cavity mode
for the three spectral points marked in panels (a) and (b). The cavity mode shape is clearly
non-Lorentzian due to saturation and the reason is similar as in the case of non-exponential
ring-down decay: for different detunings from the mode center, the intra-cavity power is different,
which leads to different values of the saturation parameter and thus of the absorption coefficient.
Fit residuals corresponding to the point located near the Lamb dip center are symmetric. In
contrast, fit residuals corresponding to spectral points detuned from the Lamb dip center towards
lower and higher frequencies, are not only non-Lorentzian but also non-symmetric with opposite
asymmetries. Their asymmetry is caused by the fact that on the absorption slope of a narrow
Lamb dip, the absorption coefficient is changing across the cavity mode. Due to saturation,
this effect is enhanced. Cavity mode shapes in the present study are fitted with a symmetric
Lorentzian function beacuse at present there is no analytical model of saturated mode shape
available. This causes that similarly as in CRDS, only the Lamb dip position can be accurately
determined, whereas conclusions on the dip shape cannot be reliably made [37].

The choice of time interval for fitting the decay in CRDS or frequency detuning range for the
mode shape fitting in the CMDS and CMWS techniques may significantly affect the determined
Lamb dip position in the absorptive techniques. In the measurement procedure, immediately
after recording ring-down decays, cavity mode shape was measured at each spectral point. In
Fig. 3 there are presented Lamb dip positions obtained with these three spectroscopic techniques,

Fig. 3. Determined position of the lamb dip, ν, measured for the R7 transition from the
second overtone band of CO molecule at pressure of 0.5 Pa, vs cavity ring down or cavity
mode shape fitting range. (a) Ring-down decay and two approaches to the choice of its
fitting range: either each decay is cut at the same signal level Tmax (green triangles in panel
(b)) or decay fit starts after delay tmin from turning off the probe beam (orange triangles in
panel (b)). (b) The Lamb dip position resulting from CRDS measurements vs initial part of
the decay excluded from the fit as explained in panel (a). Time axis is in units of decay time
constant, τ, for the decay corresponding to the Lamb dip center. (c) The cavity mode shape
as a function of detuning from the mode center, δf , and the fitted scan range, symmetric with
respect to the mode center. (d) The Lamb dip position resulting from CMWS and (e) CMDS
measurements vs the cavity mode shape fitting range expressed in units of the maximal
measured cavity mode width, δν.
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based on a measurement performed for the R7 transition at pressure of 0.5 Pa. In order to validate
the retrieved Lamb dip positions, acquired signals were fitted for different ring-down decay
acquisition times and cavity mode scan widths as shown in panels (a) and (c). In panel (b) the
Lamb dip position is plotted versus the length of the initial part of the ring-down decay that was
excluded from the fit, for the spectral point corresponding to the Lamb dip center. Different
parts of the recorded decay are removed from its beginning, leading to the dip position varying
by approximately 11 kHz, with the position uncertainty close to 1 kHz. Panel (d) shows the
dependence of the determined Lamb dip position on the width of scan around the cavity mode
which is used for fitting its shape. This position varies by 130 kHz for the fitting range varying
by a factor of 4. Panel (e) shows dip positions obtained from the same data as CMWS ones
but interpreted in terms of CMDS. For the fitted scan range varying within the same limits
as for CMWS it leads to the dip position which remains constant within sub-kHz uncertainty.
Based on this comparison, in our experimental setup only CMDS technique enables reliable
determination of the Lamb dip position. An advantage of a dispersive Lamb-dip spectrum is the
immunity of the Doppler-broadened envelope profile to the saturation effect, as shown in Ref.
[40]. As a result, variation in the laser power should cause asymmetry of the Doppler envelope
and thus distortion (asymmetry) of the absorptive Lamb dip, which leads to the shift of fitted
position, but not of the dispersive one. The magnitude of this shift depends on the decay or mode

Fig. 4. Dispersive and absorptive Lamb dip measured for R7 transition from the second
overtone band of CO molecule for two sample pressures: 0.3 Pa (top row) and 3.9 Pa (bottom
row) with three experimental techniques: CRDS (panels (a) and (b)), CMWS (panels (c) and
(d)) and CMDS (panels (e) and (f)). In CRDS measurements shown here, the ring-down
decay fitting range starts after cutting off not more than 1.3τ. In CMWS and CMDS the
cavity mode width fitting range equals at least 15δν.
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shape fitting range, as shown in Fig. 3(b) and (d). In general, the determination of the Lamb dip
central frequency can also be affected by the change in cavity mirror properties caused by heating
them up with the probe beam. We have observed this effect in our recent work performed on a
different experimental setup in the spectral range near 0.69 µm [41]. If cavity mirrors change
their properties during the measurement, especially the reflectivity, the measured absorptive dip
becomes asymmetric again.

The three measurement techniques have different signal-to-noise ratio (SNR) of the Lamb dip
in the same conditions, i.e. for the same transition, pressure and available optical power. Lamb
dips recorded with CRDS, CMWS and CMDS in the same experimental conditions, for two
different sample pressures, are shown in Fig. 4. CRDS measurements lead to clearly outlined
absorption Lamb dip in a low pressure range (panel (a)), however it is invisible in case of higher
pressure (panel (b)). In case of the CMWS spectra it is the opposite: the dip is barely visible in
the case of low pressure (panel (c)) and it is clearly outlined in higher pressure (panel (d)). Also,
significantly different absorption levels in CRDS and CMWS indicate the effect of fitting the
exponential decay and Lorentzian shape of the cavity mode, none of which properly accounts for
saturation. In contrast to that, CMDS enables saturation measurements in the broadest range
of measurement conditions and leads to clear dispersive Lamb dip both in lower and higher
sample pressure (panels (e) and (f)). This conclusion follows the one made for Doppler-limited
spectroscopy in saturation-free conditions, where we have shown that it is the most accurate
technique among these three in the widest dynamic range [27].

3. Measurements and results

Two transitions from the second overtone band of CO, namely R7 and R10, were measured with
the CMDS technique in the pressure range from 0.3 Pa to 4 Pa. Determined Lamb dip positions
plotted against sample pressure are shown in Fig. 5. The amplitude ratio of the Lamb dip to
the Doppler-broadened line shape varies from 0.3 in the lowest pressure to 0.004 in the highest
pressure. The Lamb dip shape is fitted with the dispersive Lorentzian function and SNR up to
370. Based on weighted linear regression to the dip positions measured in the range of pressures,
we determine transition frequencies as well as the collisional shift coefficients in saturation
conditions. Those results are given in Table 1 together with the literature values.

Table 1. Determined transition frequencies extrapolated to zero pressure, ν0, collisional shift
coefficients, ∆/p, and comparison with literature values.

transition ν0 (kHz) ∆/p (kHz/Pa)

This work

R7 191 189 841 046.10(38) −1.05(33)

R10 191 440 612 667.66(48) −1.16(32)

Wang et al. [39,42,43]

R7 191 189 841 045.4(8)

R10 191 440 612 665.1(5)

Mondelain et al. [44]

R7 191 189 840 950(300)

R10 191 440 612 430(300)

Picqué et al. [45]

R7 191 189 840 400(900) −1.8(3)

R10 191 440 611 900(900) −1.8(3)

Table 2 gives the uncertainty budget for transition R7. As the frequency reference we use an RF
signal (10 MHz) of relative stability during 1 s at 10−12 level, which at the frequency of transitions
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Fig. 5. Position of R7 (panel (a)) and R10 (panel (b)) transitions from the second overtone
of CO, measured in the saturation regime with the CMDS technique, against sample pressure,
p. Triangles (△) and circles (⃝) indicate two measurement series performed with two
independent OFCs, within the time span of two years. Solid lines show the linear fit to
determined Lamb dip positions vs. pressure with inverse squared fit uncertainty used as
statistical weights.

under investigation and the minimal spectrum averaging time of 2 hours leads to the uncertainty
below 3 Hz. Pressure is determined based on Doppler-limited measurements of transitions under
investigation in low-power conditions, i.e. typically with intra-cavity power reduced by an order
of magnitude or more compared to Lamb dip measurements, which corresponds to negligible
saturation. Taking into account uncertainty of HITRAN [31] line intensities [27,46,47] (between
1% and 2%) and fit uncertainty (up to 4%), the pressure uncertainty contributes to relative
uncertainty of the pressure shift at 4.5% level and the contribution to the uncertainty of the R7
transition frequency is nearly 0.17 kHz. The power shift that may be induced by the AC Stark
effect has been verified by measurement of the Lamb dip position at intra-cavity power levels
between 20 W and 150 W, and no Lamb dip position power dependence has been observed. The
estimated uncertainty of the transition frequency caused by this effect is approximately 0.13 kHz,
whereas in the case of the collisional shift coefficient it corresponds to relative uncertainty of
3.2%. Other sources of the transition frequency uncertainty arise from Lorentzian models of the
Lamb dip shape and the cavity mode shape, and the stability of the beat-note frequency between
the probe beam and the OFC which is mainly related to the stability of the optical cavity. These
three affect the transition frequency determination at 0.1 kHz level, whereas only the dip shape
model significantly affects the pressure shift coefficient determination. The second order Doppler
effect leads to the transition frequency decrease of 0.28 kHz and its uncertainty is negligible. The
recoil effect in the saturation regime leads to symmetric transition splitting of 5.81 kHz [48]. This
is below our experimental resolution and effectively leads to negligible Lamb dip broadening.

The comparison of our results with the available literature data is shown in Table 1. R7
transition frequency agrees with the result of Wang et al. [43]. On the other hand, our transition
frequency for the R10 line is higher by 2.6 kHz from the value by Wang et al. [39,42,43], which
is 4 times the combined standard uncertainty. The transition frequencies are in agreement with
values arising from the Doppler-limited measurement by Mondelain et al. [44] and Picqué et
al. [45], however these values have uncertainties higher by three orders of magnitude than ours.
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Table 2. Uncertainty budget for transition frequency and pressure shift coefficient for the R7
transition.

standard uncertainty ν0 (kHz) ∆/p (kHz/Pa)

type A 0.257 0.322

contributions to type B:

frequency reference accuracy <0.003 <0.001

pressure determination 0.168 0.047

power shift 0.131 0.033

dip shape 0.1 0.025

cavity mode shape 0.1 <0.001

beat-note frequency stability 0.1 <0.001

2nd order Doppler effect <0.001 –

total standard uncertainty 0.38 0.33

We determine the collisional shift of transitions under investigation which was not observed by
Wang et al. [39,42,43]. Our values are 40% lower than those by Picqué et al. [45].

One of reasons for the difference between collisional shift coefficients observed in Doppler-
limited and saturation spectroscopy may arise from the relation between elastic and inelastic
scattering [49,50]. Both the nonlinear pressure shift [51] and broadening [52] have already
been observed in the saturation regime. Another reason may arise from the speed-dependent
effects [53]. In the Lamb dip and Doppler-limited spectroscopy, the determined collisional shift
coefficient value is differently averaged over the distribution of molecular velocities. In the first
case, the molecular velocity in a direction parallel to the probe beam equals zero, whereas in the
second one the Maxwellian distribution of velocities is averaged in all three dimensions.

4. Conclusions

In the article we introduce for the first time the CMDS and CMWS techniques to measurements in
the saturation regime. We determine the most accurate transition frequencies for investigated CO
lines from the second overtone, namely R7 and R10. We show that similarly as in the Doppler
regime, CMDS leads to more accurate results than CRDS and CMWS. Even though the applied
cavity mode shape model is significantly simplified, the determined Lamb dip position in CMDS
is insensitive to the mode shape fitting frequency range and leads to the total uncertainty of
unperturbed line position below 0.5 kHz. Compared to CMDS results, line positions retrieved
from CRDS and CMWS are between 1.9 and 3.2 kHz higher, whereas collisional shift coefficients
are up to 120% different. This is due to the systematic errors associated with saturated ring-down
and mode transmission signal shapes. These differences might be significantly larger, depending
on saturation level and chosen fitting approach. The advantage of the superb accuracy of the
CMDS technique is strongly confirmed by the two measurement series performed two years
apart from each other with different OFCs. Also, in contrast to available literature data from the
saturation regime, we observe the Lamb dip collisional shift which points to the need for further
study of its mechanism, including neglected here fundamental effects of speed dependence and
interplay of elastic and inelastic scattering.

The presented technique can be implemented for stable molecules of fundamental interest
such as HD, CO2 and others for any lines that can be saturated with laser power available in the
experiment. Due to the extended dynamic range compared to widely used CRDS, CMDS can be
applied for transitions requiring higher saturating power.
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