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We report on Doppler-free continuous-wave optical UV spectroscopy resolving the hyperfine structure of the
ATt «— X201, /2 transition in nitric oxide for total angular momenta Jy = 1.5-19.5 on the 0P}y branch. The
resulting line splittings are compared to calculated splittings and fitted determining new values for the molecular
constants b, ¢, eQqo, and by for the A2+ state. The constants are in good agreement with values previously

determined by quantum beat spectroscopy.
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I. INTRODUCTION

Nitric oxide (NO) has been subject to a large number of
spectroscopic studies. It is of great interest to radio astron-
omy and atmospheric science [1,2]. Especially the y band
comprising the transitions between the two electronic states
A%X* and X 2IT has been thoroughly investigated experimen-
tally [3-9] and theoretically [10-12]. NO shows a hyperfine
structure which is, for the most abundant isotope (>99%)
4N16Q, due to the nuclear spin I = 1 of nitrogen. The doublet
ground state X 2TT shows large spin-orbit splitting and A-type
doubling. The latter was subject to the studies of Neumann
[13] and Paul [14].

For the energetically lowered spin-orbit component IT;
the A-type doubling is larger and increases linearly with Jx,
while the splitting in the I3, component is smaller but in-
creases proportional to J3.

The hyperfine structure of the ground state has been
investigated with different spectroscopic techniques. Early
investigations relied on microwave spectroscopy [15-18].
Meerts and Dymanus [19] resolved several hyperfine tran-
sitions for both ground-state manifolds for different total
angular momenta Jx and provided matrix elements to treat the
hyperfine structure with perturbation theory up to the third or-
der. Further theoretical work was provided by Mizushima [20]
and Kristiansen [21]. High-precision infrared spectroscopy
allowed the determination of hyperfine constants for the two
spin-orbit components at the 10 Hz-level accuracy [22,23].

In the excited state A2X* spin-rotational splitting occurs
[24,25]. The hyperfine structure of the excited state was the-
oretically treated by Green [26,27] and Walch [28]. First
experimental results were published by Bergeman and Zare
employing radio-frequency double resonance [29]. The v=1
vibrational level was resolved via two-photon spectroscopy
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yielding fine and hyperfine parameters [30,31]. In addition the
electric dipole moment of the A2X™ state was investigated
experimentally [32] and theoretically [33]. Reid observed
hyperfine quantum beats with time-resolved photoelectron
spectroscopy [34], while further measurements relied on two-
color resonant four-wave mixing [35] and on quantum beat
spectroscopy [36,37].

Nitric oxide is involved in a multitude of chemical and
biological processes in the human body [38—41]. It acts as
an indicator for inflammatory diseases like asthma or cancer
[42—44]. Therefore, detecting small amounts of nitric oxide
in a large background of other gases is of particular inter-
est in medical research. A novel approach to detect nitric
oxide relies on optogalvanic detection. An optical excitation
to Rydberg states is followed by collisional ionization and
electrical detection of the thereby generated charges [45]. The
working principle of this type of sensing scheme has already
been demonstrated in an idealized system and a proof of
concept study [46,47]. Employing narrow-band lasers instead
of pulsed systems for the excitation increases the selectivity
of such a sensor.

Within the scope of the development of a laboratory pro-
totype sensor relying on narrow-band lasers, Doppler-free
saturation spectroscopy was performed to gain precise knowl-
edge of the substructure of the involved states. The resolved
individual Lamb dips, which were also recently observed for
the HD molecule [48,49], are essential to quantify and assess
the capabilities of the sensor prototype.

Doppler-free continuous-wave spectroscopy was per-
formed on the OPjye branch of the A2Xt, (v=0) «
X 211, /2, (v =0) transition for total angular momenta Jy =
1.5 to 19.5. Here the letters oP indicate the change in the
total angular momentum without spin N and the total angu-
lar momentum J. The meaning of the different letters is as
follows: P indicates a change of AJ = —1 and o indicates
AN = —2. The subscript numbers indicate the F' component
of the respective state. The first number for the upper and
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FIG. 1. Schematic of the spectroscopy setup. The output of the
UV laser is split into a pump and a probe beam which are both
expanded before entering the cell in counterpropagating configura-
tion. The pump beam is modulated with a chopper wheel to employ
a lock-in amplifier.

the second number for the lower state. Thus, in this case, the
lower state is an F'2 state and the upper one an F'1 state. The
definition of those manifolds is different for Hund’s case (a)
and Hund’s case (b). A graphical scheme explaining the re-
spective assignment can be found in [8]. The two letters in the
subscript denote the symmetry component of the respective
value of J. Thus both the lower and upper state are e compo-
nents. The respective notation was introduced by Brown et al.
[50]. The hyperfine structure has been partially resolved and
corresponding hyperfine constants of the A 2% state are fitted
and compared to previously determined values. For the fit only
data for Jx > 5.5 is included.

II. EXPERIMENTAL METHODS

We employ Doppler-free saturated absorption spec-
troscopy [51] as depicted in Fig. 1. The laser source of the
experiment is a frequency quadrupled titanium-sapphire laser
tunable over the frequency range of the A%, (v =0) «
X 21'[3/2, (v = 0) transition at 226 nm. The output power of
the employed laser system is actively stabilized via a motor-
ized halfwave-plate keeping the power on photodiode PD1
constant. The laser beam is split into a pump and a probe
beam. These two beams enter the 50 cm long through flow
spectroscopy cell in counterpropagating configuration with
crossed linear polarizations. The probe beam is detected on
photodiode PD2 (Thorlabs PDA25K?2 - GaP Switchable Gain
Amplified Detector).

The laser power was set to 4 mW for the pump beam and
0.4 mW for the probe beam. Both beams are expanded, the
pump beam to approximately 3.5 mm and the probe beam
to 2.8 mm, to ensure that transient time broadening can be
neglected. The beam diameters of the collimated beams were
measured directly in front of the cell entrance. The slightly
larger pump beam ensures a homogeneous illumination for
the probe beam.

The Lamb Dip signal is not visible without employing a
lock-in amplifier (LI) to increase the signal to noise ratio.
Therefore, the amplitude of the pump beam is modulated
at a frequency of 9.8 kHz. An additional limitation is the
frequency jitter of the UV laser occurring when the laser

is scanned. This would lead to blurring and broadening of
spectra which are averaged over several laser scans. To avoid
this jitter the fundamental infrared beam of the quadrupled
laser has to be stabilized. We employ an ultralow expansion
cavity to stabilize a master laser using the Pound-Drever-Hall
technique [52]. The laser is sent on a transfer cavity and its
length is stabilized to the master laser with the same tech-
nique using a piezo. The fundamental beam of the quadrupled
Ti:Sa can then be sent on the transfer cavity. To stabilize
the fundamental rf sidebands at two different frequencies are
added using an electro-optic modulator (EOM). The side-
bands needed to generate the Pound-Drever-Hall lock error
signal are at a fixed frequency of 15 MHz. To be able to
lock the laser at any desired frequency the second sideband
frequency is tunable from Aw/2wr = 50 MHz to Aw/27 =
500 MHz. The fixed sidebands and lock sidebands are gen-
erated with different rf generators and added together by a
power combiner. The lock sidebands therefore also receive the
fixed 15 MHz sidebands, so that it is possible to lock the laser
to them.

Since nitric oxide dissociates rapidly under UV radiation
[53,54] it is not possible to acquire comparable sets of data
with a sealed spectroscopy cell. Therefore, the employed cell
is connected to a vacuum pump system comprising a mem-
brane and turbo pump to realize a controlled through flow
system. Between the outlet of the cell and the turbo pump,
a choke system is installed limiting the suction power of the
turbo pump by adjusting two butterfly valves. First the pres-
sure is coarsely adjusted with the choke system. A constant
pressure and flow is then ensured by a mass flow controller
(MFC) in front of the cell. It is set so to obtain a minimal
pressure difference between the two gauges monitoring the
pressure. They are positioned directly at the inlet and outlet
of the cell. Once the desired pressure is reached and the
system is in equilibrium it is stable without the need of further
adjustments on the MFCs or choke. The flow is regulated to
an accuracy of 0.2% to 1.0% depending on the set value. The
mean pressure was set to be around 0.0230 mbar for all data
sets presented.

The procedure to record a spectrum as shown in Fig. 2
is as follows. First a continuous flow of NO is set and the
laser is tuned to the coarse frequency of the desired rotational
transition by referring to a wavemeter. As a next step, the
laser is scanned over a frequency range spanning several GHz
to find the absorption profile of the corresponding spectral
line. Since the experiment is conducted at room tempera-
ture, rotational lines are broadened by the Doppler effect
resulting in a linewidth of around 3 GHz. The laser scan
width is then lowered stepwise to position the scan around
the center of the absorption feature. For stronger rotational
transitions the Lamb Dip is already visible without averaging
the lock-in signal. This is beneficial for adjusting the beam
overlap to achieve maximum signal strength while minimiz-
ing any reflection of the pump beam onto the detector PD2.
The laser can now be locked to the approximate position
of the Lamb Dip or if it is not visible to the center of the
Doppler-broadened absorption line by tuning the frequency of
the lock sidebands accordingly. In any case, before the actual
measurement a coarse EOM scan is performed. Then the laser
frequency is changed in steps of 2 MHz up to a detuning of
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FIG. 2. Selection of measured hyperfine spectra for different total angular momenta between (a) Jx = 19.5 and (h) 5.5. The depicted
signal is the output (Out) of the lock-in amplifier (LI) normalized to the highest peak in each spectrum. The peaks correspond to the reduced
absorption of the probe laser at the position of the Lamb dips. The data is shown as (violet) dots and was fitted with a Voigt profile of the form

given in Eq. (1), shown as solid (orange) lines.

-80 MHz. For each frequency step a full integration cycle of
the lock-in amplifier is collected. For coarse scans the time
constant of the lock-in amplifier is set to 1 s. If the Lamb
Dip is visible on the coarse scan, a fine scan is performed.
Otherwise the procedure is repeated for a different or larger
frequency interval. For finer scans the frequency step size of
the laser is set to 0.4 MHz and the time constant of the lock-in
amplifier to 10 s.

III. RESULTS

The measurements on the oPjy.. branch yield Lamb Dip
spectra for the total angular momenta Jy = 1.5 to 19.5. The
corresponding total angular momentum of the excited state
is given by J4 = Jx — 1. A selection of the recorded spectra

is shown in Fig. 2. Peak @ was set to zero detuning so that
all other frequencies are given relative. In the range Jy = 6.5
to 19.5 three individual hyperfine transitions (Lamb dips)
were resolved. With decreasing Jx the splitting between the
transitions decreases. In Fig. 2(h) lines @ and @ have merged
together so that only a single splitting can be determined.
Therefore, data for Jy < 6.5 was not used for further evalu-
ation. At a later point, comparison of the data to a calculated
spectrum will show that the decrease of the line splittings is
the expected behavior; see Fig. 4.

Since the beam overlap changed in between individual
measurements and the mode of the UV laser is not Gaussian,
the linewidth of the data will not be discussed. Our evaluation
will focus on the splittings between the individually resolved
lines instead. These are due to the energy structure of the
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linewidth y, and the Doppler width o of the Voigt profile. The
sum takes into account the number of peaks in the spectrum
and f is the measured frequency. From the fit parameter fj the
splitting between the fitted lines can be calculated and com-
pared to theoretically calculated values. As already mentioned
the hyperfine structure is only partially resolved. Figure 3
shows a schematic level scheme for all hyperfine transitions
of a single rotational transition of the measured P branch.
According to the dipole selection rule for hyperfine transitions
AF = +£1, 0, one expects a total of six hyperfine transitions to
show up: three transitions with AF = —1, two transitions
with AF =0, and one with AF = +41. To assign which of
the six possible transitions were resolved, a full spectrum
of the NO y band has been calculated using the software
PGOPHER [55]. The calculation is based on the constants given
in Table I.

It yields the six expected hyperfine transitions. However,
there is a significant intensity difference between the transi-
tions. The strongest three lines correspond to transitions with
AF = —1. They appear roughly 10 to 100 times stronger

Total angular momentum J

FIG. 4. (a) Comparison between measured (dots) and calculated
hyperfine splittings (squares). The measured splittings were calcu-
lated from the fit parameters of the Voigt fit shown in Fig. 2. The error
bars include the estimated error of the laser lock and one standard
deviation of the fit error. (b) Experimentally measured splittings
(dots) as shown in (a) compared to data (squares) calculated from
the newly fitted hyperfine constants for the A2% ™ state.

than the remaining two lines belonging to AF = 0 transitions
and the line belonging to the AF = +1 transition is signifi-
cantly weaker than the AF = 0 lines. This is the case because
for AF = —1 transitions only the orbital angular momen-
tum of the electron has to be changed. For the AF =0, +1
the nuclear spin has to change, which leads to a smaller
wave-function overlap and thus a smaller transition dipole
moment. Therefore, we attribute the three measured transi-
tions to AF = —1 transitions. In addition to the six hyperfine
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TABLE 1. List of constants used for the calculation with PGO-
PHER. All values are given in MHz.

X1

Constant Value Reference
B 50 848.130 72(18) Varberg et al. [23]
D 0.164 141 19(31)
H 3.774(15) x 1078
A 3691 813.855(12) Varberg et al. [23]
Ap 5.372(38) Danielak et al. [9]
y —193.9879(77) Varberg et al. [23]
VD 0.001 582 2(70)
p 350.405 443(91)
Pp 3.78(18) x 107
q 2.822 100(51)
qp 4.370(38) x 1073
qu —8.6(25) x 10710
a 84.203 78(76)
by 22.379 2(28)

42.006 5(38)
c —58.8820(32)
d 112.597 18(13)
dp 1.10(23) x 10~
C 0.012 347(52)
q 0.007 37(36)
eQqo —1.85671(26)
eQqr 23.1147(83) Varberg et al. [23]

Azt

Constant Value Reference
T — T 1323 308 163(60) Danielak et al. [9]
B 59 545.297(239) [9,37]
D 0.169 572(236) [9,37]
y —80.34(16) [9,37]
by 43.52(30) Brouard et al. [37]
b 41.66(51)
c 5.59(64)
eQqo —7.31(23) Brouard et al. [37]

transitions a total of four crossover features are expected to
appear. Two of these features should appear between peak @
and @, while the remaining two are expected to appear blue
detuned with respect to peak ®. The crossover peaks could not
be observed. This can be attributed to the strong suppression
of the AF = 0, +1 transitions. At least one of these transi-
tions is always involved in every crossover feature. However,
since at the given experimental conditions these transitions

cannot be driven close to saturation the crossover features
do not emerge. The calculated and measured splittings are
depicted in Fig. 4(a). The (violet and black) points represent
measured data; the (orange) squares correspond to the calcu-
lated splittings. In total the calculated and measured data show
very good agreement. The error bars include the fit error of
the Voigt fit and the estimated error of the laser stabilization,
which is the dominating contribution. It consists of the error
of the master laser lock, which is quadratically added to the
error for the stabilization of the transfer cavity and the error
of the lock of the laser itself. The total error due to the laser
stabilization is around 450 kHz for the fundamental laser; thus
it then is 1.8 MHz in the UV. The lock errors of the individual
components were estimated via the root mean square of the
noise of the error signal of the locked laser or cavity. In
addition to the error of the frequency stabilization, the fit
uncertainty is taken into account. It is added geometrically
to the error of the frequency stabilization. The absolute fre-
quency accuracy leads to a negligibly small error which
depends on the individual settings of the rf source for each
measurement. In Table II an overview over the different er-
ror sources, their type, quantification, and influence is given.
Additional noise due to the amplification of the rf source
is already taken into account in the errors of the frequency
stabilization.

In Fig. 4(b) the measured data depicted as (violet and
black) dots is compared to data calculated from the newly
fitted constants depicted as (orange) squares. The fitting was
performed employing a wrapper program for the command
line version of PGOPHER using a Levenberg-Marquardt algo-
rithm for optimization. The hyperfine constants for the ground
state of NO are very well determined [23] and were there-
fore kept fixed for the fitting procedure. The fine-structure
constants of the excited state were kept fixed as well. This
leaves the three hyperfine constants c, b, and eQgqq of the
A2 state to be fitted. From b and ¢ the more convenient
Fermi-contact constant br can be calculated as br = b + %
The corresponding values of the molecular constants deter-
mined by the fit are listed in Table III and compared to the
values given in [37]. In addition the column CPV gives the
previously determined value which is closest to the result
of this work. The agreement between this work and [37] is
particularly good for the quadrupole constant diagonal in A
eQqo. In contrast, the dipole-dipole interaction of the nuclear
spin with the electron spin diagonal in A ¢ deviates from
the previous value but is within the combined error bounds.
The nuclear-spin electron-spin interaction constant b is just

TABLE II. List of the different errors in the experiment, their type, quantification, and influence on the measured data.

Error Type Quantification Influence
Frequency uncertainty

master laser Statistical 121.1 kHz Short term frequency jitter
Frequency uncertainty

transfer cavity Statistical 229.9 kHz Short term frequency jitter
Frequency uncertainty

UV laser Statistical 202.6 kHz Short term frequency jitter
Fit deviation Statistical 25-180 kHz Affects calculated splittings
Absolute rf reference Systematic <2.5kHz Negligibly small
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TABLE III. Fit results in MHz for the fitted hyperfine constants
¢, b, eQqo compared to the values from [37] used for the initial calcu-
lation [see Fig. 4(a)] and to the closest previously determined value
(CPV) with the corresponding source. An overview of the previously
determined values for the respective constants is given in [37]. Here,
c is the constant for the dipole-dipole interaction between nuclear and
electron spin, b the nuclear-spin electron-spin interaction constant,
br the Fermi contact constant, and eQq, the nuclear quadrupole
constant

Constant This work Ref. [37] CPV

c 5.29(53) 5.59(64) 5.59(64) [33]
b 41.06(9) 41.66(51) 41.66(51) [37]
eQqo —7.31(12) —7.31(23) —17.31(23) [37]
b 42.82(26) 43.52(30) 43.5(8) [32]

within the combined error bars. The Fermi-contact constant
br is in less good agreement with [37] as the other constants
and lies closest to the value determined by [32]. Overall the
constants determined in this work lie within the range of the
previously determined values summarized in [37]. Additional
information on the constants and PGOPHER can be found in
the respective online documentation [56]. The corresponding
Hamiltonians can be found in [57] and [37].

IV. SUMMARY

Doppler-free saturated absorption spectroscopy has been
employed to investigate hyperfine transitions between the
X T3/, v = 0 ground-state manifold and the A?Z%, v =0
state in nitric oxide. Spectra have been recorded for the
0Pjpee branch with total angular momenta Jx = 1.5-19.5 of
the ground state. The hyperfine structure resulting from the
nuclear spin / = 1 in nitrogen has been partially resolved. The

extracted hyperfine splittings in the range of Jx = 5.5-19.5
were discussed and compared to calculations based on previ-
ously determined constants which show good agreement with
the data.

Furthermore, the hyperfine constants b, ¢, and eQq for the
A%X state were fitted. Comparison of the newly determined
constants shows good agreement with the constants measured
by Brouard ez al. [37]. Overall the new values presented in this
work fit into the range of previously published theoretical and
experimental values.

For future experiments an even longer spectroscopy cell
or a multipass cell may be beneficial to measure at lower
powers and pressures. This may increase the resolution further
to resolve the weaker hyperfine lines. Measurement series
for different laser powers and pressures may lead to a more
precise determination of the yet only vaguely known satura-
tion intensity and dynamical constants like excited-state decay
rates.

Decreasing the pressure by two orders of magnitude al-
lowed narrower spectroscopic lines but only for rotational
energy levels close to the maximum of the rotational energy
distribution in the ground state. For other lines the signal-
to-noise ratio was not sufficient for data analysis. Therefore,
a full, consistent set of data could not be obtained at those
parameters, limiting the measurements to pressure broadened
lines.
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