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ABSTRACT

We report high-resolution cw laser spectra of the symmetric stretching fundamental in ammo-
nia "*NH3 measured with a cavity ring-down setup for mid-IR transitions (around 3300cm~").In a
supersonic jet expansion (0.0001 < x(NH3) < 0.04 seeded in Ar), we have obtained rotational tem-
peratures below 7 K. For the gas expansion, a pulsed slit nozzle with 40 mm length and 70 um width
has been used. The measured relative line intensities demonstrate that the A and E nuclear spin sym-
metry isomers do not interconvert in the supersonic jet expansion under these conditions (nuclear
spin symmetry conservation). The lateral velocity of the gas expansion has been probed by a Doppler
profile measurement, showing a preference for an expansion with an angular distribution following
Lambert’s cosine law perpendicular to the slit direction and an approximate molecular velocity of
about 470 m/s. The experimental setup is described in detail, also in view of high-resolution spec-
troscopy of chiral molecules as candidates to measure the parity violating energy difference between
enantiomers with a barrier to interconversion around 2500 cm~".
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1. Introduction

Parity and nuclear spin symmetry are approximate con-
stants of motion which can be characterised by quantum
numbers conserved in many fundamental primary pro-
cesses in molecular physics, including radiative transi-
tions, inelastic collisions and even reactions [1]. However,
the underlying symmetries are not exact and are known
to be broken under certain circumstances [2] and the
role of fundamental symmetries and slight asymmetries
is of interest in a much broader context in science and
beyond [3]. Nuclear spin symmetry mixing, in particu-
lar, has been seen in a few high-resolution spectroscopic
experiments on polyatomic molecules [4-6] as well as on
diatomic molecules and ions [7-9] (see also the review
[2]). Following the early experiments on essentially sta-
ble ortho- and para-nuclear spin isomers of hydrogen
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H, [10,11] (which can be stored for months), the com-
mon observation has been that nuclear spin symmetry
isomers are relatively long-lived with only slow intercon-
version [12] (see, e.g. the reviews [13-15] and references
therein). On the other hand, in the condensed phases,
in particular in the presence of paramagnetic species,
and also in low temperature matrices, nuclear spin iso-
mer conversion is rather commonly observed [16-26].
However, when studying the populations of nuclear spin
isomers after rapid cooling in supersonic jet expansions
in molecular beams, nuclear spin symmetry conservation
has been most commonly observed. Examples include
methane (12CHy [27-33] and *CHy [34]), H,0 [35-38],
and more recently also CH3D, CHD3, CH3F and CH;3Cl
[39]. Nuclear spin isomer interconversion in ammonia
14NH; and 1°NHj has been recently studied theoretically
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[40]. Ammonia is of particular interest in this context as a
prototypical tunnelling molecule (see [41] and references
cited therein). Ammonia (}¥NH3) has also been investi-
gated in molecular beam experiments at relatively high
concentrations with some differing results [42-45] (see
also [46]). Spectroscopic techniques used in these stud-
ies included high-resolution Fourier Transform Infrared
(FTIR), infrared diode laser and colour centre laser spec-
troscopy, as well as near-infrared (NIR) diode laser cavity
ring-down spectroscopy. For an extensive review of the
earlier work, see [29].

In the present work, we describe an experimen-
tal setup for mid-IR very high-resolution laser spec-
troscopy with an optical parametric oscillator (OPO)
at MHz (and potentially sub-MHz) instrumental reso-
lution, combined with the cavity ring-down technique
for achieving high sensitivity. We use the setup here
to test nuclear spin symmetry conservation in NHj
seeded at high dilution in Argon (including mole frac-
tions x(NH3) < 0.0002). The results are consistent with
nuclear spin symmetry conservation under these con-
ditions. The experimental setup can potentially also
be used to study rotation-vibration-tunnelling spectra
of chiral molecules at high resolution in the mid-IR,
in view of experiments on molecular parity violation
[2,3,47-52]. Some preliminary results of the present work
were reported in [53,54]. In the following, we shall first
describe the new experimental setup in some detail (see
Section 2) and then explain the methodological basis for
the analysis, including symmetry aspects and nomencla-
ture (see Section 3). Results are described in Section 4,
followed by a critical discussion and conclusion with an
outlook.

2. Experimental
2.1. Overview of the method

The basic scheme of the experiment follows our earlier
work in the near-IR [31,32,36,55,56] extended here to
the mid-IR. An overview of the experiment is given in
Figure 1. A single mode laser system using a cw opti-
cal parametric oscillator (OPO), with output power of
about 1 W and referenced to a frequency comb, provides
mid-IR photons for a laser cavity with a high finesse in
the wavenumber range from 2900 cm™! to 3400 cm™!.
The incident laser beam can be shifted by an acousto-
optic modulator (AOM, 40 MHz), switching the laser on
and off in less than 300 ns. The transmission through the
laser cavity is recorded by an infrared detector (a liquid
nitrogen-cooled InSb photodiode J10D, Judson Infrared,
Inc.). When the laser radiation is switched off, the decay
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Figure 1. From left, a mid-IR cw laser ‘idler’ is incident onto the
laser cavity. The slit nozzle is placed with expansion direction
perpendicular to the cavity axis. The cavity resonance is steadily
changed by a piezo shifting mirror ‘M2’ driven by a function
generator ‘FG". When the cavity resonance is close to the inci-
dent laser frequency, the circulating power in the cavity increases.
When the power reaches a threshold (detected by the transmis-
sion photo diode, ‘InSb’) the incident laser power is switched off
using the acousto-optic modulator ‘AOM’ and a cavity ring-down
signal is recorded as digitised by the data acquisition ‘DAQ’. This
is repeated for events with an open slit nozzle and with an empty
cavity. The ejected gas is removed by a mechanically decoupled
turbomolecular pump. The idler frequency during a ring-down is
determined indirectly by the frequency comb measurement of the
pump and signal frequencies.

of the signal intensity (ring-down) is recorded [56] with

I(H=I-e /" =I-e™ (1)

k=1/t=0d -c+(1—R)-c/L (2)

I is the initial intensity proportional to the circulating
power in the cavity, R is the reflectivity of the mirrors,
L is the length of the laser cavity, ¢ is the speed of light,
7 is the lifetime of the exponential decay and o is the
absorption by the gas between the mirrors. For further
background and various general aspects and applications
of the cavity ring-down technique we refer to [29,31,32,
55,56,57-66].



Figure 2. Photograph of the experimental setup with the vac-
uum chamber containing the laser cavity. The mid-IR laser (idler)
is incident from the left. The cavity mirror positions inside the vac-
uum chamber are indicated with M1 and M2 (see also Figure 1).

A slit nozzle is placed with the expansion perpendic-
ular to the optical axis of the laser cavity. The nozzle is
opened at a repetition rate of 10 Hz for a time window
of 400 ps. The trigger signal for opening the nozzle is
arranged in such a way that the ring down is recorded
simultaneously with the jet expansions at a fixed time
with respect to the nozzle opening and only events in a
time window smaller than £20 ps are used. Recording the
ring-down time t with gas and 7y without gas results in
the measurement of the absorbance per pass Ap, of NH3
at the laser wavenumber:

1 1 Lyt

App=koas - top=— — — | - L/c=d' - L=«
pp gas * 'pp (r fo) / OL

L
(3)

tpp = L/c is the time per pass, kg, is the change of the
exponential decay constant caused by the sample absorp-
tion (i.e. NH3), o is the absorption coefficient of the
sample, and Lgj;; is the length of the slit nozzle. Figure 2
shows a photograph of the setup.

In Section 2.2, we describe in detail the properties of
the laser cavity and the OPO cw laser and their syn-
chronisation, and in Section 2.3, we describe the slit
nozzle.
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2.2. Ring-down cavity

The expansion chamber consists of a steel cube with
200 mm length and two additional tubes with mirror
holders attached on flanges at the ends, resulting in a
mirror distance of around 330 mm, corresponding to a
free spectral range of ~ 450 MHz. Two identical mirrors
with a 1 m radius of curvature from Los Gatos Research,
Inc. (LGR) are used. The waist of the fundamental cav-
ity mode is about 0.6 mm. One mirror is placed on a ring
piezo stack. This mirror is moved back and forth such
that the resonance frequency of the cavity is smoothly
changed for a fixed laser frequency.

If the cavity is resonant with the laser frequency, the
power circulating in the cavity increases until a thresh-
old is reached. This triggers the AOM, which switches
the incident laser off. The switching off is completed (<
10% intensity) in less than 300 ns. The ring-down time
of the empty cavity varies from 0.5 us to 4 us depending
on the exact laser wavenumber between 2900 cm™! and
3400 cm ™!, determined by the wavenumber-dependent
mirror reflectivity. The maximum enhancement factor of
the cavity is about 2500 and an in-coupling of 10% with
an incident laser power of 20 mW was achieved. There-
fore, for a beam waist of w &~ 0.6 mm, the maximum of
the peak intensity in the cavity is about 1 kW /cm?. The
infrared laser is an optical parametric oscillator (Qiop-
tic, Kilo). A single mode cw Nd-YAG laser (MOPA Inno
light GmbH, ~ 20 W, 1064 nm) is used as pump laser,
and split into signal and idler beams by a periodically
poled lithium niobate (PPLN) crystal with the signal
beam enhanced by a cavity. Changing the periodicity of
the PPLN makes it possible to vary the wavelength of the
signal from 1.4 pm to 2 um and of the idler from 2.3 pm to
4.6 pm. Both signal and idler have an output power larger
than 0.5 W. The pump laser and the signal are referenced
to a frequency comb with an Allen deviation oz, (1s)
smaller than 30 Hz for the experiment. The uncertainty
of the stabilised idler frequency is estimated, by the width
of the beat signal with the frequency comb, to be smaller
than 250 kHz, which is small compared to the Doppler
width of the spectral lines observed in the supersonic jet,
which is here typically about Avp = 60 MHz (FWHM,
full width at half maximum).

During a measurement the laser is set to a fixed fre-
quency. After a start trigger (start time fy) the cavity
mirror is moved with a constant speed in one direction
and returns with a constant speed, resulting in a trian-
gular shape for the displacement (labelled ‘applied piezo
voltage’ in Figure 3). When the cavity is resonant, the sig-
nal on the photo diode increases and is detected as an
intensity peak (labelled ‘transmission signal’). With an
additional logical gate (labelled ‘mode selection window’)
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Figure 3. Applied piezo voltage function (not to scale) and the
corresponding cavity transmission signal. The cavity is driving
more than one free spectral range (A vgsg), which corresponds to
amirror displacement of 1.5 pm (= Aiqjer/2) with an actual mirror
speed of 1.5 um/22 ms = 0.07 mm/s.

the same cavity mode is always selected, also with the
same direction of the mirror movement. This is necessary
to obtain the time t,s when the selected mode is reso-
nant after the start time . Then, t,cs is used for the next
start trigger to estimate the optimum time to open the
slit nozzle, which must be around t,s — 2 ms. Since the
last tres is used for the next estimate, any slow changes
of the cavity by temperature or drifts of the piezo are
compensated for. This scheme can independently change
the piezo speed and the repetition rate for the slit noz-
zle opening. In this way, the cavity ring-down is recorded
(see Figure 4) and by repetition for different laser fre-
quencies the line shape is obtained (see Figures 16 and 14
in the results, Section 4).

2.3. Slit nozzle

Figure 5 shows a sketch of the slit nozzle. The nozzle
is made of stainless steel with a thickness of 0.5 mm. A
slit of 40 mm length has been created using wire erosion,
resulting in a constant width measured to be about 70 um
with an uncertainty of +15 pm (see Figure 6). The usual
arrangement is such that the laser cavity mode is aligned
along the slit nozzle at a distance H ~ 5mm below the
slit. The angle ® = 0° defines the vertical direction and
©® = £90° the horizontal direction. The angle y is the
misalignment between the slit nozzle (3( direction) and
the optical axis of the cavity. The pressure py of the
gas before expansion is regulated to 1.5 & 0.02 bar. The
average background pressure p; of the chamber during
20 Hz operation is below 1072 mbar. Special care has
been taken in the design of the sealing plunger.

To reduce the necessary lifting force, the plunger is
designed with low mass using polyether ether ketone
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Figure 4. Top: This shows the average of 1000 cavity ring-down
signal functions /(t) with and without gas jet between the laser
mirrors. I(t) is the electrically amplified signal from the InSb trans-
mission diode. The average trace is bounded by traces of one
standard deviation of 1000 signal functions. Bottom: The same
information is presented normalised to the intensity at 3 ps after
the trigger signal for the AOM. The slopes of the two lines in this
logarithmic representation correspond to the decay times with
In[i(t)/I(t = 3ps)] ox —t/T = —kt.

(PEEK). The lateral stabilisation of the plunger is
achieved with two ball bearings to ensure low friction.
Instead of a solid rubber sealing, a hollow silicone tube
has been used. The tube gives the advantage of lower
mass, less adhesion to the steel and most importantly an
increased deformability resulting in a lower force needed
to seal the slit.

To drive the slit nozzle, an electro-magnetic driver
from Parker Instruments is used. To open the slit noz-
zle, a square function with an amplitude of approximately
300V and a duration of 0.5ms is applied to a coil with
about 60 mH, lifting the sealing upwards. Figure 7 shows
the effective absorption per pass (App) for a fixed fre-
quency but for different delay times between the open-
ing of the slit nozzle and recording of the cavity ring-
down signal. The opening time is about 400 ps, while
the recorded ring-down time is less than 10 ps (see also
Figure 4). To determine the ring-down time less than
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Figure 5. The slit nozzle is 40 mm long and has an opening of 70

pm with an uncertainty of £15 um. A plunger is placed on top, which

is pressed by springs against the opening and can be lifted by an electrical pulse. It consists of a holder made out of PEEK for reduced

weight and a hollow silicone tube for sealing instead of a solid ru
The cavity mode, with waist size around w =~ 0.6 mm, is aligned
angle ® = 0° is defined as the vertical direction and ® = +90°

bber reducing the pressure necessary for deformation, i.e. for sealing.
parallel to the slit nozzle at a distance H ~ 5 mm below the slit. The
as the horizontal direction. The angle y is the misalignment between

the length axis of the slit nozzle and the centre axis of the laser cavity mode.

2 us from the transmission signal is used. Within these
short times, the density of the gas from the pulse varies by
less than 1%. Furthermore different measurements com-
pare results from practically the same density profile and
therefore the effect nearly cancels in relative line intensity
measurements.

In order to characterise the jet expansion, we have
measured the Doppler profile with the slit nozzle rotated
by y = 90°. The expansion velocity of the molecules
has been estimated by comparing with a simulation. The
simulation uses a Gaussian velocity distribution with
mean VNH, and a standard deviation of o, = 0.15 - ¥\H,
independent of the gas emission angle ®. For y = 90°

and B = v/c < 107>, when neglecting the movement in
the X direction, the calculated Doppler shift of a single
molecule is Avp & vy - B - sin ®. For each assumed tra-
jectory, a random start position in the plane of the slit
nozzle exit, a velocity v and an angle © for the flight
direction was chosen. With these three random vari-
ables, the intra-cavity laser intensity for this trajectory is
defined and the individual absorption probability is cal-
culated using the Runge Kutta method. By sampling over
10° different trajectories, the simulated Doppler profile is
obtained.

The molecular transit time through the laser beam
depends on ® and results in an additional ®-dependence
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Figure 6. The vertical line below 6.5 mm is the slit nozzle. From
this image (with higher resolution), the width can be estimated to
be 70 pm with an uncertainty of 15 um.
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Figure 7. Measured absorbance per pass versus the time
between the start trigger tcpp of the cavity ring-down (AOM
trigger time) minus the slit nozzle trigger to. This diagram shows
the time scale of the mechanical opening and closing process of
the slit nozzle. Only the time window with maximum absorption
420 s is used for the line shape measurements.

of the calculated absorption profile. Three simulated line
shapes are given in Figure 8 using the differential emis-
sion probabilities dn o« d®, dn o cos ®d® and dn
cos? ®dO, with f(()a O dn(®) being the number density
of ejected particles into the direction [®, ® + d®]. The
approximate agreement of the experiment with the sim-
ulation in Figure 8 demonstrates that the Ar-NH3 mix-
ture is ejected presumably following Lambert’s cosine law
with dn o cos ® d®. The simulation results in a Gaus-
sian distribution with mean vNu, = 472.5(5) m/s and a
full width at half maximum oy - 24/2In2 = 167 m/s for
the absolute gas velocity ejected from the slit nozzle. A

L) dn o cos? ©dO

500/ N
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dn o cos ©dO
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0500 0 500

(v —v,) / MHz

Figure 8. Measured Doppler shift of the slit nozzle with the laser
mode perpendicular to the direction of the slit (y = 90°). Three
different gas emission distributions are shown for illustration
(dn o d®, dn o cos OdO and dn o< cos® Od®). Assuming the
best fit with Lambert’s cosine law (dn o cos ®d®) and assum-
ing a Gaussian velocity spread of o = 15%, an exit velocity of
472.5(5) m/s is obtained (bold line), and the simulation agrees
well with the measurements shown as points with error bars.

simple model assumption, which assumes that all the
internal energy of the mixture before the expansion is
transferred to translation in z-direction, gives the upper
bound v;elaxed = \/2kToy’/((y/ — 1)m) = 556 m/s [29,
Equation (3)] (with Ty = 300K, y" = C,/Cy = 5/3,and
m = mar). )

In Figure 9, the integrated line strength A (and simul-
taneously the full width at half maximum, FWHM of
the spectral line) was measured for different distances
H between the centre axis of the laser cavity mode and
the slit nozzle opening for the transition Q(2,2,]) of NH;
(see Section 4 for the notation ‘Q(2,2,])” and for ‘A’ see
Equation (18) in Section 3). This dependence does not
represent the gas density directly, since the rotational
temperature and therefore the population of the initial
state is not independent of H. With increasing H the rota-
tional temperature decreases (and hence also the popu-
lation of the probed initial excited rotational state), and
hence the density for larger H is higher than indicated by
the measured effective line strength.

2.4. Sample preparation

We always used mixtures of Ar and NH3. The ammo-
nia gas is from Aldrich Chemistry with a stated purity
> 99.98% of NH3 with natural isotopic abundances. The
Argon is a 200 bar gas bottle from PanGas with a stated
purity > 99.998%. The samples for the supersonic jet
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Figure 9. Left: The distance H between the centre axis of the laser cavity mode and the slit nozzle opening was varied and the decrease
of the molecular density of the NH3 molecules in the state (J = 2, K = 2,v = (0), T’y = E1) was obtained by integration over the
measured line absorbance for the transition Q(2,2,/) (see Sections 3 and 4 for the notation). Right: The FWHM decreases with H.

expansion were prepared with serial dilution as follows:
a 0.51 gas bottle was filled with NH3 to a pressure p;
and then the pressure was increased to p, with Ar. Sub-
sequently, a part of the mixture was removed, resulting
in a new pressure p}, which was then again increased
with Ar to p). This procedure was repeated until the
desired concentration range was reached. In the last step,
an empty 201 gas bottle was connected, reducing the pres-
sure by about a factor 40, and again filled with Ar. The last
step resulted in a larger amount of sample for repeated
measurements at the same mixture concentration. For
x(nNH,) < 103 four dilution steps were used. In each
step, p1 and p, were measured with a pressure gauge
(PNI024, ifm electronic) with a systematic uncertainty of
£0.6% resulting in the uncertainty estimate given. The
actual concentration of NHj in the final mixture avail-
able for expansion may be somewhat different from the
calculated values because of adsorption effects. There-
fore, for each mixture a unique mixture ID is introduced
in Table 1 and quantitative comparisons of different line
intensities are restricted to the same mixture only (see
Section 4). The average consumption of sample gives an
upper limit of 0.019 ml for the amount of gas per pulse
(with a pressure pg = 1.5 bar before expansion).

3. Level structure, nuclear spin symmetry and
parity in NH3

NH; is a symmetric top molecule of Cs, point group
symmetry in its equilibrium geometry in the electronic
ground state, as shown in Figure 10, with the z-axis
along the C; symmetry axis. As is well known, NHj3
has a low barrier to inversion through the Djp tran-
sition structure, resulting in easily resolved large tun-
nelling splittings of about 0.7 cm ™!, depending upon the
rotational and vibrational state. Therefore, the rotation-
vibration-tunnelling sublevels can be classified in the
molecular symmetry group following Longuet-Higgins

Table 1. Table of the sample mixtures x(NH3) =
n(NHs3)/(n(Ar) + n(NH3)) =~ n(NH3)/n(Ar) for small x.

ID Xx(NH3) ID x(NH3)
1: 0.0007(2) 7: 0.006(1)
2 0.015(1) 8: 0.0090(8)
3: 0.00010(2) 0: 0.022(3)
4: 0.0012(3) 10: 0.036(3)
5: (small) 11: 0.008(1)
6: 0.010(2) 12: 0.000100(2)

Notes: The stated mixture uncertainty in parentheses is determined by the
pressure gauge uncertainty and error propagation for the dilution pro-
cess. Additional uncertainties are caused by the unknown adsorption to the
container walls during the mixture process. Therefore, the fractions given
are only semiquantitative statements for the mixtures. For each mixture, a
unique mixture ID is introduced and quantitative comparisons of different
line intensities are restricted to the same mixture. ID 5 corresponds to a small
but uncertain value due to desorption effects.

[67], which in the present case is identical to the full
permutation—inversion group S} = S3 ® S*. This is the
direct product of the symmetric group S3 of the permu-
tations of the three protons and the inversion group S$*
following the notation of [1,2]. S3* is isomorphous to the
point group D3y, of the planar transition structure, which
in this particular case can be used equivalently to classify
the rotation-vibration-tunnelling levels. This has in fact
been widely used in this context [68]. We note, however,
that this procedure is not generally applicable. It would
not work for methane CHy, for example (see [2] for a
detailed discussion). Table 2 provides the character table
and various notations used for the irreducible represen-
tations of the isomorphous groups. We use the systematic
notation of [1] (see also [2]), which assigns a unique sym-
bol for the irreducible representations of S; (either as a
partition or a letter symbol) and gives parity by a super-
script ‘4 for positive parity or ‘—’ for negative parity. The
23 nuclear spin functions for the three protons (fermions)
generate a reducible representation Dy

D =4A] +2E* (4)
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Figure 10. Perspective illustration of NHsz in its equilibrium
geometry showing the axis convention with the threefold sym-
metry axis (C3) of the molecule along the z-direction. The three

protons are labelled with ‘1’,’2" and ‘3’ (cf. Table 2). The origin O of
the molecule-fixed coordinate system (X, y, Z) is set to the centre
of mass (shifted in the figure for better visualisation) and hence
the position vector of the nitrogen atom 7y is on the Z-axis. The
y, Z-plane is chosen such that proton ‘3’ lies in it (graphics from
Blender GPL Software).

where the four Afr functions correspond to the total
nuclear spin I(H3) = 3/2 (with —3/2 < M < +3/2)
and the two ET functions correspond to I(H3) = 1/2
(with My = +1/2). We shall write also the total spin
multiplets as A +2 ET.

The motional species 'y, combine with the nuclear
spin species I'ys to form the only Pauli-allowed species
A;E, ie. I'm ® Iy = A;E (+ - - - Pauli forbidden terms, if
any). Therefore, the motional species A} and A, occur
with nuclear spin species A" and I(H3) = 3/2 and the
motional wavefunctions E* and E~ occur with nuclear

Table 3. Notation for symmetry species in the totally symmetric
vibrational (in particular ground state) level for rotational quan-
tum numbers J and K and nuclear spin statistical weights gps
(including the nuclear spin | = 1 for 1N, see also [69] for NDs,
where all levels are Pauli-allowed and have non-zero nuclear spin
statistical weights).

vt Im J K gns I(H3) Thns Ttot =I'm ®Ins
sa ATA; all 36912..@ o - - -

sa ALAY al o 36912... 12 32 Af AT A

sa ETET all  1245..® 6 12 EF AT A

a AT odd 0 0 - - -

a Ay even 0 1232 Af Ay

s A} even 0 o - - -

s Ay  odd 0 12 32 Af AS

Notes: In the first column, the pure vibrational-tunnelling symmetry or parity
is indicated with the frequently used notation s and a (symmetric or anti-
symmetric). In the second column, the motional species of the level with
Afz, E£ and in the column with I(H3) the total nuclear spin for the 3 pro-
tons are given. Thus all states with K = 3n have I(H3) = 3/2 and all states
with K # 3nhavel(H3) = 1/2 (with na positive integer and the special case
K = 0 as indicated, see also footnotes (a) and (b)).

(@) The K-doublets (A; + A;) have positive rotational parity for K =
6,12,18... (K = 3n, n even) and negative rotational parity for K =
3,9,15...(K = 3n,nodd).

(b) The rotational parity is positive for K = 2,4,6, . .. (even) and negative for
K=1,5,7...(odd).

spin species ET (I(H3) = 1/2). The AljE motional species
have no Pauli-allowed partner and thus do not occur for
NH;. They do occur for ND3 (see [69]). The motional
rotation-vibration species in Csy can be obtained in a
standard way (see [70,71]) as for rigid molecules, and
the tunnelling sublevels for each level are obtained from
the induced representation I'(Csy) 1 S} using the Frobe-
nius reciprocity theorem and the subduced representa-
tion I"(S}) | Mse(Csy) given in Table 2 as well (see also
[1,2] for details). With this, one obtains the rotational
level symmetries for a totally symmetric vibrational state
(ground state (0)* and excited state (1)"* relevant here)
given in Table 3 [46], which also indicates the common
notation, (s, a) for pure inversion ( vibration-tunnelling)
symmetry or parity as symmetric (s) and antisymmet-
ric (a) [69]. In the present work, an additional statistical
weight of 3 arises because we do not resolve the hyperfine
structure, neither for H nor for the quadrupole nucleus

Table 2. Character table of the symmetry group S for the NH3 (NDs) isotopomers (compared to D3p).

Dgh (class): E 2C3 3C2 Oh 253 3oy
S% (class): E 20123) 3(12) B 2023 3(12)*
Species

T[S3] ['[D3p] NGRS I'(53) | Ms(Cav)
B Af A} 1 1 1 1 1 1 At Aq
N3+ AS A, 1 1 -1 1 1 -1 B+ A,
Rt E* F 2 -1 0 2 -1 0 AT4+Bt E
B~ Ay AY 1 1 1 -1 -1 -1 A~ A
n3- Ay A) 1 1 -1 -1 -1 1 B~ Ay
[2,11° E- E” 2 -1 0 -2 1 0 A=+B~ E

Notes: The first three columns provide species following three different notations. 1: [partition]P¥, 2: [S3 species]P2, 3: Dy}, point group species (see text and

[1,2,46)).
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Table 4. Vibrational energy levels of NHz below 3500 cm~" with ‘v1’ the symmetric stretching, ‘v, the symmetric bending, ‘v3’ the

degenerate stretching and ‘v4’ the degenerate bending vibration.

Experiment [75,76] Theory [72]

State v Tyt gy E/(hc-cm~) E/(hc-cm™1) p(v) QoS (v)
gs' (0,0,0,0)/ A 1 —0.79 —0.75 0.496 830.998
gs¥ (0,0,0,0)" Ay 1 0.00 0.00 0.494 818.794
vh (0,1,0,0) AT 1 931.64 931.52 533.1073 9.286
vy (0,1,0,0)" A, 1 967.33 965.47 4481073 7.842
2v) (0,2,0,0) AT 1 1596.96 1600.70 2.10-1074 -
V) (0,0,0, 1)/ E* 2 1625.48 1627.70 3.66-10~* -
vy (0,0,0,1)" B 2 1626.62 1628.58 3641074 -
21?“ (0,2,0,0)" Ay 1 1881.38 1878.24 5.27-107° -
3v) (0,3,0,0)/ AT 1 2383.38 2380.28 459.107° -
(v2 + vg)! (0,1,0,1) E* 2 2539.26 2559.71 4311076 -
(2 + va)¥ (0,1,0, 1) B 2 258533 2598.73 3.44.1076 -
30y (0,3,0,0) Ay 1 2894.82 2888.06 3.82:1077 -
2v§ (0,0,0,2) AT 1 321531 3220.12 8.05-10°8 -
2 (0,0,0,2)" Ay 1 3216.99 322134 7.99-1078 -
vy + vg)! 0,2,0,1) Et 2 - 3221.78 1.56-10~7 -
2v} (0,0,0,2) E* 2 3239.65 3247.97 1431077 -
2 (0,0,0,2)" B 2 3240.83 3246.12 1.42.1077 -
vl (1,0,0,0) Af 1 333531 3334.00 4.49-1078 -
W (1,0,0,0)" Ay 1 333630 3334.86 447108 -
vl (0,0,1,0)/ EF 2 3442.83 3445.10 533-1078 -
vy (0,0,1,0) E- 2 3443.19 344524 532:1078 -
) (0,4,0,0)/ AT 1 3447.21 345233 2611078 -

Notes: ‘p(v)" is the population of the vibrational-tunnelling state at 296 K including the twofold degeneracy of all E-symmetric states and using the stated exper-
imental energies from [75]. The values for 3v; and 4v; are taken from [76] and the theoretical value is used for the missing combination band 2v; + v4.
The vibrational-tunnelling partition function is calculated to Qyiptyn. = 2.026. The rotational partition function including the nuclear spin for the vibrational
ground state is Qs ((0)) = 830.998, including all rotational states up to J < 20, i.e. &~ 4000 cm™" (see Equation (13)). For the here most frequently used
vibrational-tunnelling states the short-hand notations (0)" = (0,0,0,0)" and (1) = (1,0,0,0)"" are used elsewhere in this publication.

YN (" = 17). As the N nucleus has positive parity
the 'y also give the total parity including *N. For the
nucleus PN(I" = (1/2)7) the parity of each level will be
reversed.

A survey of the vibrational-tunnelling and rotational
level structures without hyperfine structure is given in
Tables 4 and 5. The states are distinguished by the
rotational quantum numbers J, K, and the vibrational-
tunnelling state v= (V1,V2,v3,va)! with i= (u or )
for the upper or the lower state of the corresponding
vibrational-tunnelling states (similar to Ref. [72]). From
this simplification, one has for a state (J,K,v) the total
degeneracy factor

g(]aK’v) = (2]+ 1) 'gns(]’K>V) ‘v (5)

Here the nuclear spin degeneracy (and I'y(J,K,v) =
ot ® FVib ® 1—‘tun) is

6, if [, =E*

12, if [y = A,* (©)

&ns ,K,v) = {

The vibrational degeneracy is gy, noting that rotation and
vibration are not rigorously separable [41].

The notation for an energy level of the state (J, K, V)
is then Ejky (to be distinguished from the non-italic
letters for the irreducible representations E = {ET,E~}
or A= {Ai, A;E}). Almost all of these levels are known

from accurate measurements [73-76, and references
cited therein]. We compare also with the results from
theory [41,72]. Strictly speaking, experiments on NHj
have obtained only accurate relative energies within each
nuclear spin isomer because so far no transitions between
levels of different nuclear spin symmetry (A and E) have
been obtained. This situation is very common in spec-
troscopy because the energy levels for different nuclear
spin symmetries behave as separate isomers. Only in a
few cases has the ‘isomerisation energy’ been measured
directly. However, at a lower level of spectroscopic accu-
racy than is available within the states of the same nuclear
spin symmetry, one can derive the ‘nuclear spin iso-
merisation energy’ from a joint effective Hamiltonian fit
to the spectra of the two (or more) nuclear spin iso-
mers or also if the dissociation energy to a common
dissociation channel has been measured. The approxi-
mate experimental energy difference from a joint effec-
tive Hamiltonian fit for NH; (AE = Ell,l,(O) — E&O)(O) =
15.379(hc) cm™!) agrees quite well with the correspond-
ing difference obtained from theory with 15.391 cm™!
(see Table 5). We draw attention here also to the excep-
tionally accurate recent determination of the ortho-para
interval in H, [77].

To calculate the expected line intensities, we first
consider the state population with and without nuclear
spin conservation after the jet expansion (nuclear spin
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Table 5. For different effective rotational temperatures Ty, all populations p with energy E smaller than 200(hc) cm™

1 above the

ground state J = K = 0,A5,(0,0,0,0)" (abbreviated as (0)“ for the upper and lower tunnelling levels) are calculated with nuclear
spin symmetry relaxation ‘nr’ from Equation (10), and with nuclear spin symmetry conservation ‘nc’ from Equation (11).

Trot = 6.6K Trot = 10K Trot = 77K Trot = 296K
J K TI'm g E%/(hc - Cm_1) Eb/(hc . Cm_1) v Pnr Pnc Pnr Pnc Pnr Pnc Pnr
0 0 A} 0 - —0.751 ) - - - - - - -
0 0 A; 12 0.000 0.000 )Y 0.874 0.475 0.661 0.417 0.052 0.051 0.007
1 1 E- 18 15.379 15.391 1% 0.046 0.272 0.108 0.257 0.058 0.058 0.010
1 1 EY 18 16.169 16.139 ()Y 0.039 0.229 0.097 0.230 0.057 0.057 0.010
1 0 AY 36 19.096 19.095 ) 0.041 0.022 0.127 0.080 0.108 0.108 0.020
1.0 A 0 - 19.837 )Y - - - - - - -
2 2 Et 30 44,002 43.965 ©'  15.107* 8.8-1074 0.003 0.007 0.057 0.057 0.015
2 2 E 30 44793 44715 oY 131074 7.4.10~* 0.003 0.006 0.056 0.056 0.014
2 1 E- 30 55.144 55.069 ©" 131075 78107°  59.107* 14.0-10°* 0.046 0.046 0.014
2 1 E: 30 55.915 55.799 (0)7 1.1.1073 66-107>  53.107* 126-107* 0.045 0.045 0.014
2 0 A 0 - 58.766 (0) - - - - - - -
2 0 A 60 59.620 59.490 0¥  99.10°° 54107  62:107*  39.107* 0.085 0.084 0.027
3 3 A, 84 85.068 84.963 0 541078 291078 22.107°  14.107° 0.074 0.073 0.033
3 3 A 84 85.865 85.718 0¥  45.10°8 251078 2.0-107°  13.107° 0.072 0.072 0.033
3 2 EF 4 103.628 103.459 ©' 47107 280107 771077 184.1077 0.026 0.026 0.015
3 2 B & 104.389 104.182 Y 4010710 237.107° 691077 16.5-107 0.026 0.026 0.015
31 B 4 114.742 114.535 ©" 42107 249107 161077  3.7.1077 0.021 0.021 0.014
3 1 EF 4 115.484 115.239 Y 36107 211107 141077 33.1077 0.021 0.021 0.014
3.0 A 84 118.445 118223 ' 37107 2010 181077 121077 0.039 0.039 0.028
3.0 A 0 - 118.921 )Y - - - - - - -
4 4 Et 54 138.564 138.374 ©' 30107 178107 65.107° 155.107° 0.017 0.017 0.017
4 4 E- 54 139.369 139.138 Y 25107 1491073 58.107° 13.8.10°° 0.017 0.017 0.016
4 3 A, 108 164.538 164.257 ' 21107 11107 32.107° 2010710 0.021 0.021 0.029
4 3 A7 108 165.295 164.976 (0 176-107¢ 961071 281070 181071  0.021 0.021 0.029
4 2 Et 54 183.035 182.692 ©' 181077 1091077 11107 26107 0.008 0.008 0.013
4 2 E- 54 183.759 183.380 Y 161077  93.10°7 9810712 232.10°"2 0.007 0.008 0.013
4 1 E- 54 194.112 193.731 ©' 16107 98.10°"® 221072 52.107"2 0.006 0.006 0.013
4 1 E: 54 194.817 194.401 (0)7 14107 841078 20.107"2 4710712 0.006 0.006 0.013
4 0 A 0 - 197.407 (0) - - - - - - -
4 0 A, 108 198.501 198.072 (Y 127107 691071 23.107'2 151072 0.011 0.01 0.025
(The final states of the measured transitions in Table 6 are given below.)
0 0 A, 12 3336.304 3336365 Ok 0.000 0.000 0.000 0000  43.1072° 43.107%®  6.5.10710
1 1 E 18 3351.344 3350.812 m! 0.000 0.000 0.000 0.000 491072 491072  9.1.1071°
1 1 Et 18 3352334 3351.672 (MY 0.000 0.000 0.000 0.000 481072 481072  9.0.1071°
1T 0 Af 36 3355.004 3355366 ' 0.000 0.000 0.000 0000 921072 92.107%®  18.107°
2 2 E 30 3380.718 3380.088 (MY 0.000 0.000 0.000 0.000 471072 481072  13.107°
2 1 EF 30 3391.704 3391.169 (MY 0.000 0.000 0.000 0.000 391072  3.9.107% 1.2:107°
2 0 A, 60 3395.361 3394.861 (MY 0.000 0.000 0.000 0.000 721072 72.107%  24.107°
3 3 A 84 3421.459 3420.855 ! 0.000 0.000 0.000 0000 621072 62107  3.0.107°
3 2 B & 3439.767 3439.321 (MY 0.000 0.000 0.000 0.000 221072 221072 141072
3 1 EF 4 3450.743 3450.393 (MY 0.000 0.000 0.000 0.000 181072 18.107%° 1.3-107°
Sp: 1.00 1.00 1.00 1.00 0.96 0.96 0.45
3 QS (v): 137 458 18.2 495 2329 2718 1666.9

Notes: The rotational quantum numbers J, K, the motional symmetry I'y,, the degeneracy g = g(J, K, v) from Equation (5), the energy above the ground state £7
and E%, the vibrational-tunnelling state v, and at the bottom the sum 3" p of the populations for £ smaller than 200(hc) cm~" and the sum 3~ Q™" (v) over the
four vibrational-tunnelling states (0)’/“, (0,1,0, 0)’/“ are given. The state energies E? are taken from the MARVEL database [74] based on experimentally known
levels. The state energies E? are the calculated energies from Ref. [41] including also the symmetry forbidden states with g = 0. All initial states probed in the
experiments are marked by bold letters and all final states of the measured transitions are given at the bottom of the table (v = (1,0,0, 0)%! abbreviated here
as (1)%)). The largest population difference between nr and nc is at temperatures below 10K with a factor of about 6 for some levels, decreasing with higher

temperatures to < 0.1% difference at 296 K.

relaxation is specified as ‘nr’ and conservation as ‘nc’).
The population for a state with motional symmetry I'y,
(= A or E symmetry), for the case of nuclear spin sym-
metry conservation after the jet expansion, is calculated
according to the procedure of [28,32,36,39]. Nuclear spin
symmetry conservation is fulfilled when the initial mole
fraction at 296 K of the summed populations of all A-
symmetric and E-symmetric states is the same before
and after the jet expansion, i.e. if the two symmetries

can be understood as two separate species, relaxing inde-
pendently with no interconversion during the jet expan-
sion towards the two separate ground states (J = K =
ILI'm=E" and ] =K =0,I"y, = A, in Table 5). The
mole fraction x(I';; T) at thermal equilibrium of I';, (of
all states with motional symmetry I'y,) is calculated by

x(T3sT) = QT T) - exp [—Eo(I'5) /(KT) ] /Que(T)
7)
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Table 6. Measured transition wavenumbers 1, with uncertainty estimate Av from Equation (22) and deviation from the values listed in

the HITRAN vy, [73] and MARVEL databases vy, [74].

7K TN K TS Tfem™' AvMHz (v —vg)/MHz (v —wm)/MHz (5 —a)/em™! mix.ID
R0,0,u) 3355.00728 05 193.6 105.56 —036 1
ROOW 0 0 A 1 0  Af 335500723 05 1922 104.09 —036 5
R(0,0,u) 3355.00725 04 1927 10458 —036 12
Q1) 1T Eb 333695157 06 —04 —4.75 —0.08 3
ROAH 1 1 E 337632580 05 03 ~2.50 —020 3
R(11) 2 EY 337632582 05 08 ~1.96 —020 12
Qi 1 E+ 1T E- 333517135 04 5.4 —0.38 —025 4
R(1,0) 2 0 A, 337626979 17 53 161.69 0.49 1
ROOHN 1 0 A 3376.26964 10 10 15739 0.49 3
R(1,0) 337626957 3.1 —11 155.29 0.49 12
P(1,0,) 0 0 A, 331720725 22 68 6.27 —0.07 4
P(1,0,) 3317.20722 05 59 5.35 —007 6
P(1,0) 3317.20730 05 85 7.97 —007 7
R(2,2.) 32 E- 339576457 0.9 -83 —1245 —034 9
Q2h 2 2 E+ 333671584 05 —05 —5.13 —0.16 2
Q@2 2 2 E- 3336.715% 05 29 —1.72 —0.16 11
RQ,1.) 3001 Et 339559851 20 —09 —5.93 —048 9
Q1h 2 1 E- 3336.55985 50 —66 —8.78 —029 2
Q1) 2 EF 333656022 20 44 222 —029 8
Q1) 333656019 238 36 148 —029 11
QB3N 3 3 A 33 Af 333639017 1.1 —12.1 —8.01 —025 10

Notes: The results are compared to the rovibrational calculations va, from Ref. [41] using the AMMPOT4 potential from Ref. [72]. Mixtures as given by ID in Table 1.

where Qp;(T) is the complete relaxed partition func-
tion with the ground state (] = K = 0,A}) (including
rotation, vibration, tunnelling and nuclear spin) and
Q%5 T) is the partition function including only states
with symmetry A or E referenced to the lowest energy
Eo(T%) of this symmetry with distinction of only A and
E in T'§, as interconversion between levels of different
parity in NH3 is considered to be frequent in collisions
(although total parity including the collision partner is
conserved [1,2])

Qur(T) = ) QI T) exp [—Eo(T'5,)/(kT)]  (8a)
1"5

Qs T) = > gU,K,v)
Y (1K) with TV =rs,
-exp [—(Ejxy — Eo(Ty))/ (kD] (8b)
and
EY o ifIS =A
Ey(Ty) =y %O 8 9)
m E\ oy ifT5H=E

With this, we have for the case of total nuclear spin sym-
metry relaxation for the population of a state (J, K, v) at
the temperature T

puc(LK, v T) = g, K, V) - exp [—Eg k) /(kT)] /Qur(T)
(10)

and for total nuclear spin symmetry conservation we
have

Pnc(]> K, v; Trot) = x(an; Tinit) - g(]) K,v)

~exp [— (Erky — Eo(T}) /(kTro) ] / QIS5 Trot)
(11)

where Ty is the effective rotational temperature of the
vibrational ground state in the jet expansion, and the ini-
tial temperature Tipit = Troom = 296 K is used for the
mole fraction before the expansion, assuming no sym-
metry specific trapping in excited vibrational states. This
would in any case contribute only a very minor fraction.

Thermal equilibrium can be assumed for the NHj3
samples used in the experiment before expansion. For
the calculation of x(I",; Troom) only the two vibrational-
tunnelling ground states and the two lowest excited
vibrational-tunnelling levels of the symmetric bending
(inversion) vibration v, are included. However all pos-
sible rotational states of these four vibrational-tunnelling
states up to J < 20 (& 5000 cm™! total energy) are used,
i.e. the sum in Equation (8b) includes only these four
vibrational-tunnelling states. The populations of higher
vibrational-tunnelling states are much below 1% (see
Table 4) and are neglected except for comparison with
the total partition functions. In the following calcula-
tions, the state energies from the HITRAN and MARVEL
databases are used [73,74]. These agree for the states con-
sidered to within better than 1073 (hc) cm ™! except for
the six states (J = 2,K = 2,ET,(0,0,0,0)), J = 3,K =
2,E7,(0,0,0,00%), J =3,K=1,E",(0,0,0,0)%), (J =
4,K =2,E1,(0,0,0,0)), J = 4,K = 4,E™, (0,1,0,0)%)
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Figure 11. Left: Mole fraction x(I';, = E; T) of the E-symmetry states of NH3 in the temperature range from 5K to 300K (logarithmic
scale) assuming equilibrium, i.e. for total relaxation, at room temperature x(I';, = E; T = 296 K) = 0.5028 and at a jet expansion tem-
perature x(I's, = E; T = 6.6 K) = 0.0848. Right: Population of the lowest four states in the temperature range from 1K to 100K. The
dashed lines are for assumed total relaxation and the solid lines are for complete nuclear spin symmetry conservation. The correspond-
ing lines almost coincide above 30K and differ strongly below 10 K. Some populations are given explicitly at the temperature of 6.6 K,
corresponding to the rotational temperature obtained for H = 5.1(2) mm as the distance between the centre axis of the laser cavity

mode and the slit exit.

and (J = 4,K = 4,E7, (0, 1,0,0))), all of which differ by
less than 2-1073(hc) cm™!. This is negligible for all
of the following calculations. At 296K, the E- and A-
symmetry states are essentially equally populated with
the mole fraction x(I'}, = E; Troom) = 0.5028. This is
effectively consistent with the classical high temperature
limit of 0.5, which follows from the regular property of
the classical density of states, i.e. [1,2,78]

Ne(D) =[] / 310 (12)
k

Here N.(T") is the ratio between the number of states
with symmetry I' and the total number of states with
the dimension of the symmetry species [I'y] = 2 for E
and [I'x] =1 for A. Including the nuclear spin weights
shows that the mole fraction in the classical high temper-
ature limitis x.(A) = x.(E) = 0.5. As the more abundant
species in this limit is by convention called ortho and
the less abundant para species, there is, strictly speak-
ing, no ortho-para convention for NHj. Therefore, we
simply call these nuclear spin isomers the A and E iso-
mers. Sometimes the species with the higher nuclear spin
weight is called ortho, which is, however, not consistent
with the general convention. Figure 11 shows x(I'}, =
E; T) for the range between 5 K and 300 K assuming com-
plete nuclear spin symmetry relaxation (nr). The high
temperature limit is already closely approached at 30 K.
Table 5 provides also an overview of the expected popu-
lations after the jet expansion with assumed total nuclear
spin relaxation using Equation (10) and with total nuclear
spin conservation using Equation (11).

The populations of the vibrational levels below
3500cm ™! at 296K are listed in Table 4. We distin-
guish between each vibrational level and between the

inversion tunnelling sublevels, resulting in 22 different
vibrational-tunnelling levels. This sums up to the prac-
tically converged vibrational-tunnelling partition func-
tion Qyib.tun. = 2.026 at 296 K (see also [72] for vibra-
tional excitations above 3500 cm™1). Different approx-
imations can be used for the partition functions. For
the four lowest vibrational-tunnelling levels including
the ground state and the inversion fundamental v, all
relevant rotational levels with J < 20 are tabulated in
[74] based on experimental data. The exact summa-
tion leads to Qu(T = 296 K) = [QI5"5((0, 0,0, 0)") +
Q™((0,0,0,00%)  +  QP™((0,1,0,0)) + Q™
((0,1,0,0)%)] = 1666.921. Here we have grouped the
complete partition function into the contributions from
each vibrational-tunnelling state

Q™) = Y UK, vi) - exp[—Eq vy /(kD)]
VJ<20,K
(13)
This is, however, not quite converged as far as higher
vibrationally excited states are concerned. These are
weakly populated at 296 K. Using various approximations
including more highly excited states, one obtains values
for Qur(T = 296K) in the range of about 1700-1730,
as also given in Ref. [79] (1725.2), Ref. [80] (1731.5),
and Ref. [81] (1725.24). The differences are irrelevant
for our analysis. At the lower temperatures, which are
of importance for our experiments, the direct summa-
tion including the experimentally known levels from [74]
with J < 20, using the lowest four vibrational-tunnelling
levels, can be considered as converged (see also Table 5
for the populations).
For the results in Section 4, we report rovibrational
transitions for the A; symmetric stretching fundamental



v ((0)"* — (1)2") centred near 3340 cm™. The selec-
tion rule for this parallel band is AK = 0. The absolute
line strengths as integrated cross section Ggj is given by
(82,83]

In(lo/I)p~'dD

line
(14)
ofi(V) is the absorption cross section for the transi-

Gri = / ori (MDD = 1/(Cil)

tion i — f, C; is the concentration of the lower state i
(as particle density), and Cs as the concentration of the
upper state being negligible (see Table 5). For the electric
dipole transitions considered here, we have the practical
equation [82]

Gri/pm? ~ 41.624 |My;/D|? (15)

with Mg; the electric dipole transition moment (and with
the electric dipole operator fi;)

Mt = (flfLelli) (16)

To a good approximation, one has the commonly used
line strength S¢;

Sti = 1/(Gil) In(Io/D)dv ~ vy - Gt (17)

line

with the line centre 9. Comparing with Equation (3)
(¢ =of;- C;) we obtain, with the approximation

A(V)hfs
0.4 -
0.35 AR
e \ ’
E —Y, = 50 MH
0'2;7 FWHM 5( Z
0.1; F'=1-F=1
E Fr=1-F =0
0E PRI R NYRVERIY i AV ORI ESRTERI |
-30 -20  -10 0 20 30

(v—v,)/ l\l/IOHz
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In(1 + x) ~ x for small absorbances,

Sti=1/(GD | In[lo/(Io- (1 — App))]db = 1/(Ci))

line
x/&@i:&dw@ (18)

We note that in a jet expansion the concentration C;j is
not position independent, C; and / are thus nominal val-
ues, but one can derive an effective average concentration
over the total length L or Lg; in the cavity with equiva-
lent results concerning the absorption. For the analysis
of relative populations, one can to a good approxima-
tion use the line strengths [83] from the Honl-London
approximation [39,71]:

GKi]i =a- AKi]i : g(]) K)V) : eXP [_EKi]i/(kTrot)] (19)

Here a is a constant independent of Kj and J; and pro-
portional to the absolute square of the vibrational electric
dipole transition moment, g(J, K, v) the degeneracy fac-
tor from Equation (5), and Ag;;; the Honl-London factor.
One can test the validity of this approximation for the
transitions considered by comparison with accurate the-
oretical line strengths [41] and with results from [73] (see
Table 8 in results section 4.3). For relative populations
of different initial states i and j, to be determined in our
experiments, we thus have (S¢; o< p; - Agf):

AriAk
AfjAKi]i

SfiAI<j]j N

pi/pj = (20)

St jAKi]i

In our experiment, we generally obtain a good fit of
a Gaussian (Doppler) line profile to the experimental
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Figure 12. Left: The calculated absorption signal A(v)hs including the hyperfine splitting and power broadening is presented with F,
the total angular momentum (F=J+1).The hyperfine structure from the protons is much smaller and neglected here. The calculation
used Equations (20) and (21) from Ref. [46] for the transition R(0,0,u). As a comparison, a Gaussian with a Y;,,,,, = 50 MHz corresponding
to the experimental width is drawn (red dashed line). Right: The additional broadening is presented when the hyperfine splitting and

power broadening are included. For this calculation, the expected absorption A(v)pss is convoluted with Gaussians with a width of Y,

FWHM *

The resulting Gaussian-like function was fitted with a new Gaussian giving Avy,,,, resulting in the expected additional width A vy —
Yo from a measured function compared to the initial ideal Gaussian with width Y;,,,,.,. The effect is only in the order of 10 kHz for the

experimental resolution of 50 MHz.
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Figure 13. Overview of the measured parallel band transitions (AK = 0) from the vibrational ground state to the first excited state of
the symmetric NH-stretching vibration v1. The tunnelling splittings are enlarged by a factor 3 for better visibility. The motional symmetry
I is given for each state. A complete list of all measured transitions is given in Table 6.

absorbances as a function of frequency

VvV — 19 2
A(W) = ApGg + Amax - €xp | —4In2 <—>
AvFWHM
(21)

v is the actual frequency, Apg is a small background from
residual gas of the previous gas jet pulses, Amax is the
scaling for the amount of absorbance, vy is the position
of the molecular transition and A vy, is the full width
at half maximum. We have estimated theoretically the
effects of power broadening and hyperfine structure (see
figure 12 and appendix) and found them to be negligible
because of the large Doppler widths of about Av,, =
60 MHz under our experimental conditions. For this esti-
mate, the hyperfine splitting and power broadening for
one transition was calculated numerically (following [46,
Section III. B.]) with the maximum possible internal cav-
ity ring-down intensity of 1 kW /cm? resulting in a cal-
culated theoretical absorption signal A(v)ps. This signal
was then convoluted with Gauss functions of different
widths, simulating the effect of Doppler broadening. Sub-
sequently, these convolutions were each fitted with the
Gauss function from Equation (21) (to mimic the applied
fit to the experimental lines). Figure 12 shows a simu-
lation of a spectrum including hyperfine structure (as

measured in [46] and calculated from the parameters in
the appendix). The effect on the observed Doppler line
shape is small and negligible for all of our measurements
(see also discussion in the results, Section 4).

4. Results
4.1. Transition frequency measurements

Figure 13 and Table 6 provide a survey of all mea-
sured lines together with the relevant notations. Since
all measured transitions have an initial state (J,K,i) =
(J, K, (0,0,0,0)") from the vibrational ground state, we
use R(J”,K",i) for a transition with A] =] —J" = +1,
QU”",K",i) for AJ=0, and P(J",K",i) for AJ = —1
with the lower state given in parentheses (i = {u, [} see
above). We fit the Gaussian line shape function from
Equation (21) to the absorbance, providing as a mean
value the measured transition frequency. The uncer-
tainty can be estimated from the differences in indepen-
dent measurements with different gas mixtures of the
same transition listed in Table 6. Estimating the uncer-
tainty of the absorbance only by the statistical fluctua-
tion of the cavity ring-down times underestimates the
uncertainty for small signals (Ap, < 107*), which are
more vulnerable to small changes of the setup between
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Figure 14. Measured spectra of the transitions R(0,0,u) with Tp = 3355.00725(1)(hc)cm=" (left), R(1,1,) with ¥, =
3376.32582(2) cm~' (middle), and R(1,0,) with T, = 3376.26957(10) cm~" (right), with vg = ¢- o and with the uncertainty
estimation from Equation (22) in parentheses. All three spectral lines are measured with an identical setup (H = 5.1(2) mm, mixture
ID = 12 with x(NH3) = 0.000100(2)). The ratio of the line strengths between R(0,0,u) and R(1,0,/) results in the effective rotational
temperature of 6.6(1) K (independent of the two assumptions of nuclear spin conservation or relaxation) and the ratio of R(1,1,/) and
R(1,0,/) is consistent with nuclear spin symmetry conservation and the same effective rotational temperature 6.64(9) K, while nuclear
spin symmetry relaxation would result in an inconsistent value of 1.68(3) K. The Doppler widths are for R(0,0,u) Avy,,, = 51.5(3) MHz,
for R(1,1,)) Avym = 52.2(8) MHz, and for R(1,0,/) Avgy,, = 61.1(49) MHz corresponding to apparent translational ‘temperatures’ of

8.7(1)K,8.8(3) K, and 12.1(19) K.

Table 7. Comparison of R(0,0,u) and R(1,0,/) transition wavenumbers with previous experimental results from the literature.

Ref. Year T/K R(0,0,u), Ty /(cm™T) Av/(MHz) R(1,0,)), Dy/(cm™") Av/(MHz)
(this work) supers. jet exp. <8 3355.00725(2) 0.0 3376.26964(3) 0.0
[73] 2013 (HITRAN) 3355.00082 193.6 3376.26961 1.0
[74] 2015 (MARVEL) 3355.003758 105.6 3376.264394 1574
[84] 1989 FTIR room 3355.00098 188.1 3376.26959 23
[85] 1985 FTIR 297 3355.0057 46.6 3376.2686 320
[86] 1993 diff.-freq. laser spectr. 297+1 3355.00569 46.9 3376.2686 32.0
[46] 2015 supers. jet exp. <10 3355.00725 0.1 - -
[87] 1999 FTIR 290—298 - - 3376.26976 —2.8

Notes: The uncertainty estimate from Equation (22) is given in parentheses and Av = v, — Vijterature is the difference to the measured value vy = ¢ - ¥, of our

work.

different frequency points caused by e.g. gas pressure
before expansion, laser cavity alignment or laboratory
temperature. To account for this, the influence of fluc-
tuations was estimated by adding noise to each sam-
ple absorbance (uniformly distributed in the interval
[—Anoise> Anoise]) With the subsequent repeated Gaus-
sian fit resulting in a new transition frequency. From the
distribution of this artificially generated transition fre-
quencies, the standard uncertainty introduced by noise
Onoise (Anoise) Was obtained in the size of the residuals.
The stated total frequency uncertainty Av in Table 6
consists then of two contributions in Equation (22)

Av = 0ot + Onoise (Anoise ~ 1075) (22)

This should provide an adequate estimate for the fre-
quency uncertainty [83]. The uncertainty of the laser
frequency is much smaller and can be neglected (see
Section 2.2). The transition R(0,0,u) deviates by about
200 MHz from the HITRAN database [73], which is
much more than the uncertainty in our experiment
even if the uncertainty estimate from Equation (22)
were considered to be somewhat optimistic. Large dis-
crepancies (100-200 MHz) are also seen with respect
to the MARVEL tables [74] with R(1,0,]) (see Table 6).

We have also compared with the data from the orig-
inal literature on which the HITRAN and MARVEL
data are based, as well as further additional sources (see
Table 7). As can be seen, there is a certain variation in
the results. Some of the differences might be due to par-
tial blending of lines in the room temperature spectra.
Our results agree perfectly with the accurate measure-
ments in supersonic jets as reported in [46] (including
hyperfine resolution). We thus think that our results pro-
vide accurate transition wavenumbers to within about
the uncertainties given, as discussed above. With the
measurement of Q(1,1,)) and Q(1,1,u), we also pro-
vide a measurement of the sum of the tunnelling split-
tings in the v; symmetric stretching fundamental and
the ground state splitting with 3336.95157(2) cm~! —
3335.17135(1) cm ™! = 1.78022(3) cm ™! with estimated
uncertainty in terms of the last digit in parentheses.
Subtracting the ground state splitting of 0.790365 cm™!
from [74] results in the tunnelling splitting of the v;
symmetric stretching fundamental for ] = 1, K =1 of
0.89855(3) cm™!. The theoretical value from [41] for
this splitting is 0.8609056 cm™!. The change from the
ground state splitting is thus only minor, in contrast
to many other vibrational levels in NH3 [41] and also
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Table 8. Overview about the measured ratios of populations between two different initial states.

Trot/K
Fmi/Tmj H/mm x(NH3) pi/p; nr nc Sik/Sjn A / Ak
1: R(0,0,u) /R(1,0,) A/A 5.1(2) 0.000100(2) 22.2(36) 6.6(1) 1.41 1.49
2: R(1,1,)) /R(1,0,/) E/A 12. 0(22) 1.68(3) 6.64(9) 0.75 0.75
3: R(0,0,u) /R(1,1,)) AJE 9(1) 22.92(31) 5.58(1.62) 1.88 1.99
1% R(0,0,u) / R(1,0,)) A/A 3-4 0.0007(2) 8.8(7) 8.6(1) 1.41 1.49
5% Q2,2.)/Q,1,u) E/E 0.015(1) 5.3(4) 9.6(1) 4.00 4.00
2% R(1,1,)) /R(1,0,/) E/A 0.00010(2) 5.7(4) 2.20(2) 8.17(5) 0.75 0.75
4% Q(1,1,) /P(1,0) E/A 0.0012(3) 36(3) 2.09(3) 9.01(9) 1.55 1.51
6*: R(2,2./) /R(2,1,u) E/E 0.022(3) 2.8(2) 15.6(4) 0.62 0.63
5: Q2,2 /Q,1,u) E/E 2.6(2) 0.008(1) 2.6(2) 16.5(5) 4,00 4.00

Notes: For all ratios with mixed symmetry (A and E), a clear preference for nuclear spin symmetry conservation is seen. In the first column, the labels from Figure 17
are given. ‘p;/p;' is the ratio of the obtained line intensity ratios divided by the ratio of the Honl-London factors (A /Ak). Sik/Sjn gives the line intensity ratio
as stated in [73]. Tyt gives the corresponding effective rotational temperature for each measured ratio ‘p;/p;’ with assumed nuclear spin symmetry relaxation ‘nr’
and with nuclear spin symmetry conservation ‘nc’. In the measurements with H = 3 to 4 mm, the distance ‘H’ between the centre of the cavity laser mode and
the slit nozzle exit can only be restricted to a range of 3-4 mm. In the other measurements, the distance was carefully obtained with a knife edge measurement.
For a higher concentration (x(NH3) > 0.02) and for H < 3 mm, the rotational temperature is increased.

very different for v; in NDs, where the tunnelling
splitting increases by a factor of 10 with excitation of
the symmetric stretching vibration [69]. From P(1,0,),
one obtains by adding the rotational term value in the
ground state a direct measurement for the lowest Pauli-
allowed term value (J = K = 0,A; ) of v ((1,0,0,0)%) as
D = 3336.30374(=£0.00007) cm !, where the uncertainty
estimate is given for the three independent measure-
ments and a Student ¢-distribution at 95% confidence.

4.2. Number density estimation

The concentration C of NH3 molecules as particle num-
ber density at the position of the laser cavity mode can
be estimated for the measured i to f transition from
Equations (18) and (20) with

Ari

C~ (23)
Lsiit - Sti - pi(Tror) /pi(300 K)

with Lgjiy = 40 mm the length of the slit nozzle, p; the
population of the initial state, A; the integrated attenua-
tion per pass, and S¢; the line strength for the transition
at room temperature given in Ref. [73]. Using the results
for H=5.1(2) mm (see Section 4.3, Figure 14) with
a rotational temperature of 6.6K gives a concentration
of about Cnp; = N - 3 - 107 mol/m”. Dividing by the
initial mole fraction of NHj for this measurement (10™4)
gives an estimate for the argon density of Ciot = Cor =
Na - 3-1072 mol/m?>. This concentration would corre-
spond to a pressure of 0.8 mbar at room temperature.
Assuming Lambert’s cosine law for the expansion distri-
bution in ® (see Figure 5 for the definition of ®) relates
the measured peak concentration at H = 5.1(2)mm to

the total ejected number of particles per pulse with

+7/2

Niot ~ At - H- Lgy / Car var cos(©)d(O)

—1/2

~ Ny - 1074 mol (24)

with w the waist of the laser cavity mode, vor = 472 m/s
the velocity of the ejected atoms, At = 150 ps the aver-
age opening time of the slit nozzle and Lgj;; the length
of the slit nozzle. Ny corresponds to a total volume
of about 0.017 ml per pulse from the gas bottle before
the expansion, which is similar to the upper limit from
the gas consumption of about 0.020 ml including leakage
(mainly through the closed slit) in the time between the
gas pulses (see Section 2.4).

4.3. Rotational temperature and relative
population measurements

The effective rotational temperature can be probed by
comparing line intensities, which are proportional to the
initial state population in different rotational states of
the same nuclear spin symmetry (see Equation (20)).
Measurement of line intensities in rotational states of dif-
ferent nuclear spin symmetry provides information about
nuclear spin symmetry conservation or relaxation.

The three measurements shown in Figure 14 are used
to probe the ratios between the populations of the three
energetically lowest states (with Egg,, = 0 cm™ L, Ei11=
15.4(h¢) cm™! and Ey 01 =19.1(hc) cm™!, see Table 5
and Figure 13). If the populations of the same symme-
try species are compared, it is expected that no differ-
ence in the rotational temperature for the two assump-
tions of nuclear spin symmetry relaxation or conser-
vation can be seen. Comparing the lines R(0,0,u) and
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Figure 15. Measured integrated line intensity ratiol\ik//z\jn com-
pared to the calculated ratio from Equation (20) assuming nuclear
spin symmetry relaxation using Equation (10) and conservation
Equation (11) for the transitions R(0,0,u)/R(1,0,/), R(1,1,/)/ R(1,0,/)
and R(0,0,u)/R(1,1,/) from Figure 14. The calculated lines give the
temperature dependence for each intensity ratio. The ratio of line
intensities for the same nuclear spin symmetry (R(0,0,u)/R(1,0,/))
is independent of the relaxation model (shown by a dotted line).
Ratios of line intensities for different nuclear spin symmetries
(R(1,1,h/ R(1,0,)) and R(0,0,u)/R(1,1,/)) depend on the relaxation
model and are shown as solid lines for nuclear spin symmetry
conservation and as dashed lines for complete nuclear spin sym-
metry relaxation. The measured ratios A;i/A;jn are shown at the
corresponding rotational temperature for nuclear spin symmetry
conservation.

R(1,0,]), both with A symmetry, results in an effec-
tive rotational temperature after the jet expansion of
6.63(8) K. The comparison between R(0,0,u) or R(1,0,)
with R(1,1,]), which has E symmetry, with the assumption
of nuclear spin symmetry conservation results in effec-
tive rotational temperatures of 5.6(1.6) K for R(0,0,u)
and 6.64(9) K for R(1,0,/). These results are in good
agreement for all three effective rotational temperatures,
while with the assumption of nuclear spin symmetry
relaxation one obtains apparent effective rotational tem-
peratures of 22.92(31) K for R(0,0,u) and 1.68(3) K for
R(1,0,]), resulting in three very different apparent effec-
tive rotational temperatures. The stated uncertainty of
the effective rotational temperature given in parenthe-
ses is the standard uncertainty from the fit of the ratio
of integrated line intensity Aix /Aj n to the expected
temperature dependence from Equation (20) with the
uncertainty of Ajy /Aj n estimated by the first-order error
analysis using the parameter from Equation (21), 04, ;>
O Amaxjn> T AV and O Avpyingn The large uncer-
tainty of the effective rotational temperature (5.6(1.6) K)
for R(0,0,u)/R(1,1,]) is caused by the weak temperature
dependence for this ratio, when nuclear spin symmetry
conservation is assumed (see Figures 15 and 11).
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In some measurements, the rotational temperature is
also determined by comparing the line intensities from
R(0,0,u) and R(1,0,]), for two A-symmetry states, with
one gas mixture, and the line intensities from Q(2,2,]) and
Q(2,1,)), for two E-symmetry states, with a different and
higher mixture concentration. The weakly populated ini-
tial states (2,2,]) and (2,1,]) (with E;,; = 44.0(hc) cm™!
and E,;; = 55.144(hc) cm™') could be measured with
this as well.

In Figure 16, these measurements are shown, result-
ing in a rotational temperature of 8.55(5)K for lev-
els with A-symmetry and of 9.6(3) K for levels with
E-symmetry. The effective rotational temperature was
also determined using four additional lines comparing
E- and A-symmetry, (R(1,1,/)/R(1,0,]) with mixture 3
and Q(1,1,)/P(1,0,]) with mixture 4); the expansion is
tested for nuclear spin symmetry conservation, where
then all four ratios lead to the same effective rotational
temperature in an interval of 0.8 K. If total nuclear spin
symmetry relaxation is assumed the effective rotational
temperature for the transitions comparing the different
symmetries is about 2K, which is not consistent with
the independently measured effective rotational temper-
atures of the symmetries E or A. The measurements at
the higher temperatures were affected by the NH3 con-
centration and the distance H between the centre axis of
the laser cavity mode and the slit nozzle exit influenc-
ing the effective rotational temperature of the jet. Here
the distance varied between 3 and 4 mm due to laser cav-
ity realignment. To investigate the dependence on H the
effective rotational temperature was also measured at a
distance of H = 2.6(2) mm and at H = 5.1(2) mm.

At a distance of H = 2.6(2) mm, a higher effec-
tive rotational temperature of 16.5(5)K and at H =
5.1(2) mm a lower effective rotational temperature of
6.6(1) K was obtained. A list of all additional effective
rotational temperatures is given in Table 8 and Figure 17.
While the results at the higher temperatures have larger
systematic uncertainty, than the results at 6.6 K, they are
also consistent with nuclear spin symmetry conservation
and inconsistent with the assumption of complete nuclear
spin symmetry relaxation. They provide in addition evi-
dence for a common effective rotational temperature for
several different rotational levels, not just two. A survey
of all measured lines is given in the appendix.

5. Discussion and conclusion

We have presented here a new experimental setup for
measuring high-resolution mid-IR spectra of polyatomic
molecules by means of a combination of an optical
parametric oscillator (OPO) referenced to a frequency
comb with a supersonic jet expansion from a pulsed slit
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Figure 16. Left top/bottom: Measured transitions of R(0,0,u) with ¥, = 3355.00728(2)(hc) cm~' and R(1,0,) with

D, = 3376.26979(6)(hc) cm~' used to determine the effective rotational temperature ‘1*' of 8.6(1)K for the levels with
A-symmetry in Figure 17. Right top/bottom: Measured transition Q(2,2,/) with 1, = 3336.71584(2)(hc) cm~" and Q(2,1,) with
v, = 3336.55985(17) (hc) cm~! used to determine the effective rotational temperature ‘5*' of 9.6(1) K for the levels with E-symmetry
independently. For these measurements, the distance H varies between 3 and 4 mm due to laser cavity realignment introducing some

additional systematic uncertainty, which is not the case for the measurements in Figure 14.

nozzle for the sample (and seeding) gas and sensitive
cavity-ring down detection. The instrumental resolu-
tion and frequency accuracy is about 1 MHz or bet-
ter, while the effective spectroscopic resolution is essen-
tially determined by the Doppler widths arising from
the molecular beam setup. The sensitivity in terms of
absorbance is determined by the reflectivity of the mir-
rors in the cavity, which for the present experiments was
R = 0.9985, translating into an effective absorption path
length (7g - ¢) of 300 m. The cavity ring-down absorption
spectroscopy has the advantage of being able to measure
absorptions quantitatively as in any direct spectroscopic
absorption experiment and therefore relative integrated
line intensities can be obtained accurately allowing for
the quantitative analysis of relative populations of quan-
tum states in the supersonic jet expansion. The more
sensitive detection by action spectroscopy (e.g. using
multiphoton ionisation) reported in our previous work
[46] introduces an uncertainty arising from possibly dif-
ferent detection sensitivity when different quantum states
are detected.

We have used the present experiment to remeasure
accurate line frequencies for NH; absorption in the v;-
fundamental around 3355 cm ™! providing a substantial
improvement over previously accepted results, which

differ by 50-200 MHz for some lines [73,74,84-87], but
agree with our previous work (with hyperfine resolution)
for the R(0,0,u) line at 3355.007 cm ™! to within 0.1 MHz.

The second result of our work concerns the question
of nuclear spin symmetry conservation in the supersonic
jet expansion. As for many other molecules studied in
the past ([27-39] and further references cited there),
we find that our results are consistent with nuclear spin
symmetry conservation and inconsistent with substan-
tial nuclear spin symmetry relaxation, when consider-
ing highly dilute seeded beams (< 0.1% NH3 in Ar)
and low effective rotational temperatures around 6.6 K.
The room temperature mole fraction 0.5 of the A and
E nuclear spin symmetry isomers is essentially retained
in the expansion. This result is also in agreement with
general theoretical expectation [1,2] and with theoreti-
cal calculations of nuclear spin symmetry relaxation in
gaseous NHj predicting very slow relaxation even at
room temperature [40]. Previous results on this ques-
tion for NH3 have been diverging, some being consistent
with nuclear spin symmetry conservation [42,43,45,46],
while one result showed substantial nuclear spin symme-
try relaxation [44]. This latter phenomenon was observed
at relatively high mole fractions of NH3 in Argon (with
XNH; ~ 5%). Similar to findings of H,O [36,37], this
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Figure 17. Measured integrated line intensity ratiol\ik//z\jn com-
pared to the calculated ratio from Equation (20), assuming nuclear
spin symmetry relaxation using Equation (10) and conserva-
tion Equation (11) with 1: R(0,0,u)/R(1,0,)), 2: R(1,1,/)/ R(1,0,)), 4:
Q(1,1,u)/P(1,0,), 5: Q(2,2,)/Q(2,1,]), 6: R(2,2,))/R(2,1,]). The calcu-
lated lines give the temperature dependence for each intensity
ratio. Ratios of line intensities for the same nuclear spin symme-
try (1, 5, and 6) are independent of the relaxation model (shown
by dotted lines). Ratios of line intensities for different nuclear spin
symmetry (2 and 4) depend on the relaxation model shown as
solid lines for nuclear spin symmetry conservation and as dashed
lines for complete nuclear spin symmetry relaxation. Ratio 6 pos-
sesses a high mole fraction of about 0.02 and Ratio 5 with H =
2.6(2) mm a small distance to the slit nozzle causing a higher
rotational temperature for both. For the ratios marked with * the
distance H varies between 3 and 4 mm.

might be due to the formation and redissociation of clus-
ters (NH3),, in the experiments of [44]. In such clusters,
nuclear spin symmetry change of the monomers can arise
by two mechanisms (i) de facto nuclear spin symmetry
violation by proton exchange, (ii) de lege nuclear spin
symmetry violation from the couplings of nuclear spin
functions with the internal motions in the (NH3),, clus-
ters, which lead to complex level structures and much
higher densities of internal states than in the monomer.
These effects are essentially excluded in our experiments,
when carried out with low seeding ratios.

One might consider to reproduce the results of [44]
by measurements with large mole fractions of NHj in
Ar, in order to define the nature of cluster formation
under these conditions and the possible resulting nuclear
spin symmetry relaxation. However, as pointed out for
the case of H,O in Ref. [37], the nature of the clusters
formed, their size and their kinetics, not only depends
on the mole fraction used but also on details of the
experimental setup, the nozzle used, etc. Thus it would
be quite difficult to try to reproduce the results of [44]
without the relevant information and thus prospects for
unambiguous results did not seem good. Thus we did
not pursue this further. In any case, our results for low
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mole fractions xyp, clearly show nuclear spin symmetry
conservation.

Our conclusion on nuclear spin symmetry conserva-
tion under these conditions might appear to depend on
the assumption of a thermal rotational level distribu-
tion leading to an effective low rotational ‘temperature’
from measuring only very few levels. Indeed, sometimes
non-thermal populations have been claimed (and also
sometimes found) for more highly excited rotational and
vibrational levels in supersonic jet expansions of poly-
atomic molecules. However, for our experiments this
possibility leads to no substantial uncertainty, because we
know that the measured A and E levels contain almost
all of the total population. Therefore, the A to E ratios
obtained at low temperature are not affected by possi-
bly non-thermal populations in higher levels, as they are
too low to result in measurable line intensities in our
experiment.

Our results also show no restrictions to relaxation
between different parities of rotational levels in NH3 in
agreement with general theoretical considerations [1,2]
and with collision experiments of NH3 with Ar [88] and
theory for collisions of NH3 with rare gas atoms [89].
On the other hand, the finding of nuclear spin symme-
try conservation is in agreement with the general theory
of approximate nuclear spin symmetry conservation in
molecular collisions [1,2] and with quantitative calcula-
tions on NHj3 [40].

Finally the experimental setup presented here should
be useful for future high resolution spectroscopic studies
of chiral molecules in supersonic jet expansions. The fre-
quency ranges covered by our laser systems are suitable
for molecules for which theoretical calculations and pre-
liminary spectroscopic investigations indicate the pos-
sibility of measuring the parity violating energy differ-
ence ApyE between the enantiomers by the method of
[52] for instance for 1,2-Dithiine C4H4S, [47,90], Trisul-
fane HSSSH [48,49] and perhaps 1,3-Difluoroallene
[51]. While the necessary analysis of rotation-vibration-
tunnelling spectra for such molecules is a non-trivial
task, the present experimental setup should provide an
important step towards such a goal.
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Appendices

Appendix 1. List of measured lines

One can interpret also the Doppler width as an effective transla-
tional temperature along the laser cavity mode, which is mainly
perpendicular to the gas expansion and along the slit nozzle
exit, with

8kT, In2
AV = %\)Q =173-10""" v Ttrans/K - vo
(A1)
AV is the Doppler width and vy is the transition frequency
from Equation (21), k is the Boltzmann constant, m is the

mass of NH3, c is the speed of light, and Tirans is the apparent
translational temperature. With this a Doppler width of about
50 MHz corresponds to a translational temperature of 8.3K
in qualitative agreement with the carefully obtained effective
rotational temperatures in Section 4.3. However, the ‘transla-
tional temperatures’ are strongly affected by the geometry of
the expansion and are not to be interpreted as a translational
Boltzmann equilibrium, very different from the situation for
the rotational temperature.

Table A1. Complete fit result of all measured transitions to the Gauss function from Equation (21).

Tm mixID 7, /cm™! A Avewnm/MHz Amax/ 10~ Apg/1076 Tirans/K X2 dof

R(1,0,) AS 1 3376.26979(6) 0.070(5) 70.7(28) 97.3(30) —3.6(14) 16.2(13) 2.2 46
R(0,0,u) Ay 1 3355.00728(2) 0.863(8) 48.8(2) 1744.2(86) 0.8(7) 7.8(1) 2.8 57
Q2,1,) E- 2 3336.55985(17) 0.035(2) .0(98) 49.9(43) 15.6(23) 16.2(45) 1.1 23
Q2,2,) Et 2 3336.71584(2) 0.747(14) 9(9) 923.6(69) 26.6(53) 21.1(5) 2.0 16
Q(1,1,) E- 3 3336.95157(2) 0.377(0) 51.3(7) 725.8(95) 4.2(24) 8.7(2) 2.1 16
R(1,1,) E- 3 3376.32580(2) 0.630(13) 7 1008.0(88) 2.3(52) 12.303) 49 16
R(1,0,) AS 3 3376.26964(3) 0.148(7) 2(17) 227.8(44) 4.2(27) 13.3(7) 12 19
Q(1,1,u) Et 4 3335.17135(1) 0.231(0) 2(5) 445.1(36) 1.8(11) 8.7(2) 16 58
P(1,0,1) AT 4 3317.20725(7) 0.041(3) 8(33) 55.5(20) 0.5(10) 17.7(16) 16 49
R(0,0,u) A, 5 3355.00723(2) 0.473(2) 54.0(6) 864.5(69) 3.5(21) 9.5(2) 25 34
P(1,0,) AT 6 3317.20722(2) 0.342(5) 7(5) 499.0(29) 29.1(14) 15.3(2) 48 48
P(1,0,) Ay 7 3317.20730(2) 0.1393) 0(8) 225.4(24) 12.0(9) 12.5(3) 25 51
Q2,1,) E- 8 3336.56022(7) 0.092(8) .8(46) 108.3(41) 20.1(34) 23.2(25) 1.0 16
R(2,2,)) Et 9 3395.76457(3) 0.262(7) 2(11) 327.3(39) 55.8(20) 20.0(6) 38 45
R(2,1,)) E- 9 3395.59851(7) 0.151(8) 3(27) 161.1(34) 60.3(23) 27.2(16) 6.6 29
Q(3,3,) Ay 10 3336.39017(4) 0.368(9) 2(14) 370.4(34) 78.9(29) 31.9(9) 7.2 24
QR,2)) Et 11 3336.71596(2) 0.780(10) A(4) 1125.5(79) 44.0(14) 15.5(2) 7.7 50
Q@2,1,) E- 11 3336.56019(9) 0.074(6) 2(31) 106.7(38) 29.2(16) 15.4(14) 5.1 34
R(1,0,) AS 12 3376.26957(10) 0.032(5) 1(49) 51.5(35) 1.1019) 12.1(19) 0.9 42
R(1,1,) E- 12 3376.32582(2) 0.287(8) 2(8) 543.3(73) 1.8(25) 8.8(3) 2.8 22
R(0,0,u) Ay 12 3355.00725(1) 1.000(12) 5(3) 1916.8(105) 7.9(19) 8.7(1) 22 23

Notes: The integrated line strength A is normalised to the strongest line at the bottom. The stated uncertainty of vy, given in parentheses in terms of the last digits
given, is defined in Equation (22). All other stated uncertainties in parentheses are the standard uncertainty from the fit. For some measured lines, the reduced
%2 deviates strongly from 1, but the description from Equation (21) is still sufficient for the conclusions considered in this work.

Note added in proof: After the present publication was in press, a revision of the MARVEL analysis appeared, which reduces some of the discrepancies, but some
discrepancies still remain large (T. Furtenbacher, PA. Coles, J. Tennyson, S.N. Yurchenko, S. Yu, B. Druin, R. Tobias, A. Csaszar, J. Quant. Spectrosc. Radiat. Transfer

251,107027(2020)).
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Appendix 2. Hyperfine transitions

Table A2. Because the table VIl in Ref. [46] was misprinted by exchange of some lines we provide here the complete corrected table.

Vib. lev. o I Hyperfine transition v/cm™! v/THz Avyes/MHZ9
1 10,5 < 0g,a F=1«F =1 3355.007220 100.58058612 —1.006
" 10,5 < 0g,a F=2«F =1 3355.007261 100.58058733 0.201
» 10,5 < 0p,a F=0«F =1 3355.007321 100.58058914 2,012
V1 10,5 < 0g,a Line pos.2)?) 3355.007254 100.58058713

v 215 < 11,8 F=2«F =1 3374.551263 101.16650263 —1.016
1 215« 1,2 F=2«F =2 3374.551312 101.16650324 —0.402
V1 21518 F=1«F =1 3374.551325 101.16650364 —0.007
V1 215« 11,8 F=3<«F =2 3374.551334 101.16650389 0.246
" 215« 11,2 F=1<F=0 3374.551376 101.16650517 1527
1 21,5« 1,2 Line pos.2-9) 3374.551325 101.16650365

vi! 11,8 < 0p,a F=1«F =1 3458.614363 103.6865011 0515
v 17,2 < 0p,a F=2«F =1 3458.614342 103.6866494 —0.103
v 11,8 < 0p,a F=0«F =1 3458.614311 103.68664856 —1.031
v 11,8 < 0Og,a Line pos.2) 3458.614438 103.6866524

20§ 10,5 < 0p,a F=1«F =1 3235.914445 97.0102754 —1.022
208 To,s < 0p,a F=2«F =1 3235.914486 97.01027576 0.204
2] 10,5 < 0g,a F=0«F =1 3235.914547 97.01027760 2,043
208 10,5 < 0g,a Line pos.2€) 3235.914479 97.0102756

2 11,8 < 0p,a F=1«<F =1 3251.779682 97.48590239 0517
202 11,8 < 0g,a F=2«F=1 3251.779662 97.48590177 —0.103
w2 11,8 < 0p,a F=0«F =1 3251.779631 97.48590084 —1.034
f? 1,2 < 0p,a Line pos.2 3251.779665 97.4859019

Notes: For details of the hyperfine structure measurements in vy and other levels, we refer to [46]. Further recent discussions of hyperfine structure of NH3 lines
can be found in [91-93].

a) Doppler broadened superposition, we also give parameters for each group of lines.

b) eQq(vi)/MHz = —4.0246(26)

) eQq(vj)/MHz = —4.037(55)

eQq(vi)/MHz = —4.123(29)

eQq(vi)/MHz = —4.0866(35)

f) eQq(vi)/MHz = —4.134(22)

g) shift with respect to line position as stated.
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Figure A1. Measured spectral lines with the Gaussian fit from Equation (21). See also Tables 6 and A1 for a list of all measured frequencies
and the relevant fit parameters.



30 -
20
el
— R(1,0.0)
o — F
= R{1.1.1)
= R(1,0,0)
Sl R(L11)
F—j—NLLT)
L R{0.0,1)
6k
|
1074

P(1,0,1)

m_llia;_{_

C{1.1,1)
—f
——

R{0,0,u)

MOLECULAR PHYSICS 25

Q(3.310)
R(2,10)

(2,1,0)
< + Q(2,2,0)

T R220)

Q(2,1.0)

P(1.0,0)

PRI | CERY ST T

102

Figure A2. Apparent ‘translational temperatures’ of the measured spectral lines. The underlined points in blue show the lines with H =
5.1 mm and the dashed underlined points in red show the lines with H = 2.6 mm. A trend for increased translational temperatures is
visible for higher NH3 concentrations, but also large systematic effects presumably by an uncontrolled variation of H can be seen by two

trend lines.
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