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ABSTRACT

The ground-state inversion-rotation transition of ammonia at 572.498 GHz has been investigated in the laboratory using a sourcemodulation microwave spectrometer equipped with a double-pass cell. The experiment has been carried out at a pressure lower than
0.5 mTorr, thus enabling to record a Lamb-dip spectrum showing a partial resolution of the magnetic hyperfine structure due to the
three proton spins. The achieved high resolution proved to be comparable to that of molecular beam experiments. This measurement
provides very precise rest frequencies of the JK = 10 ← 00 transition and of its hyperfine components, which fall in a spectral region
covered by the HIFI instrument on board the Herschel satellite.
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1. Introduction
Ammonia is one of the first molecules that was found in the interstellar medium (Cheung et al. 1969), detected by observing
one of its several inversion transitions falling near 1.3 cm. The
rotational energy levels (for a diagram see Ho & Townes 1983)
of this oblate symmetric top molecule are denoted by the quantum numbers J and K corresponding, respectively, to the total
angular momentum and its projection along the ternary symmetry axis. Considering the C3v point group, the ground-state rotational states can have A1 + A2 symmetry (K = 3n, n integer1)
or E symmetry (K  3n): since the total wavefunction has to be
antisymmetric (A2 symmetry) upon exchange of two fermions,
only H-spin functions of species A1 are allowed for the K = 3n
states, and of species E for K  3n. The former are called ortho
states, with all H spins parallel, and the latter are para states. In
addition, because of the inversion motion of the N atom through
the plane of the H atoms, each rotational energy level but the
K = 0 levels is split into an inversion doublet; in the K = 0 case
one level of the inversion pair has null statistical weight.
Transitions within this complex energy scheme must obey
the dipole selection rules ΔK = 0 and ΔJ = 0, ±1, thus there
are nonmetastable states (J > K), which can be relaxed through
ΔJ = −1 transitions, and metastable states (J = K), which can
be relaxed only through slow collisions connecting K-ladders
with K diﬀering by 3. Therefore, the ΔJ = 0, ΔK = 0 inversion
transitions across the doublets with J = K have been extensively
used to observe molecular clouds from ground; with Einstein A
coeﬃcients of the order of 10−7 s−1 (Ho & Townes 1983), they
have critical densities of about 103 cm−3 .
On the other hand, inversion-rotation transitions have
Einstein A coeﬃcients larger by about four orders of magnitude
and higher critical densities (>107 cm−3 ) (Liseau et al. 2003), but
1
For nondegenerate K = 0 states, A1 and A2 species alternate with J,
thus A1 states should have null statistical weight. In fact, because of the
inversion, all Js are present in the K = 0 ladder, but with alternating
inversion symmetry.

fall in the submillimeter-wave and far-infrared regions, therefore
they cannot be observed from ground because of the opacity of
the terrestrial atmosphere.
The ground-state rotation-inversion transition of ammonia,
the subject of the present study, occurs at 572.5 GHz, and it connects the JK = 00 level, with − parity upon inversion, to the
JK = 10 level, with + parity; it was detected for the first time
by Keene et al. (1983) in OMC-1 by NASA’s Kuiper Airborne
Observatory; more recently, it has been detected with the spaceborne submillimeter telescope Odin (Larsson et al. 2003; Liseau
et al. 2003; Persson et al. 2009).
In the laboratory, after the first studies of Gordy and coworkers (Helminger et al. 1971, and references therein), it was
recorded by Winnewisser et al. (1996) with sub-Doppler resolution, allowing them to resolve three hyperfine components. The
inversion-rotation levels with J  0 are split by hyperfine interactions, specifically they are split into three hyperfine states by
the electric quadrupole coupling of the N nucleus, resulting in
three components of the JK = 10 ← 00 line. However, weaker
magnetic interactions due to the three protons induce further
splittings, which could be resolved in inversion transitions detected in quiescent dark clouds (see Ho & Townes 1983) and,
in the laboratory, by the molecular beam technique (Ruben &
Kukolich 1974, and references therein).
To measure a very accurate rest frequency of the JK = 10 −00
transition of ammonia, which may also be aﬀected by pressure shift, we carried out saturation measurements at very low
pressure; in this regime we could record a very high-resolution
Lamb-dip spectrum with the magnetic hyperfine structure partially resolved. After a brief discussion about the hyperfine
Hamiltonian, an analysis of the experimental spectrum and the
resulting accurate rest frequency is presented in the following.

2. Hyperfine Hamiltonian
The complex hyperfine structure (hfs) of the inversion-rotation
transitions of ammonia is due to the interactions of the electric
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and magnetic multipole moments of the nuclei with their molecular environment. For NH3 there are five physical interactions,
namely: N quadrupole coupling, N spin-rotation coupling, H
spin-rotation coupling, N-H spin-spin interaction, and H-H spinspin interaction.
The hfs Hamiltonian, in Cartesian form, including these interactions can be written as:
Hhfs

1 N N
V · Q − IN · M N · J
6
3

−
I Hi · M Hi · J

=

i=1

+

3


1 
IH · DHi −H j · IH j ,
2 i=1 j=i i
3

IN · DN−Hi · IHi +

i=1

3

(1)

where J, IN , and IHi represent, respectively, the total rotational
angular momentum of the molecule, the spin of the nitrogen nucleus, and the spin of the ith proton; QN is the nuclear quadrupole
moment tensor, and the V N is the electric field gradient tensor for the N nucleus: the coupling tensor corresponding to the
quadrupole Hamiltonian is indicated as (eQqi j )N ; M N/H is the
spin-rotation coupling tensor for the N or the H nucleus, and
DN−H and DH−H are, respectively, spin-spin coupling tensors for
the N–H and H–H pairs.
The matrix elements of these Hamiltonian terms may be conveniently evaluated in the coupling scheme:
J + IN = F N
I H1 + I H2 + I H3 = I
FN + I = F.
Cook & De Lucia (1971) used the theory of irreducible tensor
operators to evaluate such elements, which are now implemented
in Pickett’s SPCAT/SPFIT program suite (Pickett 1991) for accurate prediction and analysis of hfs in spectra.
In the case of the JK = 10 − 00 transition, only the upper state is aﬀected by hyperfine interactions. Because of the
N quadrupole coupling (IN = 1), there is a larger splitting into
three states (FN = 1, 2, 0), and each of them is further split by
magnetic interactions. Because JK = 10 is an ortho state, the
total spin of the protons is I = 32 , therefore FN = 1, 2, and 0
states are split into 3, 4, and 1 levels, respectively. This hyperfine
structure was studied by Marshall & Muenter (1981) by means
of Stark-hyperfine measurements using molecular beam electric
resonance (MBER) spectroscopy: their hyperfine constants have
been used to analyze our spectrum.

3. Experimental details and spectra analysis
The spectrum was observed with a frequency-modulated
millimeter-wave spectrometer (Cazzoli & Dore 1990a) equipped
with a double-pass absorption cell (Dore et al. 1999) made of
a Pyrex tube 3.25 m long and 5 cm in diameter. The radiation source was a frequency sextupler (Radiometer Physics)
driven by a Gunn oscillator working in the region 77–116 GHz
(Carlstrom Co). Two phase-lock loops allow the stabilisation
of the Gunn oscillator with respect to a frequency synthesizer,
which is driven by a 5-MHz rubidium frequency standard. The
frequency modulation of the radiation is obtained by the sinewave at 1.666 or 0.666 kHz modulating the reference signal of
the wide-band Gunn-synchronizer (total harmonic distortion less
than 0.01%); the signal, detected by a liquid-helium-cooled InSb

Fig. 1. Lamb-dip spectrum of the NH3 transition showing 14 N hfs and
H hfs. The numbers below each of the three nitrogen quadrupole components refer to FN ← FN quantum numbers, crossover resonances are
indicated by an arrow. The magnified windows show the splittings due
to the proton spin interactions, and the spectral features are labelled by
the final value of the total angular momentum quantum number.

hot electron bolometer (QMC Instr. Ltd. type QFI/2), was demodulated at 2-f by a lock-in amplifier.
A commercial sample of NH3 , without any further purification, was employed to fill the cell at a pressure of a few mTorrs,
later the gas was pumped out, and, maintaining a slow-flow
pumping, the very tiny degassing from the cell walls provided
a sample pressure of a few tenth of mTorr, which proved to be
appropriate for saturation spectroscopy. This very low pressure
regime, the double-pass arrangement, and proper source power
allowed the detection of a Lamb-dip spectrum (Costain 1969;
Winton & Gordy 1970), whose high resolution is shown in the
magnified windows of Fig. 1, where splittings of ∼30 kHz are
well resolved.
Another advantage of working at low pressure is to minimize the frequency shift due to intermolecular collisions: its
value for the transition under study was determined to be
+6.10(7) MHz/Torr (Belov et al. 1984), which is in good agreement with the theoretical value of +5.2 MHz/Torr (Buﬀa &
Tarrini 1983) estimated to be equal for all hyperfine components
(2009, private comm.), Therefore, the measured hyperfine frequencies are all aﬀected by a small systematic error, which can
be estimated to be about +2 kHz.
Lamb-dip spectroscopy suﬀers from an apparent drawback,
the occurrence of crossover resonances (Winton 1972; Letokhov
& Chebotayev 1977). These are dips due to the saturation of
overlapping Gaussian profiles of two transitions with a common
energy level and which occur midway between the two transition frequencies; there is a sample of velocity-selected molecules
with equal but opposite Doppler shifts from each of the central frequencies, if the radiation travels forward or backward.
These additional spectral features add complexity to the possibly crowded spectrum, but on the other hand they provide additional, and not always redundant, data relative to the transition
frequencies.
In the spectrum shown in Fig. 1, the nitrogen hfs appears as a
well resolved triplet. The hydrogen hfs should appear as a quartet
in the FN = 2 ← 1 component, and as a triplet in the FN = 1 ← 1
component; in fact, the quartet and the triplet are both partially
blended into a doublet, and in the former a crossover resonance
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Table 1. Observed hyperfine frequencies and residuals of the JK = 10 ← 00 transition of NH3 .
Order number
1
2
3
4
5
6

FN ←FN
1←1
2←1
0←1

F
2.5, 1.5
0.5
3.5
2.5
0.5, 1.5
1.5

crossover transitionsb
1−3
1−4, 5
2−4, 5
3−4
1−6
3−6
4, 5−6

Frequencya
(MHz)
572 497.1247(5)
572 497.1565(5)
572 498.3391(5)
572 498.3885(10)
572 498.3979(10)
572 500.1913(5)

Residual
(kHz)
Fit I Fit II
0.1 −0.1
−0.7 −0.1
0.4
0.0
1.6 −0.1
−1.2
0.1
−0.1
0.1

572 497.7314(10)
572 497.7588(10)
572 497.7766(10)
572 498.3643(10)
572 498.6595(10)
572 499.2650(10)
572 499.2920(10)

−0.6
−0.3
0.5
1.5
1.2
−0.1
−1.2

rmsres c / kHz
σd

0.9
1.02

−0.6
−0.3
1.0
0.4
1.3
−0.2
−0.9
0.6
0.59

a

b
Estimated uncertainties are reported in parentheses in units of the last quoted
  digit; in the first column the order
  numbers of the dips corre2
residual
(residual/uncert.)2
c
d
·
sponding to the crossover resonance are reported; rms error of residuals: N observations ; fit standard deviation:
degrees of freedom

Table 2. Hyperfine constants and central frequency of the JK = 10 ← 00 transition of NH3 .
Hyperfine constant
(eQq)N , N quadrupole coupling / MHz
CN ,N spin-rotation
/ kHz

H
H
+ Myy
− 12 Mxx
, H spin-rotation / kHz
D1 , N–H spin-spin / kHz
D3 , H–H spin-spin / kHz
Center frequencyc / MHz

Fit Ia
−4.08983(2)
6.774(9)
17.859(7)
−2.373(4)
27.55(6)
572 498.15977(20)

Fit IIb
−4.08984(70)
6.91(17)
17.20(23)
−2.91(25)
31.6(15)
572 498.15994(19)

a
Hf-constants with their errors from Marshall & Muenter (1981) were fixed in the fit; b standard errors from the fit are reported in units of the last
quoted digit; c in parenthesis is reported the statistical error from the fit; in addition, a systematic error of +2 kHz due to pressure shift has to be
considered, see text.

appears in the middle2. The full profiles of such multiplets have
been analyzed (Cazzoli & Dore 1990b; Dore 2003) to derive the
frequencies of the hyperfine components and of the crossover
resonances: they are listed in Table 1.
Contributions to the hfs come from the nitrogen quadrupole
coupling and perpendicular spin-rotation constants ((eQqzz)N
and CN ), the average of two diagonal components of the hyH
drogen spin-rotation coupling tensor 12 (M H
xx + Myy ), and, in addition, there is the slight contribution due to the z components
of the N–H spin-spin and H spin-spin coupling tensors (D1 =
H−H
− 12 DN−H
zz , D3 = Dzz ). The derived frequencies reported in
Table 1 were fitted by means of Pickett’s SPFIT fitting program
(Pickett 1991), dealing with the hyperfine constants in two ways:
i) fixed at the values determined by Marshall & Muenter (1981),
and ii) as fit parameters. The rms error of residuals is lower than
1 kHz for both fits (see Table 1), and the results, reported in
Table 2 as Fit I and Fit II, show an agreement between the two
sets of hf-constants within 3σ. Therefore, we may conclude that
present Lamb-dip data carry information with frequency resolution comparable to molecular beam data.
2

The higher-frequency component of this doublet is a blend of two
dips 10 kHz far apart, as apparent from its width. The two dip frequencies have been determined by a full-profile analysis.

4. Conclusion
The Lamb-dip spectrum of the ground-state transition JK =
10 ← 00 of ammonia recorded at very high resolution allowed us to resolve not only the hyperfine structure due to N
electric quadrupole coupling, but also, partially, the structure
due to the magnetic coupling of N and H spins. This resolution has been achieved for the first time using conventional
absorption spectroscopy and the hyperfine results obtained are
comparable to the molecular beam data. MBER spectroscopy
has been used to measure radiofrequency transitions within the
inversion-rotation level JK = 10 (Marshall & Muenter 1981) to
obtain its hyperfine properties with the high accuracy allowed
by this technique, where line broadening is drastically reduced.
However, the present sub-Doppler measurements, carried out in
the submillimeter-wavelength region, allowed us to directly detect the hyperfine components of the JK = 10 ← 00 inversionrotation transition.
Because of the low-pressure regime of the experiment, the
collisional frequency shift occurring in laboratory measurements
has been minimized, therefore the consequent systematic error aﬀecting the transition frequency is reduced. The pressure
shift for the present measurements can be estimated to be about
+2 kHz, a value that can be used to correct the hyperfine
frequencies: they are listed in Table 3 as predicted from the
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Table 3. Predicted hyperfine frequencies of the JK = 10 ← 00 transition
of NH3 .
FN −FN

F

1−1

2.5
1.5
0.5
3.5
2.5
0.5
1.5
1.5

2−1

0−1

Frequency
(MHz)
572 497.1220
572 497.1286
572 497.1573
572 498.3387
572 498.3869
572 498.3989
572 498.3992
572 500.1914

Line strength
2.000
1.333
0.667
2.667
2.000
0.667
1.333
1.333

central frequency and the hf-constants reported in column Fit I
of Table 2.
The hyperfine structure is useful primarily in determining the
optical depth of a transition. Any spectrum observed in opticallythin conditions should show an intensity ratio between its hf
components corresponding to the ratio of their line strengths3 ,
while if the spectrum is optically thick, the hf transitions will
be observed with the same intensity: therefore, the observed hyperfine line intensity ratio gives information on the optical depth
of the spectrum. Thus, the present results may help in analyzing future detections at high resolution of the inversion-rotation
transition JK = 10 ← 00 of NH3 by the HIFI instrument on board
the Herschel satellite.

3
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The line strength S i j is the square of the i j component of the electric
dipole transition moment computed with μ = 1: values of S i j for the
present hfs are reported in Table 3.
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