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Terahertz-visible two-photon rotational spectroscopy of cold OD−
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We present a method to measure rotational transitions of molecular anions in the terahertz domain by sequential
two-photon absorption. Ion excitation by bound-bound terahertz absorption is probed by absorption in the
visible on a bound-free transition. The visible frequency is tuned to a state-selective photodetachment transition
of the excited anions. This provides a terahertz action spectrum for just a few hundred molecular ions. To
demonstrate this we measure the two lowest rotational transitions, J = 1 ← 0 and J = 2 ← 1 of OD− anions in
a cryogenic 22-pole trap. We obtain rotational transition frequencies of 598 596.08(19) MHz for J = 1 ← 0 and
1 196 791.57(27) MHz for J = 2 ← 1 of OD−, in good agreement with their only previous measurement. This
two-photon scheme opens up terahertz rovibrational spectroscopy for a range of molecular anions, in particular
for polyatomic and cluster anions.
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I. INTRODUCTION

Molecular spectroscopy is currently seeing a lot of devel-
opment in the terahertz or sub-millimeter wave domain [1–3].
This frequency range of 0.3 to 10 THz started to be explored
about 30 years ago [4], but it has been notoriously difficult to
provide sources and detectors for this part of the electromag-
netic spectrum. The terahertz range encompasses transitions
between rotational states in small molecules such as water or
ammonia and between levels of large-amplitude vibrational
motion in larger molecules and weakly bound clusters [5]. A
notable example is the vibration-rotation-tunneling transitions
in hydrogen-bonded water clusters [6]. The rotational resolu-
tion provides access to detailed information on geometrical
structures and spin interactions, which allows for precise
comparisons with ab initio structure calculations [7].

The terahertz domain is not only important for Earth-based
spectroscopy and imaging [1] but also to explore the interstellar
medium, in particular the distribution of molecules and ions in
cold interstellar and circumstellar molecular clouds [8]. With
the advent of far-infrared observatories (Herschel, SOFIA,
ALMA) this domain has become available for astronomical
observations [9]. Provided laboratory data exists, a wealth
of information on molecules of interstellar importance is
obtained, such as on the molecular ions OH+, OH2

+, OH3
+,

ArH+, and H2D+ [10–12]. Laboratory data in the microwave
regime have lead to the detection of the interstellar anions
C4H−, C6H−, C8H−, CN−, C3N−, and theoretical calculations
allowed for the identification of C5N− [13–20]. An unsuccess-
ful search has been performed for C3H− [21].

New technologies are being developed to improve terahertz
sources, their resolution, precision, tunability, and intensity,
as well as the sensitivity for their detection. Today, the
major approaches for continuous-wave generation with narrow
line width and tunability are quantum cascade lasers [22],
frequency multiplication of microwaves [23], and difference
frequency generation of near-infrared lasers [24,25]. The
latter approach is also the key to terahertz time-domain
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spectroscopy [1]. In addition, improvements in terahertz detec-
tion sensitivity are being explored, e.g., cavity enhancement
techniques [26,27], in order to provide new means for the
spectroscopy of transient species or for trace gas detection.
In the microwave regime, an important advancement in
detection signal-to-noise has been achieved with the chirped-
pulse technique [28,29], which is being extended toward the
terahertz regime [30].

Terahertz spectroscopy for molecular ions remains to be
a major challenge, because number densities in experiments
are orders of magnitude lower than for neutral species. In
plasma discharges direct terahertz absorption spectroscopy
has been achieved for a selection of small molecular ions:
Using diode lasers high lying rotational states of ArH+, NeH+,
HeH+, OH+, H2O+, and OH− have been studied many years
ago [31]. During the following years, rotational states in the
frequency regime below 2 THz have been resolved for several
small molecular cations, including SH+ [32], ArH3

+ [33], the
hydronium ion H3O+ [34], HOCO+ [35] and HCNH+ [36] and
their isotopomers, and C2H3

+ [37]. The direct spectroscopy of
molecular anions in plasma discharges has also received some
attention with the studies of SH− and SD− [38] and OH− and
OD− [39–42].

The low sensitivity and the difficulty to clearly assign tran-
sitions to specific molecular species in these experiments have
stimulated the development of indirect, action-based spectro-
scopic techniques. In radio-frequency ion traps spectroscopy
of mass-selected molecular ions has been developed using
state-resolved laser-induced reactions [43–46], photofragmen-
tation [47–49], and—more recently—laser-induced inhibition
of cluster growth [50,51] as probing schemes, all of which gain
their sensitivity from the detection of the created or remaining
number of ions. Up to now this has made it possible to study
pure rotational transitions in the terahertz for H2D+, HD+, and
OH− [12,52–54].

Here we present a method to measure rotational transitions
of molecular anions in the terahertz domain by sequential
two-photon absorption. Terahertz absorption on bound-bound
transitions is followed by visible absorption on a bound-free
transition that leads to photodetachment of the excess electron.
The method is suitable for a large range of negatively charged
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molecular ions. We demonstrate it by measuring the two
lowest rotational transitions in an ensemble of cold, trapped
OD− anions near 0.6 and 1.2 THz with sub-MHz accuracy in
good agreement with the only previous measurement of these
transitions [39,40]. The method is based on quantum state-
selective near-threshold photodetachment spectroscopy [49].
Absorption of a terahertz photon increases the population
in the respective upper rotational state, which is detected
through photodetachment of the upper state by a second,
visible photon. The present approach allows for the study of
terahertz transitions across a large frequency range and for a
range of negative ions.

II. EXPERIMENT

The experiment has been performed on OD− trapped inside
a 22-pole radio-frequency ion trap (see Fig. 1). Tunable
terahertz radiation for rotational excitation and a visible laser
beam for near-threshold photodetachment are passed into the
trap from opposite directions. The photodetachment part of
the setup has been described previously [49,55]. Ions are
created from a pulsed supersonic expansion of heavy water in a
plasma discharge. OD− ions are mass-selected using a Wiley-

McLaren time-of-flight mass spectrometer. These ions then
travel through several ion optics elements and about several
hundred of them get loaded into the 22-pole radio-frequency
ion trap [56,57]. The trap is mounted on a closed-cycle cryostat
at a temperature of ≈8.5 K. The trapped ions are cooled by
collisions with helium buffer gas that fills the trap at a density
of ≈5 × 1011/cm3. The internal temperature acquired by the
ions in the cooling process has been determined to be about
20 K [49]. It is several Kelvin higher than the trap temperature
as known from other studies [44,52,54,58]. This is mainly
attributed to radio-frequency heating and small imperfections
in the trapping field due to surface patch potentials.

The terahertz radiation that is applied to the trapped ions
is generated from the difference frequency of two continuous-
wave near-infrared diode lasers. We employ a commercially
available photomixer-based cw-terahertz system (TOPTICA
Photonics) [24,59]. The system is based on optical hetero-
dyning of two distributed feedback (DFB) diode lasers, as
shown in Fig. 1. A small fraction of each laser beam is fed
to a wavelength meter WSU (HighFinesse) for frequency
measurement and feedback control of the respective lasers.
The main part of the two laser beams is combined using a fiber
combiner and is intensity-amplified using a tapered diode laser

FIG. 1. Schematic diagram of the major parts of the experimental setup. OD− ions are loaded into a 22-pole ion trap through a quadrupole
bender and series of ion optics. The ions in the trap are exposed to terahertz radiation from an emitter outside the vacuum system, driving the
rotational transitions J = 1 ← 0 (J = 2 ← 1). A ring dye laser for photodetachment, tuned near 680 nm, is focused into the trap to selectively
remove population from the excited J = 1 (J = 2) rotational state. Using a mechanical shutter this laser is blocked during ion loading and
thermalization. The ion signal that persists after a time interval of photodetachment is measured on a micro-channel plate detector.
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FIG. 2. Relative intensity of the terahertz radiation source, mea-
sured as the lock-in signal of the Golay cell detector, as a function of
frequency. The relative intensity is obtained from the lock-in output
of the Golay cell. The frequency is taken as the difference frequency
of the two infrared lasers measured with the wave meter.

amplifier. The output of the amplifier, carrying the beat signals,
is passed onto a photomixer where the terahertz radiation is
generated. This radiation is coupled into free space with a
silicon lens. The difference frequency signal can be tuned
within several seconds across the entire spectral range by
changing the temperature of the DFB laser diodes. To check
the frequency calibration of the wavelength meter we have
performed rotational spectroscopy on neutral CO.

The output power of the terahertz source is estimated with
a Golay cell (Tydex) bolometric detector to a range between a
few hundred down to a few nanowatts. The lock-in signal from
the Golay cell is shown in Fig. 2 as a function of the detuning
of the two DFB lasers. Terahertz radiation is provided over a
wide and continuous tuning range from about 0.1 to 1.6 THz.
The output power decreases roughly as frequency to the third
power. At 600 GHz the absolute terahertz power is estimated
to be about 250 nW at the output of the photomixer, derived
by calibrating the Golay cell with near-infrared radiation.
The spectral linewidth of the terahertz radiation is derived
by measuring the beating signal of the two DFB lasers on a
fast photodiode at a difference frequency of only a few GHz.
In this way a linewidth of 4 MHz is determined. This value is
the consequence of the finite linewidths of the two lasers. It is
in our case given by the linewidth of one of the two DFB laser
diodes, which is specified to have a linewidth of a few MHz.
The second diode is specified to have a linewidth well below
1 MHz.

The terahertz emitter is installed along the axial direction
of the ion trap close to one of the endcap electrodes, as shown
in Fig. 1. The terahertz radiation is passed into the vacuum
system through a teflon window. Inside the ion trap the OD−

ions are exposed to the radiation, which is scanned in frequency
around the rotational transition J = 1 ← 0 (J = 2 ← 1). Any
population change in the upper rotational state J = 1 (J = 2)
is probed by state selective photodetachment of OD− from that
state to neutral OD. This is performed with a tunable cw ring
dye laser near 680 nm (Matisse, Sirah). At a photon energy
near 14 715 cm−1 (14 699 cm−1), the laser probes ions that

populate the J = 1 (J = 2) state. Absorption of the visible
photon is determined by measuring the remaining ion signal
after extraction from the ion trap on a microchannel plate
detector.

III. RESULTS

Figure 3 shows the measured terahertz action spectra.
The signals of the remaining OD− ions in the trap, after
photodetachment from J = 1 and J = 2, respectively, are
plotted in Figs. 3(a) and 3(b) as a function of the terahertz
frequency. After a thermalization time of 4 s, during which the
photodetachment laser is blocked with the mechanical shutter,
the ions have been exposed to this laser for a fixed time of 0.46
and 2.3 s, respectively. These times where chosen because they
correspond to the respective 1/e lifetimes of the ions due to
photodetachment and yield an optimized signal-to-noise ratio
for the terahertz depletion signals. The terahertz radiation is

20 15 10 5 0 5 10 15 20

0.8

1.0×
×

1.2

Frequency 598596.08 (MHz)

Io
n

si
gn

al
10

4
(a

rb
. u

ni
t)

(a)

20 15 10 5 0 5 10 15 20

1.0

1.2

1.4

Frequency 1196791.57 (MHz)

Io
n

si
gn

al
10

4
(a

rb
. u

ni
t)

(b)

FIG. 3. Plots of ion signal of OD− anion after the photodetach-
ment from J = 1 in (a) and J = 2 in (b) as a function of THz radiation
frequency. On resonance, ions are pumped into the next higher
rotational state [J = 1 ← 0 in (a) and J = 2 ← 1 in (b)]. The increase
in population is probed using state selective photodetachment in
J = 1 in (a) and J = 2 in (b). The energy manifold (inset) illustrates
the THz excitation from J = 0 to 1 (J = 2 ← 1), marked as a blue
arrow and photodetachment from J = 1 (J = 2) as a red arrow. The
measured data is fitted using a Lorentzian profile. From the fit, the
central frequency is obtained as f01 = 598 596.077(188) MHz for
J = 1 ← 0 and f12 = 1 196 791.573(266) MHz for J = 2 ← 1.
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applied continuously. The data points are obtained from the
average of 40 spectral scans. The plotted error bars are derived
from the standard deviations of the individual measurements.
The insets in Fig. 3 also show the relevant rotational states
of OD−, the bound-bound rotational transitions at frequencies
f01 and f12, and the bound-free photodetachment transition to
the electron continuum.

The OD− absorption spectra shown in Fig. 3 have been fitted
to a Lorentzian profile, since the linewidth of the terahertz
radiation source is dominant over the Doppler width of the
ion ensemble, expected to be less than 1 MHz (FWHM) for
both transitions. From the fits, the central frequencies and
the statistical precisions for the J = 1 ← 0 and J = 2 ← 1
transitions are determined to be f01 = 598 596.08(19) MHz
and f12 = 1 196 791.57(27) MHz, respectively. The fitted
linewidths amount to 2.6 and 2.0 MHz (FWHM) for the two
transitions. This is slightly smaller than the width determined
on a photodiode at a low difference frequency, as presented
above. This is attributed to the fact that the linewidth of the
spectrally broader laser diode changes with temperature or
frequency, respectively, and reaches lower values at higher
difference frequencies.

IV. DISCUSSION

The two studied rotational transitions have previously been
observed once in experiments by Cazzoli and Puzzarini,
which were performed with a plasma discharge tube [39,40].
An earlier experiment, which employed rotationally resolved
infrared spectroscopy, obtained the transition frequencies with
lower resolution [60]. The comparison of our values with
the previous results is shown in Table I. The frequencies
obtained in this work agree within two standard deviations for
the J = 1 ← 0 frequency transition and within one standard
deviation for the J = 2 ← 1 frequency transition. From the
two rotational frequencies of OD− we have calculated the
vibration-rotation term values Bv=0 and Dv=0 in the ground
vibrational level. The calculated values are compared with
previous work and listed in Table II. Again, our data shows
good agreement with the previous results [39,40,42,60].

The precision of our transition frequencies is currently still
a factor of three to six below that in the study of Cazzoli and
Puzzarini [39,40]. Improvements of our method to reach their
precision will be accomplished by improving the signal-to-
noise ratio in the experiment. To achieve this a more stable
transfer of the ions from the source to the ion trap and a faster
data acquisition cycle are currently being implemented. Note,
however, that already with the present precision the key benefit
of our approach is that a small sample of a few ions, which can
be mass-selected prior to the experiment, is sufficient and that

reactive collisions do not play a role in the cryogenic helium
buffer gas environment.

From the measured depletion signals the intensity of the
terahertz radiation in the trap can be estimated. For this purpose
the rate equation system for the two lowest rotational states
J = 0 and 1, coupled by the terahertz radiation, the photode-
tachment losses of the upper state and the known inelastic
collisions [61] has been solved. For the observed depletion
of about 25% [see Fig. 3(a)] a terahertz excitation rate of
about 5–10/s has been extracted for the fundamental transition.
With the dipole matrix element for this transition [62], this
rate implies a terahertz power irradiating the ion cloud of
about 20–40 nW near 600 GHz. This power is more than a
factor of ten weaker than the estimated power delivered by the
terahertz photomixer, predominantly because of the imperfect
transmission of the radiation, with a wavelength of 0.5 mm,
into the ion trap through its 6.6-mm inner diameter endcap
electrodes. These losses will be reduced with an optimized ion
trap configuration that is based on a larger separation between
the rf rods to allow passing the terahertz radiation radially into
the ion trap.

State-selective photodetachment spectroscopy will be ap-
plicable to a range of molecular anions. An interesting system
to explore is the cluster H3O2

−, the smallest deprotonated
water cluster. Its structure is characterized by a central proton,
which is delocalized between two classical minimum energy
structures in the Born-Oppenheimer potential energy surface.
The photodetachment cross section of this system near thresh-
old shows a strong dependence on the trap temperature [49],
which is indicative for its sensitivity to the population of
the rotational and low-lying vibrational states. Rotationally
resolved spectra will provide new and detailed information on
the nonclassical ground state of this cluster anion.

Spectroscopy in this frequency range is also needed to
search for molecular line emission from interstellar molecular
clouds and to help understand the chemical networks that lead
to the formation of these molecules. Currently, the cation and
neutral states of hydroxyl have been observed [10,63], but not
the OH− and OD− anions. Nitrogen hydrides, the NH+ and
NH2

− ions, have been searched for and a tentative assignment
of the NH2

− anion has been made at an offset of 141 MHz,
roughly within the estimated accuracy for the transition
frequency [64]. Clearly, direct rotational spectroscopy is
needed to improve this accuracy and clarify the tentative
assignment.

In general, sufficient conditions for the application of our
approach to rotational spectroscopy are that photodetachment
occurs by s-wave electron emission, which guarantees a high
cross section near threshold, and that the Franck-Condon factor
for the transition to the vibrational ground state of the neutral

TABLE I. Comparison of frequencies (in MHz) of the rotational transitions for OD− J = 1 ← 0 and J = 2 ← 1 measured in this work
and in previous studies.

J ′ ← J This work Cazzoli and Puzzarinia Rehfuss et al.b

1 ← 0 598 596.08(19) 598 596.419(63) 598 594.4(12.8)
2 ← 1 1 196 791.57(27) 1 196 791.739(48) 1 196 789.6(26.6)

aFrom Refs. [39,40].
bFrom Ref. [60].
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TABLE II. Comparison of rotational constants (in cm−1) of OD− measured in this work and in previous studies:

This work Cazzoli and Puzzarinia Rehfuss et al.b Yonezu et al.c

B0 9.984 621 4(42) 9.984 628 6(13) 9.984 59(7) 9.984 628 4(15)
D0 5.5675(64)×10−4 5.5747(11)×10−4 5.549(5)×10−4 5.575 71(60)×10−4

aFrom Refs. [39,40].
bFrom Ref. [60].
cFrom Ref. [42], combined with data from Refs. [39,40].

is of sufficient strength. Many molecular anions, including
polyatomic anions, fulfill these conditions. The frequency
range of the method is limited at the low-frequency end
by a sufficiently large population difference, which requires
a sufficiently low temperature. With an ion temperature of
4 K, transition frequencies down to below 200 GHz become
accessible. The available terahertz power limits the detection
sensitivity at high frequencies to about 1.5 THz.

V. CONCLUSION

We have presented a method for terahertz action spec-
troscopy of negatively charged molecules by two-photon de-
tachment action spectroscopy. Using a widely tunable terahertz
source, we have measured the J = 1 ← 0 and J = 2 ← 1
rotational transitions of OD− anions in a 22-pole ion trap using
a two-photon bound-bound, bound-free spectroscopy scheme.
The sensitive detection of terahertz absorption by a small
ion ensemble is provided by state-selective near-threshold
photodetachment. Our experimental results demonstrate a high

spectral resolution, which compares well with a previous
plasma discharge experiment [39,40] and affords a wide
tunability of the radiation source over more than one terahertz.
Further improvements of the accuracy and the sensitivity
of the method are possible. With this, new spectroscopic
studies of diatomic and polyatomic molecular anions as well
as molecular cluster anions, such as NH2

− and H3O2
−,

become feasible. Such high resolution spectra can provide
precision tests of quantum mechanical structure calculations,
in particular when tunneling splittings create nonclassical
ground states. New laboratory data on spectral signatures in the
terahertz range may also aid the detection of further molecular
ions in the interstellar medium.
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