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Abstract

A Doppler-free technique for direct absorption spectroscopy of rotationally cold molecular ions in the millimeter wave
range is presented. The method uses a double modulation technique, based on a simultaneous modulation of a frequency
doubled microwave sweeper and a pulsed slit nozzle, incorporating a discharge in a high-pressure supersonic expansion. The
performance is demonstrated with the observation of the hyperfine structure of the Js2§1 pure rotational transition of
N Hq. Further perspectives of the method are discussed. q 1998 Elsevier Science B.V. All rights reserved.2

1. Introduction

The most common technique in the infrared and
submillimeter range for direct absorption spec-
troscopy of molecular ions and radicals has been
based on electrical discharges in long and cryogeni-

w xcally cooled cells 1 . Uniform plasmas with high
molecular densities have been obtained in hollow

w xcathode geometries 2 and magnetically enhanced
w xnegative glow discharges 3 . Velocity modulation

w xhas further increased the detection limit 4 . How-
ever, the spectroscopy suffers from the disadvantages
that are typical for cell environments: high rotational
temperatures and Doppler-limited resolution. There-
fore much effort has been put in recent years into the
development of a technique that combines the advan-
tages of plasma generation and supersonic slit nozzle
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w xexpansions 5 . The latter provide a Doppler-free
environment and combine high molecular densities
and long absorption pathlengths with an effective
adiabatic cooling. Several methods have been pro-
posed to obtain a stable plasma over the total length
of the slit, varying from ablation and photolysis to

w xdischarge and electron impact ionization 6 .
w xDoppler-free spectra of rotationally cold radicals 5 ,

w x w xions 7 and recently, ionic complexes 6,8 have
been observed, mainly in the infrared and visible
region. However, applications in the millimeter wave
range are generally missing. This is astonishing,
particularly in view of all the far infrared studies that
have been reported in the last ten years using slit
nozzle expansions for the study of weakly bound

w xmolecular complexes 9 . It appears logical to extend
direct absorption millimeter wave experiments to
ionic complexes as well, as the intermolecular mo-
tions are associated with energies typically of the
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order of 3–50 cmy1. In this Letter an attempt in this
direction is reported.

2. Experiment

The N Hq ions were produced in a pulsed slit2

nozzle incorporating a discharge in a high-pressure
expansion. The discharge current is adjusted by the
applied voltage and limited by a protective resistor.
The source was initially developed for cavity ring-
down spectroscopy on long unsaturated carbon chains

w xand has been described in Refs. 10,11 . A cross-sec-
tion is shown for convenience in Fig. 1. The orifice
of the slit comprises an insulator, a metal plate, a
second insulator and two sharp plates that form the

Ž .actual slit 30 mm=250 mm, 608 exit angle . A
Ž .pulsed negative voltage of ;400 V 300 ms is

applied, to the jaws via a 1 kV ballast resistor. The
discharge strikes to the inner metal plate that is
grounded. In this way an efficient cooling is ob-
tained, as the localized discharge before the expan-

sion does not interfere with the subsequent cooling
in the expansion. This is an important advantage

w xcompared to previously developed systems 12,13
where the plasma is formed in the expansion. The
geometry furthermore prohibits HV arcing to the

Ž .pulsed valve 28 Hz, 350 ms , which is mounted on
top of the body and regulates the gas flow into the
nozzle. Typically flows of 200 ml H , 50 ml N and2 2

500 ml He per minute with a total backing pressure
of 3 bar were used. The nozzle is located in a glass
cross-piece that is evacuated by a 500 m3rh roots
blower system to achieve background pressures of
;0.1 mbar during jet operation.

The discharge source was integrated in the
Cologne millimeter and submillimeter wave spec-

w xtrometer 14 . The tunable radiation in the current
experiment is generated by a microwave sweeper
Ž .78.33–118.1 GHz and higher frequencies are ob-
tained by generating higher harmonics in a broad-
band frequency multiplier with a Schottky barrier

w xdiode 15 . The output of the multiplier is guided by
Ža set of lenses through the jet ;5 mm downstream

Ž .Fig. 1. Cross-section of the high-pressure pulsed supersonic slit nozzle discharge. The orifice consists of a ceramic insulator 1 , a metal
Ž . Ž . Ž . Ž .plate that is grounded 2 , a second insulator 3 and two sharp stainless-steel jaws 4 that form the actual slit of 30 mm=250 mm 5 .

Ž .Both insulators and metal parts are mounted to the body of the nozzle by electrically isolated screws 6, 7 . A pulsed negative high voltage
Ž . Ž .y380 V, 150–300 ms is applied to the jaws via a 1 kV protective resistor in series at the moment that a high-pressure pulse 3 bar
expands through the channel. The discharge strikes to the grounded plate, localizing the reaction zone to a region upstream of the expansion.

Ž . Ž . Ž .The floating body of the nozzle 8 is connected to an electro-magnetic driven pulsed valve 9 via an O-ring seal 10 . A small plastic
Ž .poppet 11 controls the gas flow into the nozzle volume.
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.of the orifice and is detected by a liquid-helium-
cooled InSb detector. The detector signal consists of
two types of frequency components; a 20 kHz fre-
quency modulation of the synthesizer and a 28 Hz
modulation of the jet. To effectively compensate for

Ž .the low-duty cycle in the pulsed expansion ;1% ,
the 20 kHz FM signal is demodulated using lock-in

Ž .techniques t s0.7 ms and recorded using a dou-RC

ble-gated boxcar integrator. The second gate is used
for background substraction. The principle of this
double modulation technique for the detection of
weak absorption signals in a pulsed jet has been

w xdescribed in more detail previously in Ref. 16 . A
further reduction of the noise level is obtained by
inserting a sharp high-pass filter between the detec-
tor and the lock-in.

3. Results and discussion

The protonated nitrogen cation N Hq has been2

taken as a test case. This molecular ion was initially
w xdiscovered in space 17 and has been studied in

w xdetail in laboratory infrared 18,19 and far infrared
w x20–22 experiments. The hyperfine splitting con-

stants are known from high-resolution work on the
Js1§0 pure rotational transition around 93.174

w xGHz 23 . More accurate values were obtained in a
w xrecent radio-astronomical study 24 . The hyperfine

structure of the Js2§1 transition can be predicted
with these constants, but was not observed until now,
presumably because a method that combines
Doppler-free spectroscopy in a frequency range above
120 GHz was missing.

In Fig. 2 an accumulated spectrum of ten subse-
quent scans is shown. The bars show the line posi-
tions and relative line intensities of the six hyperfine
components that are expected from the quadrupole
interaction of the outer nitrogen atom, using the

w xvalue for eqQ as derived in Ref. 24 . The inset
shows all 26 components that arise when the inner
quadrupole is taken into account as well. These
splittings cannot be resolved and cause the overall
pattern to be broadened. In Table 1 the line position

Ž X . Ž .of the F , F s 1, 1 is listed as well as the aver-1 1
Ž . Ž .aged value for the partially resolved 2, 1 r 3, 2 and

Ž . Ž . Ž .unresolved 2, 2 r 1, 0 components. The 1, 2 tran-
sition is too weak to be observable. The hyperfine
structure constants can be derived by fitting these
frequencies together with the previous astronomical

Fig. 2. The partially resolved hyperfine structure of the Js2§1 pure rotational transition of N Hq, measured in a supersonic slit nozzle2

plasma. The bars show the expected hyperfine structure components when only the quadrupole of the outer nitrogen is considered. The inset
shows the hyperfine structure when the quadrupole interaction of both inner and outer nitrogen is taken into account.
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Table 1
Observed hyperfine structure components of the Js2§1 pure
rotational transition of N Hq

2
XF §F y y1 1 obs calc

2–2 186342.942
Ž .186343.054 7

1–0 186343.227
2–1 186344.652

Ž .186344.808 5
3–2 186344.774

Ž .1–1 186347.524 9 186347.502

The theoretical values are obtained using the constants as listed in
the text. All values are in MHz.

data of the Js1§0 transition with a hyperfine
w xstructure Hamiltonian as used in Ref. 24 . Since the

hyperfine pattern is only partially resolved in the
current experiment, limiting both the accuracy and
number of transitions, only a minor gain in accuracy

Ž . Ž .is obtained, yielding eqQ sy5.6902 21outer N
Ž . Ž .MHz, eqQ sy1.3583 29 MHz, C sinner N outer N
Ž . Ž .0.01175 42 MHz and C s0.00868 52 MHz.inner N

The use of these frequencies in a rotational fit does
not improve the values found for B and D in Ref.
w x21 .

From previous experiments around 200 GHz on
neutral complexes, linewidths of the order of 300–

w x Ž .400 kHz are expected 16 . The 1.0"0.1 MHz
linewidth found here is due to unresolved hyperfine
structure. The signal to noise ratio of the strongest
component amounts to ;17, which explains why
the Js1§0 transition could not be observed with
the current apparatus, especially, when the low rota-
tional temperature typical for this type of expansion
Ž w x.;20 K 10 is taken into account.

Due to the limited time in which the Basel and
Cologne apparatus could be combined, many possi-
ble optimalizations were not performed. The low
pumping rate of 500 m3rh allowed only moderate
backing pressures. The lack of a multipass system
limited the total effective absorption pathlength to 3
cm. Whereas high voltages of the order of 3 kV
Ž .300–500 mA are normally used in hollow cathode
devices, here -400 V at 20 mA is applied. This
restriction is mainly due to sparks in the vacuum
chamber that occur for larger voltages and that cause
the detection scheme to go into overload. The nega-

tive high voltage on the jaws is necessary for stable
plasma conditions, as has been pointed out in Ref.
w x5 , but for the production of positive ions this may
be less favourable. However, even under these condi-
tions signal to noise ratios are obtained that are
comparable to conventional techniques, with a reso-
lution that is typically a factor 2 better and with a
rotational temperature that is an order of magnitude
lower. Taking these factors into account and compar-
ing the result with former data obtained in discharge
cells, an absolute density of ;1011 N Hqrcm3 is2

estimated in the probe zone. From recent experi-
q q w xments on Ar–HCO and Ar–HN 6,8 complexa-2

tion factors between 5 and 15% have been found,
yielding estimated densities for such complexes of
the order of 0.5=1010 to 1.5=1010 cmy3.

Whereas it is clear that this technique offers a
good alternative to conventional millimeter wave
methods for the study of molecular ions, it is ex-
pected that the current method should be also sensi-
tive enough to allow direct absorption spectroscopy
of ionic complexes. Especially, when the points men-
tioned above are improved in future experiments.
The extension to the submillimeter wave range will
give direct access to the spectroscopy of intermolec-
ular motions, as has been demonstrated in numerous
studies on weakly bound neutral complexes. This
will be of interest, particularly in view of the role
that ionic complexes are thought to play in chemical
processes as reactive intermediates; a detailed char-
acterization of the intermolecular energy potential
surfaces in this case will give direct information on
chemical reactions at the fundamental level of
molecular motions.
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