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Abstract. We present the first laboratory measurements of the hyperfine structure of theJ = 1 ← 0 rotational transition
of N2D+, a good tracer of the dense regions of molecular cloud cores, and the spectra of unresolved highJ transitions recorded
in the 308−463 GHz region. Together with a high sensitivity radio-astronomical spectrum of the N2D+ J = 1 → 0 rotational
transition in a quiescent cloud core, we determined with high precision the frequencies of the seven hyperfine components
and the molecular spectroscopic constants, allowing us to make predictions on the N2D+ frequencies of higherJ transitions
occurring in the submillimeter-wave region.
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1. Introduction

Deuterium fractionation is an active process in cold and
dense molecular clouds, mainly due to the deuteron–proton
exchange reaction H+3 + HD 
 H2D+ + H2, which is
exothermic by∼220 K (Millar et al. 1989) in the forward
direction. Once formed, H2D+ transfers the deuteron to abun-
dant gaseous neutral species, such as CO and N2, produc-
ing DCO+ and N2D+. Indeed, theN(DCO+)/N(HCO+) and
N(N2D+)/N(N2H+) column density ratios observed towards
cold cloud cores (e.g. Butner et al. 1995; Caselli et al. 2002b)
are much larger (>1000 times) than the elemental abundance
of deuterium ([D]/[H] ∼ 1.6× 10−5; Linsky et al. 1995), mak-
ing DCO+ and N2D+ two good tracers of physical and chem-
ical conditions of molecular cloud cores, and allowing the de-
termination of the electron fraction (e.g. Gu´elin et al. 1982;
Caselli et al. 1998; Williams et al. 1998; Caselli et al. 2002b),
fundamental parameter which controls the dynamical evolu-
tion of molecular clouds and regulates the star formation rate
(McKee 1989).

At H2 number densities larger than about 105 cm−3 (and
dust temperatures<∼20 K), another process becomes impor-
tant for cloud core evolution: the differential molecular freeze
out onto dust grains. Evidences of gas phase CO depletions
have been found toward starless cores (Willacy et al. 1998;
Caselli et al. 1999; Bacmann et al. 2002; Bergin et al. 2002;
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Tafalla et al. 2002) and star forming regions (McMullin et al.
1994; Kramer et al. 1999; Jorgensen et al. 2002). In particu-
lar, the central zones of starless cores, future sites of star
formation, are likely to be almost completely deprived of
gaseous CO molecules, so that the abundance of related
species such as HCO+ and DCO+ is also drastically re-
duced (e.g. Caselli et al. 2002b; Lee et al. 2003). On the other
hand, N2H+ and N2D+ are not significantly affected by de-
pletion (Caselli et al. 1999; Bergin et al. 2001; Tafalla et al.
2002), given that the parent species N2 is more volatile
than CO and thus it maintains a large fractional abundance
even at densities as large as 106 cm−3 (Bergin & Langer 1997;
Aikawa et al. 2001; Caselli et al. 2002b; Aikawa et al. 2003).
Moreover, deuterium fractionation increases with deple-
tion of neutral species reacting with H+3 and H2D+, such
as CO (e.g. Dalgarno & Lepp 1984; Roberts & Millar 2000;
Bacmann et al. 2003). Thus, the N2D+/N2H+ abundance ratio
and the N2D+ fractional abundance increase towards the core
center, so that N2D+ is particularly suitable to investigate the
kinematics as well as the physical and chemical conditions of
the highly CO–depleted core nuclei. In fact, N2D+ observations
have recently allowed an accurate analysis of the velocity field
and kinematics across the core nucleus of L1544, a well-known
starless core (Caselli et al. 2002a). N2D+ lines can be used to
determine the line of sight component of the velocity of ions
in the densest portions of cloud cores. These values can then
be compared with those obtained from lines of chemically re-
lated neutral species (e.g. NH2D, observable with similar an-
gular resolution), to estimate the speed of the ion–neutral drift
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in the core nucleus and to quantify the importance of magnetic
fields in the dynamical evolution of star forming clouds.

In summary, it is extremely important to determine with
high precision the frequencies of N2D+ rotational lines for
kinematic studies (see e.g. Lee et al. 2001). Also, a more pre-
cise determination of the N2D+ spectroscopic constants will
be important to more accurately derive N2D+ column densi-
ties and abundances, given that the hyperfine splitting allows a
direct determination of the transition optical depth.

The dominant hyperfine interactions in N2D+ are those
between the molecular electric field gradient and the elec-
tric quadrupole moments of the two nitrogen nuclei: for the
J = 1→ 0 rotational transition of N2H+, these produce a split-
ting into seven hyperfine components (Caselli et al. 1995). The
quadrupole coupling of the D nucleus, with spin 1, may add
complexity to the hyperfine structure of N2D+ (1–0), but its ef-
fect is likely to be negligible (see Sect. 3).

The hyperfine structure of theJ = 1 ← 0 transition
of N2D+ was observed for the first time by Anderson et al.
(1977), who were able to detect the∆F = 0 and+1 compo-
nents due to the outer N nucleus; all the three components were
later detected in L134 by Snyder et al. (1977). Recently, Turner
(2001) has reported observations of N2D+ (1–0) in several as-
tronomical objects where the hyperfine structure due to both
the N nuclei is fully resolved into seven components.

As far as higherJ transitions are concerned, Sastry et al.
(1981) observed unresolved rotational lines up to theJ =

6 ← 5 one in the positive column of a DC glow discharge,
while some hyperfine structure for theJ = 2 → 1 and 3→ 2
transitions has been detected by several radioastronomers
(Gerin et al. 2001; Turner 2001; Caselli et al. 2002a).

In this paper, we report the first laboratory measurements
of the N2D+(1–0) hyperfine structure and we compare these
measurements with a high sensitivity astronomical observa-
tion of the same transition toward the dense cloud core L183.
This analysis allowed us to derive all the determinable hyper-
fine parameters. In addition, laboratory spectra of unresolved
high J transitions were recorded up to 463 GHz, in order to
determine accurate rotational and distortion constants for pre-
dictions in the submillimeter-wave region.

2. Observations

2.1. Laboratory measurements

The laboratory spectrum was observed with a frequency-
modulated millimeter-wave spectrometer (Cazzoli & Dore
1990a) equipped with a double-pass negative glow discharge
cell (Dore et al. 1999). The radiation source was a frequency
multiplier driven by a Gunn oscillator working in the re-
gion 77−116 GHz (J. E. Carlstrom Co) or the Gunn itself for
measurements at 77 GHz; the signal, detected by a liquid-
helium-cooled InSb hot electron bolometer (QMC Instr. Ltd.
type QFI/2), was demodulated at 2-f by a lock-in amplifier.

N2D+ was produced by discharging a 1:1 mixture of N2

and D2 in Ar buffer gas with a total pressure of about 5 mTorr.
The discharge current was a few mA, the cell was cooled at
77 K by liquid nitrogen circulation, and an axial magnetic
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Fig. 1. The three hyperfine components of theJ = 1 ← 0 transition
of N2D+ due to the outer N nucleus. The∆F1 = 0 and+1 components
show the hyperfine structure due to the inner N nucleus: their profile
(continuous) has been fit to a model lineshape (dotted) to recover the
hyperfine frequencies.

field up to 165 G was applied throughout the length of
the discharge. With this longitudinal magnetic field ap-
plied, ions are produced and observed in the negative glow
(De Lucia et al. 1982), which is a nearly field free region and
where they are expected to show negligible Doppler shift due
to the drift velocity, occurring, instead, in the positive column
(Sastry et al. 1981) where a low axial electric field is present. In
addition, the double-pass arrangement would compensate for
such a shift, if present. Figure 1 shows the hyperfine structure
of theJ = 1← 0 transition of N2D+ observed in laboratory.
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Fig. 2.Spectrum of theJ = 1→ 0 transition of N2D+ towards the starless core L183 (grey histogram). The black curve is the hfs fit obtained with
the data reduction package CLASS (see URLwww.iram.fr/IRAMFR/GS/class/class.html) using the frequencies of the seven hyperfine
components as found in this paper. The fit parameters are: excitation temperatureTex = 4.1± 0.5 K, LSR velocityVLSR = 2.444± 0.001 km s−1,
line width∆v = 0.331± 0.004 km s−1, and total optical depthτTOT = 1.8± 0.3. Each hyperfine is indicated by the correspondingF1, F quantum
numbers (see also Table 1).

2.2. Detection toward L183

The observations of L183 were performed with the NRAO
12-m telescope1 (now the Steward Observatory 12-m tele-
scope) during October 1999 (N2H+) and February 2000
(N2D+). The position observed was the peak of the
N2H+ (1−0) integrated emission map made by Lee et al. (2001)
(RA (J2000)= 15h54m06.s5, Dec (J2000)= −02◦52′23′′). Two
orthogonal polarizations were observed simultaneously and av-
eraged together to produce the final spectra. All observations
were performed in frequency switching mode, with a throw of
±9 MHz. The backend used was the Millimeter Autocorrelator,
configured with a channel spacing of 6.1 kHz, corresponding
to a spectral resolution of 12.2 kHz. This coverts to a veloc-
ity resolution of 0.039 km s−1 for N2H+ (1–0) (93.2 GHz) and
0.047 km s−1 for N2D+ (1–0) (77.1 GHz). The respective beam
sizes (FWHM) are 68′′ at 93.2 GHz and 82′′ at 77.1 GHz.

System temperatures were typically 200 K during the ob-
servations. The spectra have been corrected for the main beam
efficiency and are in unit ofTmb. The final spectra have rms
per channel sensivities of 14 mK (N2H+ (1–0)) and 15 mK
(N2D+ (1–0)). With a peak ofTmb ≈ 1.6 K, the N2H+ 1-0
spectrum has a peak signal-to-noise ratio of over 100. The
N2D+(1–0) spectrum is shown in Fig. 2. It is interesting to note
that this transition does not present excitation anomalies, unlike
N2H+(1–0) (see Caselli et al. 1995).

3. Analysis and discussion

The frequencies of the seven hyperfine components of
N2D+(1–0) observed toward the dense cloud L183 (see Fig. 2)
have been determined by comparing their velocities with
those obtained from the N2H+(1–0) spectrum, and fixing the

1 The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agreement
by Associated Universities, Inc.

N2H+(1–0) frequency to 93176.2608 MHz for theF1 F =
0 1→1 2 component. This value has been obtained from Lee
et al. (2001), where a comparison between the velocities of the
F1 F = 0 1→1 2 component of the N2H+(1–0) line with that of
C18O(1–0) was considered, but using the new C18O(1–0) fre-
quency, recently redetermined with high precision (0.15 kHz,
see Cazzoli et al. 2003). Caselli et al. (1995) deduced a value
which is 4.2 kHz more than that one deduced here; on the other
hand, they gauged the N2H+(1–0) frequency from the compari-
son with the C3H2 (21,2→ 10,1) line, measured in the laboratory
with an uncertainty of 6 kHz (Vrtilek et al. 1987). However, al-
though the C18O(1–0) frequency is known with higher preci-
sion than the C3H2 line, we note that N2H+ and CO do not
trace the same regions in low mass cloud cores (the latter be-
ing significantly depleted in the central regions, where the for-
mer peaks; see e.g. Tafalla et al. 2002), whereas C3H2 and
N2H+ seem to have a similar behaviour (Benson et al. 1998).
CO freeze out is also present in L1512 (see Lee et al. 2003),
the quiescent core where all the above frequency determina-
tions have been performed. Therefore, the presence of velocity
fields along the line of sight of L1512 may cause a shift be-
tween N2H+ and C18O lines, although current kinematic studies
present L1512 as a dynamically stable core (Lee et al. 2003).

For the above reason, it is thus very important to determine
a precise value of the N2H+(1–0) frequency in the laboratory,
to overcome the radioastronomical uncertainties. However, this
is a difficult task, since sub-Doppler spectroscopy can not be
exploited with electric discharges, and pressure line shift may
occur (see Buffa et al. 1994): we are actually working on this
(Dore et al., in preparation).

The measured hyperfine frequencies, both from laboratory
and space, are listed in Table 1, and the determined spectro-
scopic constants are reported in Table 2, where the hyperfine
constants of N2H+ are also reported for comparison purposes.
The error associated with the radioastronomical determination
of ν0 does not include the 6 kHz uncertainty in the N2H+(1–0)
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Table 1.Hyperfine transition frequencies (MHz) and residuals (MHz) of N2D+.

Laboratory Radioastronomy

J′ F′1 F′ J F1 Fa Obs.b Obs.-calc. Obs.c Obs.-calc. Lab.-radio.

1 1 0 0 1 1 77 107.498 −0.002 77 107.4872(23) 0.0020 0.011

1 1 2 0 1 1,2 77 107.798 0.001 77 107.7753(8) −0.0012 0.023

1 1 1 0 1 0,1,2 77 107.934 0.001 77 107.9147(13) 0.0028 0.019

1 2 2 0 1 1,2 77 109.338 0.002 77 109.3342(5) 0.0000 0.004

1 2 3 0 1 2 77 109.632 −0.002 77 109.6259(5) 0.0001 0.006

1 2 1 0 1 0,1,2 77 109.830 0.000 77 109.8196(8) −0.0003 0.010

1 0 1 0 1 0,1,2 77 112.130 0.000 77 112.1180(8) 0.0000 0.012

a The rotational ground level is split in three states withF = F1 + IN = 0, 1,2: they are degenerate becauseJ = 0.
b Statistical uncertainty estimated from repeated measurements is about 5 kHz for well resolved components; however, line frequencies may be
shifted by effect of the pressure (see Buffa et al. 1994) of about+10–15 kHz.
c Quoted errors do not take into account of the uncertainty on the N2H+(1–0) frequency (see text).

Table 2.Ground state spectroscopic constantsa of N2D+.

Parameter (MHz) Laboratory Radioastronomy N2H+b

ν◦ J = 1− 0 77 109.2697(10) 77 109.25811(61)c

eQq1 quadrupole coupling −5.6587(42) −5.6806(31) −5.6902(21)
eQq2 quadrupole coupling −1.3713(73) −1.3461(48) −1.3586(38)
C1 spin–rotation 4.80(84)× 10−3 9.77(53)× 10−3 11.8(4)× 10−3

C2 spin–rotation 7.6(11)× 10−3 6.51(70)× 10−3 8.7(6)× 10−3

a Standard errors are reported in parentheses in units of the last quoted digits.
b Caselli et al. (1995).
c The reported uncertainty is the standard error from the fit, the effective accuracy is 6 kHz (see text).

frequency, due to the errors associated with the velocity de-
termination of the line (0.02 km s−1, see Table 2 of Lee et al.
2001). In the same way, the error of the laboratory determina-
tion does not account for the possible pressure line shift, which
can be estimated in the order of+10−15 kHz from our prelim-
inary measurements of the effect. The better precision of the
hyperfine constants derived from the radiostranomical data is
due to their better resolution, which also appears in the higher
accuracy of theC1 spin–rotation constant.

The analysis was carried out by means of Pickett’s SPFIT
fitting program (Pickett 1991), which uses the following hy-
perfine Hamiltonian for plural unequal quadrupole and spin-
rotation couplings:

Hhfs =

N∑

i=1

[
T2(qi ) · T2(Qi ) + T1(mi ) · T1(µi )

]
, (1)

whereTk denotes a spherical tensor of rankk. Hhfs accounts
for the electrostatic interaction between the quadrupole mo-
ment (Q) of a nucleus withI ≥ 1 and the electric field gra-
dient (q) at the nucleus, and for the interaction between the
magnetic dipole moment (µ) of a nucleus withI ≥ 1

2 and
the magnetic field (m) due to the molecular rotation. In the
present case, the sum should run over all the three nuclei of
the molecule. The Deuterium coupling, however, can be ne-
glected, as proved by the following arguments:i) no more than

seven hyperfine components as expected in the case of cou-
pling of both N nuclei were detected;ii ) the residuals of the fit
without D coupling are well consistent with the measurement
uncertainties for both sets of hyperfine data (see Table 1);iii ) a
prediction of the D contribution estimated with accurate hyper-
fine constants of DC15N obtained in a sub-Doppler experiment
(eqQD = 200.6,CD = −1.9 kHz, Cazzoli & Dore 1990b) gives
shifts of the blended hyperfine components of 2 kHz at most:
therefore, the hyperfine parameters for outer and inner N nu-
clei are the only determinable ones. The analysis carried out by
Turner (2001) included the Deuterium hyperfine parameters,
but this approach led to undetermined values for both N spin
rotation constants and the D quadrupole constant, and to a large
unrealistic value for the D spin rotation constant.

Table 3 compares the measured higher-J transition frequen-
cies with the old measurements of Sastry et al. (1981) corrected
for the Doppler shift. The new data were analyzed with the pre-
viously mentioned SPFIT code, which accounts for the shift of
the apparent line center from the unperturbed frequency when
the hyperfine parameters are fixed to the values derived above
from the radio-astronomical data. The newly determined ro-
tational and centrifugal distortion constants agree within 3σ
with the constants of Sastry et al. (1981), but they are more
precise and allow a fairly accurate prediction of the N2D+ tran-
sitions occurring in the submillimeter-wave region. In Table 4
are reported the calculated∆F = +1 hyperfine components of
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Table 3.Rotational transition frequencies and spectroscopic constants
of N2D+.

J′ J Observed/MHz Obs.-calc./MHz New-old/MHza

1 0 77 109.25811b −0.00031

4 3 308 422.267 0.016 0.057

5 4 385 516.721 −0.021 −0.035

6 5 462 603.852 0.008 −0.079

Constantc This work Previousd

B/MHz rotational 38 554.7523(26) 38 554.717(14)

D/kHz centrifugal distortion 61.552(47) 60.81(37)

a Difference between measurements of this work and of Sastry et al.
(1981).
b Unperturbed (1–0) frequency, its weight (inverse square of the un-
certainty) was assumed to be nine times larger than the others in the
fit.
c Standard errors are reported in parentheses in units of the last quoted
digits.
d Sastry et al. (1981).

J + 1 ← J transitions, withJ in the range 6−11, whose rela-
tive intensity is more than 0.003; these components account for
more than 97% of the total line intensity in each transition and
are so close in frequency to give rise to a single blended line,
whose frequency, computed as a sum of the hyperfine frequen-
cies weighted by their relative intensity, is reported in Table 4
along with its standard error.

For the sake of completeness, we also report the hyper-
fine frequencies of the two low-J transitions of N2D+ not con-
sidered in this work. TheJ = 2←1 andJ = 3←2 transitions
have 40 and 45 separate components, respectively. Table 5 lists
the calculated components (27 for the 2←1, and 25 for the
3←2), whose relative intensity is more than 0.001 and which
together account for more than 99% of the total line intensity
in each transition. Analogous line lists have been reported for
N2D+(2–1) and (3–2) by Gerin et al. (2001), who used for their
computation N2H+ hyperfine parameters instead of the more
accurate N2D+ parameters derived and used in the present pa-
per. Finally, Tables 6–8 report the calculated hyperfine frequen-
cies of the three millimeter-wave transitions observed in this
work; the∆F = +1 components blend together in a single line
and account for more than 91%, 94%, and 96% of the total line
intensity, respectively;∆F = 0 components with relative inten-
sity greater than 0.001 are also reported.

4. Conclusion

The analysis of the fully resolved nitrogen hyperfine structure
of N2D+(1-0) observed toward L183, together with laboratory
measurements of the same molecular transition, allowed an ac-
curate determination of the hyperfine constants of both outer
and inner nitrogen. No contribution of deuterium appears in
the N2D+(1–0) hyperfine structure. The determined parame-
ters are, in fact, very similar to the N2H+ constants as as-
sumed by Gerin et al. (2001) in their analysis of N2D+(2−1)
and (3−2). Along with the accurate rotational and centrifu-
gal distortion constants derived from the high frequency

laboratory measurements, these constants has been used to pre-
dict the hyperfine structure of N2D+ transitions occuring in the
submillimeter-wave region.
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