
DOI: 10.1007/s00340-003-1349-6

Appl. Phys. B 78, 39–42 (2004)

Lasers and Optics
Applied Physics B

a. de michele1,�

k. bousbahi1,∗
g. carelli1

a. moretti2

g. moruzzi1

f. strumia1

l.-h. xu3

New FIR laser lines
from hydrazine and assignments
1 Dipartimento di Fisica ‘Enrico Fermi’ dell’Università di Pisa and INFM, Via F. Buonarroti 2,

56127 Pisa, Italy
2 Dipartimento di Fisica ‘Enrico Fermi’ dell’Università di Pisa and INFM and IPCF-CNR, Pisa, Italy
3 Canadian Institute for Photonic Innovations and Department of Physical Sciences,

University of New Brunswick, Saint John, N.B. E2L4L5, Canada

Received: 13 June 2003
Published online: 4 November 2003 • © Springer-Verlag 2003

ABSTRACT Our new waveguide pulsed CO2 laser, with peak
powers above 1 kW, has allowed us to observe 24 new far-
infrared laser lines emitted by hydrazine. Each of them is
characterized in wavelength, relative polarization, intensity, op-
timum operating pressure and pump offset from the center of the
exciting CO2 line. These new laser emissions either form pairs
sharing the same pump line, or complete such pairs with lines
known from the literature. In the latter case, we have measured
the relative polarization and offset of the partner lines when-
ever they were not reported in the literature. The availability of
laser systems with two emission lines orthogonally polarized
and sharing the same upper level is expected to facilitate the as-
signment work. We present complete assignments for four FIR
laser emissions, and we propose J and K values for 12 further
laser systems.

PACS 42.55.Lt; 42.62.Fi

1 Introduction

Hydrazine (N2H4), with hundreds of lasing lines,
is one of the most prolific known laser-active molecules in
the far-infrared (FIR) region. It was first reported as a las-
ing medium in 1974 by Dyubko et al. [1]. A review of
N2H4 laser lines can be found in [2] and other lines were
successively reported in [3–5]. The rovibrational spectrum
of hydrazine is complicated by the presence of three large-
amplitude vibrational motions: the internal torsional rotation
around the N–N bond and the symmetric and antisymmetric
amino-wagging motions. The fundamental of the antisym-
metric amino-wagging mode lies in the same spectral region
of the CO2 laser emission spectrum, so that most of the ob-
served FIR laser lines emitted by hydrazine are excited by
CO2 laser emissions. The existence of eight nonsuperimpos-
able conformations of the N2H4 molecule, which can be in-
terconverted by the three large-amplitude vibrational motions,
makes a systematic assignment of the spectrum and, in par-
ticular, the correct identification of a laser system, a very dif-
ficult task, so that only few assignments have been possible
until now [6–8].
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While the determination of the symmetry species involved
in a laser system remains a difficult task, it is very often pos-
sible to determine the J and K quantum numbers involved
in the FIR laser emissions. This usually happens when the
system comprises two FIR emissions polarized perpendicu-
larly to each other, and excited by the same CO2 line at the
same offset [6]. This has led us to search for new N2H4 FIR
laser emissions which either form pairs polarized perpendicu-
larly to each other, or share the CO2 pump and offset with
known lines, thus completing such pairs. We have observed 24
new lines, and measured the relative polarization of many pre-
viously observed lines whose polarization was not reported
in the literature. We have thus built a list of many pairs of
FIR laser lines that are good candidates for assignment. How-
ever, due to the incompleteness of the available analyses of
the IR spectrum of hydrazine we are able to give ‘complete
assignments’ (i.e. including the symmetry species and the vi-
brational quantum numbers) only for two of these pairs.

2 Experiment and results

Our experimental apparatus consists, basically, of
a pump CO2 laser and a Fabry–Perot cavity used as FIR laser
resonator. Our waveguide CO2 laser has a continuous tunabil-
ity of 160 MHz around each emission. A diffraction grating
of 150 lines/mm selects the CO2 emission line, while the
fine frequency tuning is achieved by shifting the ZnSe out-
put mirror by means of a piezo-electric transducer (PZT), thus
fine tuning the cavity length. The laser operates in the pulsed
regime, driven by a new solid-state power supply based on
the discharge of a capacitor driven by an IGBT transistor [9].
The pulse duration can be adjusted between 15 and 40 µs, and
the repetition rate between 500 and 1000 Hz. The output peak
power on the strongest lines is above 1 kW. The FIR laser
resonator is a nearly confocal 1-m-long Fabry–Perot cavity
with a 10-cm inner diameter, terminated by two gold-coated
copper spherical mirrors with a focal length of 58 cm. The
pump radiation is injected into the FIR resonator through a 2-
mm axial hole in the front mirror, vacuum sealed by a ZnSe
antireflection-coated window. The second mirror is mounted
on a precision screw, equipped with an optical encoder, used
both to tune the cavity length into resonance with the FIR ra-
diation and to measure the emitted wavelength. A fraction of
the FIR power is coupled out of the cavity through a silicon
window after reflection on an elliptical mirror obtained by cut-
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ting a 6-mm-diameter copper rod at 45◦. This mirror can be
translated perpendicularly to the cavity axis in order to op-
timize the output power for each FIR wavelength. The FIR
output radiation is detected by a Golay cell. An electret micro-
phone is located inside the FIR laser cavity in order to detect
optoacoustical signals. If the intensity of the CO2 radiation is
modulated at an acoustical frequency (in our case the modu-
lation is due to the pulsed regime), an optoacoustical signal is
observed at each coincidence of the CO2 laser frequency with
a hydrazine absorption transition. When a new optoacoustical
signal is detected, the FIR cavity length is scanned for search-
ing and characterizing new possible FIR laser lines.

The investigated lines are listed in Table 1, where we re-
port for each of them: the CO2 pump line, the measured wave-
length, the offset relative to the center frequency of the pump
radiation, the relative intensity, the polarization relative to the
CO2 radiation and the optimum operation pressure. The wave-
lengths have been measured by varying the cavity length by

Pump Wavelengtha Offset Rel. Rel. Press. Comments
(µm) (MHz) Int. Pol. (Pa)

9R26 560.9 −13 M ⊥ 12 NEW
9R18 368.862 M ⊥* 27 [2]
9P12 331.299 −20* S ⊥* 20 [2]

1055.6 −20 W ‖ 20 NEW
527.873 0* M ‖* 7 [2]
331.669 +40* S ⊥* 20 [2]

1060.3 +40 W ‖ 20 NEW
9P30 121.3 +30 M ⊥ 20 NEW

331.5 +30* M ‖ 20 [2]
9P32 151.6 +28 W ⊥ 20 NEW
9P36 185.143 S ⊥* 13 [2]
9P50 116.0 +50 M ⊥ 13 NEW
9P52 170.4 −45 W ⊥ 20 NEW

10R42 143.8 −23 S ⊥ 23 NEW
312.0 +40 S ⊥ 23 NEW

10R40 96.342 −36* S ⊥* 23 [4]
10R38 734.162 S ⊥* 25 [2]
10R36 159.2 −15 W ⊥ 29 NEW
10R34 648.5 0 W ⊥ 20 NEW
10R30 170.1 −10 S ⊥ 29 NEW
10R26 220 −50 S ⊥ 29 NEW
10R24 95.3 +50 W ‖ 23 NEW

330.8 +50 W ⊥ 23 NEW
10R18 107.416 −50* M ‖ 23 [2]
10R12 301.275 +20* S ‖ 24 [2]

68.0 −30 W ‖ 24 NEW
86.6 −30 W ⊥ 24 NEW

10R10 646.3 +80 W ⊥ 24 NEW
10P12 157.2 −30 M ‖ 20 NEW
10P30 134.8 −10 W ⊥ 20 NEW
10P40 241.382 +20* M ‖* 13 [2]

527.608 +20* W ⊥* 13 [2]
10P42 314.0 0* M ‖* 13 [2]

526.3 0* M ⊥* 13 [2]
10P44 122.0 −40* M ⊥* 13 [2]
10P46 174.3 +50 M ⊥ 27 NEW

261.8 +50 M ‖ 27 NEW
10P52 161.146 −30* S ⊥* 23 [2]

252.0 −30 W ‖ 23 NEW
10HP19 127.6 W ⊥ 27 NEW

a When the wavelength is reported with three digits the measured frequency
of the laser line is reported in the reference written in the column ‘Com-
ments’.

* New rel. pol., or offset measurement

TABLE 1 New lines and new data for old lines.

translating the moving mirror for about 20 modes. The accu-
racy of these measurements is approximately ±0.5 µm, esti-
mated by a calibration procedure against frequency-measured
lines. The accuracy of our offset measurements is approxi-
mately 10 MHz. Whenever one of our new FIR laser lines
forms a pair with a known line whose pump offset is reported
in the literature with a better precision, this offset value is
attributed to the new line in Table 1. The measured relative
intensity is reported as strong (S), medium (M) or weak (W)
according to the parameters defined in [10]. According to
this notation, after optimization of all the parameters (pump
laser, operation pressure, FIR cavity, output coupling, etc.),
the power that can be extracted from the FIR laser is larger
than 1 mW (S), between 1 mW and 100 µW (M) and below
100 µW (W). The polarization of the FIR laser lines was
measured with a mesh polarizer. The column ‘Comments’ re-
ports either the word ‘New’ for lines first observed in the
present work, or the reference to the work where the line was
first reported. In the latter case either the offset from the pump
center, or the relative polarization, or both, are presented for
the first time in this work.

3 Assignment procedure

Most of the observed far infrared (FIR) laser emis-
sions of hydrazine are excited by CO2 laser lines which
pump the molecule into its first excited antisymmetric amino-
wagging state. Due to the spectral complexities that we shall
briefly discuss later on in this section, the systematic as-
signment of the IR absorption spectrum of hydrazine in the
900–1100 cm−1 is less advanced than the corresponding as-
signment, for instance, of methanol. At the moment, the only
published works reporting systematic studies of the infrared
spectrum of hydrazine are due to Ohashi et al. [11] and Gu-
laczyk et al. [12]. These investigations of the antisymmetric
amino-wagging fundamental cover the K values up to 13,
and exclude transitions between states involving the simul-
taneous excitation of the ν12 and torsional modes. Further, as
for all optically excited molecular lasers, a fortuitous coinci-
dence of a CO2 line with a very weak N2H4 absorption can
lead to the emission of relatively intense FIR laser lines prac-
tically impossible to assign. Thus, we cannot expect a direct
comparison to the assigned absorption spectrum of hydrazine
(for instance by means of the LaseRitz program [8]) to pro-
vide assignments for many of the observed laser systems.
Actually, as already noted in [8], only very few laser systems
can usually be assigned by this technique. In particular, the
lines excited by 9P36, 10R38, 10R12 and 10P44 reported in
Table 1, for which we present new measurements of the pump
offset, of the relative polarization, or of both, had already been
assigned in previous literature. Of the other lines of Table 1,
a direct comparison to the assigned absorption spectrum leads
to the assignment only of the line excited by 9P50 + 50 MHz.
The corresponding assignment is shown in Table 2, together
with the FIR emission at 70.194 cm−1, excited by the same
pump and already known from literature, but not previously
assigned, and the assignments of the two FIR lines pumped by
10R(8) with an offset of −80 MHz which we presented in a re-
cent work [5], and, for comparison, the already known [6–8]
assignments of the two FIR lines pumped by the same pump
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Pump CO2 pump Pump upper state Measured FIR FIR lower state
(N2H4 absorption) Pump lower state (Calculated FIR)

Waven./cm−1 |v, J, K, Symm.〉 Waven./cm−1 |v, J, K, Symm.〉

9P50 1016.7209 |aw, 10, 10, Eu〉 86.206 |aw, 9, 9, Eu〉
+50 MHz (1016.7208) |gr, 10, 9, El〉 (86.209)

70.194191 |aw, 9, 10, Eu〉
(70.194)

10R8 967.70723 |aw, 15, 2, B−
2g〉 18.738730 |aw, 15, 1, A+

2u〉
(967.706) |gr, 14, 2, A+

2u〉 (18.740)
42.750435 |aw, 14, 1, A+

2u〉
(42.752)

10R8 967.70723 |aw, 15, 2, B+
1g〉 18.694410 |aw, 15, 1, A−

1u〉
−80 MHz (967.706) |gr, 14, 2, A−

1u〉 (18.696)
42.772 |aw, 14, 1, A−

1u〉
(42.784)

TABLE 2 Assignments obtained from a dir-
ect comparison to the absorption spectrum of
hydrazine. Lines reported with eight signifi-
cant digits have been frequency measured

at zero offset. It is interesting to note that line 10R(8) with
zero offset and line 10R(8)–80 MHz excite the two asymme-
try doublet components |gr, 14, 2, A+

2u〉 → |aw, 15, 2, B−
2g〉

and |gr, 14, 2, A−
1u〉 → |aw, 15, 2, B+

1g〉, respectively. Corres-
ponding doublet components are observed also in the FIR
laser emissions.

When a direct comparison to the absorption spectrum does
not lead to the assignment of a laser system (and this is, by
far, the most common case), the J and K values involved
in the transitions can often be obtained from the knowledge
of the pattern of the sublevels corresponding to the same
rotational and vibrational quantum numbers, but belonging
to different symmetry species. According to Jon Hougen’s
treatment [13], states sharing the same rotational and vibra-
tional quantum numbers present the splitting pattern schemat-
ically represented in Fig. 1. Taking K -doubling into account,
each |v, J, K〉 level (where v labels the vibrational state) with
K > 0 splits into 16 sublevels, classified according to the sym-
metry species of the G(2)

16 group as A+
1g, A−

1u, B+
1g, B−

1u, A−
2g,

A+
2u, B−

2g, B+
2u, E+

L , E−
L , E+

U , E−
U . Of these, the sublevels be-

longing to E symmetry are doubly degenerate. When the
K -doubling is not resolved, the numerical subscripts and the
± superscripts can be omitted. The largest splittings of the pat-
tern are due to the inversion of the amino groups, which leads
to three groups of sublevels. The central group is further split
into two subgroups by the Coriolis interaction between the
two inversion motions. However, in our analysis, this splitting
is neglected following [6, 7]. The symmetry species of each
group of sublevels corresponding to the same |v, J, K〉 level
depends on K mod 4, the possibilities being

1. K mod 4 = odd: the two central subgroups belong to
A and B symmetry, respectively. The external subgroups
belong to E symmetry.

2. K mod 4 = even: the two central subgroups belong to
E symmetry, and the external to A and B symmetry, re-
spectively. The upper external subgroup belongs to A sym-
metry if K mod 4 = 0, to B symmetry if K mod 4 = 2.

The selection rules are: ∆J = 0,±1, ∆K = ±1, and A ↔ B
or E ↔ E.

Our analysis follows the assignment procedure of [6, 7].
The energy level of the central (Wc), upper (Wu) and lower

FIGURE 1 Schematic representation of a hydrazine |J, K〉 multiplet

(Wl) subgroups can be written as:

Wc ≈ Wv + Bv J(J +1)+ (A − B)vK2 (1)

Wu ≈ Wc +du (2)

Wl ≈ Wc −dl . (3)

The most accurate values available for the molecular parame-
ters are:

(A − B)v = 120.516 GHz (4)

Bv = 24.0751 GHz . (5)

The du and dl parameters are J- and K - dependent, but, as
a first approximation, we can assume the average values of:

du = 197.8 GHz (6)

dl = 203.8 GHz (7)

If two FIR laser lines of frequencies ν1 and ν2 are excited by
the same pump transition with the same offset, they must share
the same upper level (unless cascade effects are present).
Thus, their lower levels must belong to the same symetry
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Sys. Pump + λFIR Rel. Ref. J FIR
offset (MHz) (µm) pol. K transition

#1 9R(26) 560.9 ⊥ New 8 |8, 2〉 → |8, 1〉
−13 327.102 ‖ [2] 2 |8, 2〉 → |7, 1〉

#2 9P(12) 331.669 ⊥ [2] 13 |13, 1〉 → |12, 0〉
+40 1060.3 ‖ New 1 |13, 1〉 → |13, 0〉

#3 9P(12) 331.299 ⊥ [2] 13 |13, 1〉 → |12, 0〉
−20 1055.6 ‖ New 1 |13, 1〉 → |13, 0〉

#4 9P(52) 170.4 ⊥ New 15 |15, 7〉 → |15, 6〉
−45 121.199 ‖ [2] 7 |15, 7〉 → |14, 6〉

#5 10R(42) 143.8 ⊥ New 26 |26, 10〉 → |26, 9〉
−23 89.67 ‖ [2] 10 |26, 10〉 → |25, 9〉

#6 10R(36) 159.2 ⊥ New 18 |18, 9〉 → |18, 8〉
−15 109.164 ‖ [2] 9 |18, 9〉 → |17, 8〉

#7 10R(34) 648.5 ⊥ New 17 |17, 3〉 → |17, 2〉
0 234.0 ‖ [2] 3 |17, 3〉 → |16, 2〉

#8 10R(30) 170.1 ⊥ New 13 |13, 6〉 → |12, 5〉
−10 264.715 ‖ [2] 6 |13, 6〉 → |13, 5〉

#9 10R(10) 646.3 ⊥ New 9 |9, 3〉 → |9, 2〉
+80 335.1 ‖ [3] 3 |9, 3〉 → |8, 2〉

#10 10P(46) 174.3 ⊥ New 12 |12, 6〉 → |11, 5〉
+50 261.8 ‖ New 6 |12, 6〉 → |12, 5〉

#11 10P(52) 161.146 ⊥ [2] 14 |14, 6〉 → |13, 5〉
−30 252.0 ‖ New 6 |14, 6〉 → |14, 5〉

#12 10HP(19) 127.6 ⊥ New 18 |18, 11〉 → |18, 10〉
0 93.3 ‖ [2] 11 |18, 11〉 → |17, 10〉 TABLE 3 Possible J and K values for

some FIR laser pairs in hydrazine

species because of the selection rules A ↔ B or E ↔ E. If
the two FIR laser lines are polarized perpendicularly to each
other, the lower levels must have consecutive J values. Thus
the two FIR laser transitions can be labeled as:

ν1 : |J, K〉 → |J, K −1〉 (8)

ν2 : |J, K〉 → |J −1, K −1〉 (9)

From (1)-(3) it is possible to obtain the values for J and K :

J = int
(

ν2 − ν1

2Bv

)
(10)

K = int
(

1

2
+ ν1 ±d

2(A − B)v

)
(11)

In (10) and (11) by int(x) we mean the integer value closest to
x, and d is an average value of du and dl. If the argument of the
function int() in (10) and (11) is almost equidistant from two
consecutive integers this assignment procedure is not reliable.

In Table 3 we report the calculated J and K values for
the investigated pairs. Of course, these assignments rely on
the constance of the Bv and d values, which might not be
respected if levels not belonging to the first excited amino-
wagging, ground torsional state are involved.

4 Conclusion

We observed 24 new FIR laser emissions of hy-
drazine. These new laser emissions either form pairs sharing
the same pump line, or complete such pairs with hydrazine
FIR laser emissions already known from the literature. In the
latter case, we have measured the relative polarization and
pump offset of the partner lines whenever they were not re-
ported in the literature. The availability of laser systems with

two emission lines orthogonally polarized and sharing the
same upper level is expected to facilitate the determination of
the involved J and K quantum numbers, and thus the assign-
ment work. We present complete assignments for four FIR
laser emissions, and we propose J and K values for 12 further
laser systems.
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