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A completely resolved spectrum of the strongly forbidden NH (a1D 3 X3S2) transition is observed. The NH radicals in
the exciteda1D state are exclusively generated in a Nd:YAG laser photolysis of hydrazoic acid at a wavelength of 266 nm
The NH (a1D 3 X3S2) intercombination transition around 794 nm is used to produce NH (X3S2) applying the stimulated
emission pumping technique. The ground state radicals are detected by laser-induced fluorescence (LIF). The energy splitt
between the NH (X3S2, v 5 0, J 5 1, N 5 0) state and the NH (a1D, v 5 0, J 5 2) state is determined with an accuracy
of 0.1 cm21 to DE 5 12 687.865 cm21. In addition, the radiative lifetimet of the NH (a1D 3 X3S2) transition was estimated
by a determination of the saturation intensity to bet ' 12.5 s. © 1999 Academic Press
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INTRODUCTION

The NH radical was already known for a very long time
as the subject of numerous investigations. It plays an im

ant role in combustion processes when nitrogen-conta
uels are heated before entering the combustion zone be
hermal decomposition occurs and produces low mole
eight compounds including NH (1, 2). Furthermore, it is a

mportant astrochemical species having been observed
pectra of comets (3) and stars (4).
Already in 1893, Eder examined the NH (A3P ↔ X3S2)

and system at 336 nm (5). In the 1930s, Funke was the fi
ho assigned the main branches of the strong (0–0) and
ands of this transition (6). He also reported details about

and spin splitting of the observed bands. In 1959, D
mproved the analysis of this band system by the observati
ines from most of the satellite branches. He was abl
dentify the lines which could be attributed to 25 branche
he (0–0) band and 19 branches of the (1–0) band (7). The
nalysis of the (0–0) band led to a correction of the
ssignments previously published by Funke for this b
ixon considered the spin splittings in both theA and X
lectronic states and theL doubling in theA state in detail an
btained reasonably accurate rotational and fine structure
tants. The weaker (0–1), (1–2), (1–0), and (2–1) bands
tudied by Malicetet al. (8). In 1986, Brazieret al. used a
ourier transform spectrometer with a precision of60.0002
m21 for the strong unblended lines in the (0–0) band. T
mproved the accuracy of the measurements by more tha
rders of magnitude (9). In 1999, the values were improv
gain (10).
In the 1930s, the NH radical was also observed in its sin

tates via the NH (c1P, v 5 0 3 a1D, v 5 0) transition
round 324 nm by three independent groups at nearly the
115
r-
g

use
ar

he

1)

n
of
to
f

e
d.

n-
re

s
o

et

me

ime (11–13). After Ramsay and Sarre analyzed the (0–1) b
f this transition (14), the hyperfine andL-doubling constant
ere observed in a molecular beam experiment by Ubacet
l. (15). Transitions connecting to eitherc1P or a1D like NH
d1S1 ↔ c1P) (16, 17) and NH (c1P ↔ b1S1) (18) were
lso recorded.
Despite the large amount of spectroscopy work on the

adical, the singlet–triplet splitting was still unknown un
974 when Masanetet al. recorded the NH (b1S1 ↔ X3S2)

ransition to the ground state in a VUV gas-phase photo
xperiment of HN3. A few years later, Cossart improved
esolution for this transition (19). Rohrer and Stuhl observ
he NH (a1D 3 X3S2) transition directly (20).

In the present work, all lines of the strongly forbidden
a1D3 X3S2) transition are resolved for the first time and
inglet–triplet splitting of the NH radical is determined wit
ignificantly improved accuracy. Furthermore, the first ex
mental value for the radiative lifetime in the gas phas
iven.
Three different steps are involved in this experiment. In

rst step, NH (a1D) is generated in a Nd:YAG laser photoly
f hydrazoic acid (HN3) at a wavelength of 266 nm. In th
econd step, intense tunable laser light in the wavele
egion around 790 nm is used to stimulate the NH (a1D 3

3S2) transition after complete translational and rotatio
elaxation within thea1D state has occurred. In the third st
he generated NH (X3S2) radicals are detected by laser-
uced fluorescence (LIF) using the NH (A3P 4 X3S2)

ransition. Analogously to the stimulated emission (dump) s
his is performed after complete rotational relaxation in

3S2 state. By means of this technique, the extremely w
H (a1D 3 X3S2) transition can be amplified due to induc
rocesses and thereby be recorded with a spectral reso
0022-2852/99 $30.00
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116 RINNENTHAL AND GERICKE
hat is only limited by the Doppler width if the bandwidth
he dump laser is negligible.

EXPERIMENT

Figure 1 shows the experimental setup. The precursor o
H radical is hydrazoic acid, HN3, which is generated b
eating a mixture of sodium azide, NaN3, and stearic aci
nder vacuum conditions. At about 85°C, the only evolv

FIG. 1. Schematic picture of the experimental setup. (SHG5 second h
C 5 observation chamber, M5 mirror, DM 5 dichroitic mirror, BS5 b
hotomultiplier, PD5 photodiode.)
Copyright © 1999 by
he

as is HN3, which is stored in a glass bulb at a maxim
ressure of about 1 kPa (21). Alternatively, HN3 can also b
repared by adding small amounts of phosphoric acid u
acuum to NaN3, which is much simpler to handle, but t
enerated HN3 is less pure (22). The pressure in the glass bu

s monitored by a capacitance pressure transducer (MKS
ron 221AHS-D-100). To achieve a sufficiently fast rotatio
elaxation of NH (a1D), HN3 is diluted by known amounts
e in a second glass bulb. The appropriate mixing rat

onic generator, FHG5 fourth harmonic generator, HS5 harmonic separato
m splitter, L5 lens, MIC 5 microphone, PA5 photoacoustic cell, PM5
arm
ea
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117SINGLET–TRIPLET SPLITTING IN NH
bout HN3:Ne 5 1:105 up to 1:104 if the total pressure in th
bservation chamber is about 104 Pa. These conditions provi
ufficient NH (X3S2) probe signal intensity and at the sa
ime avoid electronic quenching of NH (a1D) by HN3 (23, 24).

An oil diffusion pump reaching a base pressure of;1022 Pa
vacuates the observation chamber. The total pressure
hamber is measured using a second capacitance pr
ransducer (MKS Baratron 221AHS-D-100).

NH (a1D) is generated in a pulsed photodissociation of H3

y a light pulse of 30 mJ at 266 nm generated by the fo
armonic of a Nd:YAG laser (Continuum Surelite II-10).
66 nm, NH is produced exclusively in its first excited sin
tatea1D (25). The experimental results concerning the n
ent vibrational distribution of NH (a1D) are not entirely
onsistent with one another (26–28). The latest reported valu
re (v 5 0):(v 5 1):(v 5 2) 5 (1):(0.3):(0.02) (29). By
djusting the total pressure in the observation chamber an
N3:Ne mixing ratio, the collision rate was chosen such

he rotational distribution is completely relaxed to a Boltzm
istribution at room temperature.
As the Franck–Condon factors for theDv 5 v9–v0 5 0

ransitions are close to one and thev 5 0 vibrational level is
he most populated one, the NH (a1D, v 5 0 3 X3S2, v 5

FIG. 2. Energy level diagram and all connecting branches of the (a1D 3
3S2) system.SR(1) (0,0)5 singlet–triplet splitting.
Copyright © 1999 by
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) transition is used for state-selective stimulated emis
umping to the ground state. This is performed by a Nd:Y
umped dye laser (Continuum YG 680, TDL 60, IRP) wit
ulse width of typically 7 ns and a bandwidth (FWHM) of 0
m21. Because of saturation effects, at a pulse energy of 3
he effective bandwidth increased to about 0.2 cm21. The
avelength range 770–830 nm was covered by the laser
DS 765 and 821.
A photoacoustic cell is used to calibrate the wavelengt

he analyzing dump laser with high accuracy by scanning
004)4 (000) overtone excitation band of HCN which is in
ame wavelength region (30–33).

TABLE 1
Hönl–London Factors of (a1D 3 X3S2)

Transitions (37)

TABLE 2
Spectroscopic Constants Used for the 1D State of NH

Note.Values in parentheses represent the standard deviation in t
last digits.
Academic Press
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118 RINNENTHAL AND GERICKE
The rotationally relaxed NH (X3S 2) radicals are detecte
y applying the laser-induced fluorescence (LIF) techn
34 –36) via the NH (X3S 2, v 5 0 ↔ A3P, v 5 0) band
n excimer laser (Radiant Dyes, RD-EXC-200) pumped

aser (Lambda Physik, FL 3002) supplies the neces
etection wavelength of 337.01 nm which correspond

he P1(2) line. This line is chosen because it is a v
ntense one in a rotational relaxed LIF spectrum. Excita
f NH (X3S 2) is performed under saturated conditions
ulse energy of 2 mJ. Total fluorescence is monitored
photomultiplier (Thorn-EMI 9781B) perpendicular to

robe beam throughf/1 optics and an interference filt
330 6 30 nm).

All laser beams are aligned parallel to each other and
timulated emission laser beam is counterpropagating the
olysis and probe beams (Fig. 1). The photolysis and p
aser beams are focused by 500-mm lenses; for the dump

300-mm lens is used to increase its intensity because
xtremely low transition probability of the NH (a1D, v 5 03
3S2, v 5 0) transition. To reduce the influence of scatte

FIG. 3. SR( J), RR( J), RQ( J), QP( J), QQ( J), andQR( J) branches of th
canning the dump laser wavelength. For comparison a calculated spe
plitting is directly given by theSR(1) line. Its value isDE 5 12 687.865 cm2

ump pulse is 100 ns and the probe laser is further delayed by 500 ns
Copyright © 1999 by
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ight, the laser beams were guided through baffles into
bservation chamber.
A boxcar integrator (Stanford Research System, DG 5
hich is triggered by the probe laser beam via a photod

egisters and averages the LIF signal. Finally, a comp
ecords the experimental data for further processing.

The time delay between the photolysis laser pulse an
ump laser pulse is set to 100–150 ns. Between the dump
ulse and the probe laser pulse it is set to 300–500 ns to a
omplete rotational relaxation. All lasers operate at a repe
ate of 10 Hz. All trigger pulses are generated by two cou
rigger generators (Stanford Research System DG 535
ome-built generator).
To align the detection laser exactly to a transition of

A3P 4 X3S2), it is necessary to have a source of
X3S2). For this purpose, NH (X3S2) is generated via quenc
ng of NH (a1D) by increasing the delay time between p
olysis laser pulse and detection laser pulse up to 200ms.

The following conditions have to be fulfilled in the expe
ents.

igh-resolution spectrum of the forbidden (a1D 3 X3S2) transition obtained b
um is also shown. The spectral resolution is 0.2 cm21 (FWHM). The singlet–triple
he rotational temperature is 300 K. The delay between the photolysis a
e pressures are 104 Pa Ne and 0.1 Pa HN3.
e h
ctr

1. T
. Th
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119SINGLET–TRIPLET SPLITTING IN NH
1. There has to be a strong population inversion betwee
riplet and the singlet state. In the photodissociation of HN3 at
66 nm, the inversion is 100% directly after the photol

aser pulse because no ground state radicals are pro
P(a1D)/P(X3S2) 3 `).

2. Complete rotational relaxation has to be significa
aster than electronic quenching. If the rotational distributio
he NH (X3S2) state is not relaxed before the LIF detecti
hen the dump spectrum might be incomplete.

RESULTS AND DISCUSSION

A (a1D3 X3S2) transition consists of nine branches wh
re denoted asDNDJ( J), whereDN represents the change

he nuclear rotation quantum numberN, whereasDJ represent
he change of the total angular momentum quantum numbJ.
hus, the branchesOP( J), PP( J), QP( J), PQ( J), QQ( J),

RQ( J), QR( J), RR( J), SR( J) can be expected (37). Figure 2
epresents an energy level diagram with all branches and
lists the corresponding Ho¨nl–London factors of each branc
ll Hönl–London factors are normalized to 2J 1 1.

FIG. 4. Blowup of the experimentally observedQP( J), QQ( J), andQR( J)
he spectral resolution is 0.2 cm21 (FWHM); the rotational temperature is
Copyright © 1999 by
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The energy levels of NH (X3S2) are directly taken from
ef. (9) because of their high accuracy. The energy leve
H (a1D) can be calculated with a sufficient accuracy us

he following formulas:

T~e,v,J,d! 5 Tv 1 F~v,J,d! [1]

~v,J,d! 5 Bv~ J~ J 1 1! 2 L 2! 2 Dv~ J~ J 1 1! 2 L 2! 2

1 Hv~ J~ J 1 1! 2 L 2! 3 1 DEd~ J! [2]

DEd~ J! 5 d z q~ J 2 1!J~ J 1 1!~ J 1 2!, [3]

hered 5 1 if parity 5 (21)J andd 5 0 if parity Þ (21)J and
5 2.
T(e,v,J,d) is the energy of a rovibrational state,Tv is the

ibrational energy including the electronic energy of the1D
tate,F(v,J,d) is the rotational energy,Bv, D v, andH v are the
otational constants,DEd( J) represents theL splitting, andq is
heL-splitting constant. The constants used for the simula
re listed in Table 2.

nches of the forbidden (a1D 3 X3S2) transition and the calculated spectru
0 K. Experimental conditions as indicated in Fig. 3.
bra
30
Academic Press



ac
r Th
l nte

w
f th

l If n
s

w
L e
i th
(

r

w
a

ntal
d early
s d by
a t. As
e sorp-
t time.

m of
t
A
a

a and the probe
p

120 RINNENTHAL AND GERICKE
For the calculation of the spectrum, the line positions of e
ovibrational transition and its intensities were computed.
ineshapes were assumed to be Gaussian and are represe

I ~n! 5 I 0e
24ln2~~n2n0!/Dn! 2

[4]

ith Dn 5 FWHM.
The line positions are given by subtracting the energy o

evels corresponding to each line of the nine branches.
aturation occurs, the intensityI of each rovibrational line is

I } P~v,J! z FC~v! z
HL~ J!

~2J 1 1!
, [5]

hereFC(v) and HL( J) are the Franck–Condon and Ho¨nl–
ondon factors (Table 1) andP(v,J) is the population of th

nitial rovibrational state. The Franck–Condon factors for
Dv 5 0) transitions are all close to one (38).

FIG. 5. ObservedPQ( J), PP( J), andOP( J) branches of the (a1D3 X3S2

nd the rotational temperature is 300 K. The delay between the photoly
ulse is 300 ns. The pressures are as indicated in Fig. 3.
Copyright © 1999 by
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If the transition is saturated, the Ho¨nl–London factor is
eplaced by a factor

gS 5
g~ J9!

g~ J0! 1 g~ J9!
, [6]

hereg( J0) andg( J9) represent the degeneracies of the (a1D)
nd the (X3S2) state, respectively.
The intensity distribution which fits best the experime

ata is calculated by assuming an intermediate case (n
aturated). Therefore, the line intensities were calculate
dding the intensities of both cases with appropriate weigh
xplained below, this fact can be used to determine the ab

ion cross section and, as a consequence, the radiative life
Figure 3 shows the recorded and the calculated spectru

he branchesSR( J), RR( J), RQ( J), QP( J), QQ( J), andQR( J).
ll lines are represented by the vibrational transitions (03 0)
nd (13 1). Figure 4 shows a blowup of theQP( J), QQ( J),

ansition and calculated spectrum. The spectral resolution is 0.2 cm21 (FWHM)
and the dump pulse is 150 ns and the delay between the dump pulse
) tr
sis
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121SINGLET–TRIPLET SPLITTING IN NH
nd R( J) branch for the vibrational transition (03 0).
inally, in Fig. 5 the branchesPQ( J), PP( J), and OP( J) are
hown. All spectra represent a rotational temperature of 3
hat is consistent with the expected value because of the c
elay time between dissociation and stimulated emission of
50 ns. Thus, all recorded spectra are fully rotationally relax
The SR(1)(03 0) line in Fig. 3 directly gives the energ

plitting between the lowest NH (X3S2, v 5 0, J 5 1, N 5
) state and the lowest NH (a1D, v 5 0, J 5 2) state
singlet–triplet splitting). A least-squares fit ofTv 5 0 results in

value of 12 654.994 cm21. This corresponds to a value
E 5 12687.865 cm21 for the singlet–triplet splitting. Our ne
alue improves the old one (12 688.39 cm21) given by Ram
nd Bernath (39). The accuracy of the fit is 0.01 cm21. How-
ver, we estimate an accuracy of 0.1 cm21 due to the calibra

ion accuracy of the dump laser. To determine the absolute
osition, a photoacoustic cell (PA; Fig. 1) was used to calib

he stimulated emission laser by recording a photoaco
pectrum of the (004)4(000) overtone band of HCN, whic

ies in the same wavelength region as the NH spectrum.
aser calibration was optimized by scanning over theP(4) line at
2 623.538 cm21 (30), yielding an accuracy of less than 0.1 cm21.
In general, the radiative lifetimet of NH (a1D) is deter-
ined by saturating the dump transition. For a transition f

taten to statem, t nm is related to the total absorption cro
ections tot via the equation

tnm 5
1

Anm
5

c2

8pn nm
2 s tot

, [7]

hich is obtained by the well-known relation between
robability for stimulated emissionBnm 5 (c/hn)s tot and for
pontaneous emissionAnm. c is the speed of light;n nm is the
requency of then3 m transition. ForDn laser . DnD, the tota
ross-sections tot is related to the differential cross-sections d

s tot 5 sdDn laser

~2J 1 1!

HL~ J!
, [8]

hereDnD is the Doppler width,Dn laser is the laser linewidt
FWHM), s d is the differential cross section, and HL(J) is the
önl–London factor of the considered line.
As mentioned above, the recorded spectrum at laser p

ux I laser was nearly saturated:

sd z I laser< 1. [9]

o quantify this intensity, the focus area must be calcula
or a laser beam with Gaussian intensity distribution, w

engthl, and beam diameterd, the beam cross-sectionA in the
ocus is
Copyright © 1999 by
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A 5
4l M f

pd2 [10]

ith M 5 Q/u, whereu 5 4l/(pd) is the beam divergenc
aused only by diffraction andQ is the real beam divergenc
n the present experiment, a value ofM 5 1.1 is determine
ielding a focus area ofA 5 6.6 z 1023 mm and a focu
iameter of 92mm. This corresponds to a photon fluxI laser 5
.8 z 1021 cm22 resulting in a total cross section ofs tot 5 2.01 z
0211 cm2/s for theQQ(2) line (Eq. [9], [8]). According to Eq

7], we obtain a radiative lifetime oft ' 12.5 s. This result i
n agreement with the theoretically estimated values
arkony (t 5 2.18 s) (40) and Marianet al. (t 5 1.7 s) (41).
lower limit t 5 3.3 s andt 5 1.9 s was previously obtaine

rom extrapolating matrix data (42, 43), which supports ou
irectly determined value.
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