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Single state NH „X 3S2,v 50,J ,N… preparation for state-to-state studies
Jan Leo Rinnenthala) and Karl-Heinz Gericke
Institut für Physikalische und Theoretische Chemie, Technische Universita¨t Braunschweig,
Hans-Sommer-Strasse 10, D-38106 Braunschweig, Germany

~Received 15 June 1999; accepted 23 September 1999!

A new method is presented to examine state-to-state rotational energy transfer in ground state
NH(X 3S2,v50,J,N). NH(X 3S2) is generated via state selective stimulated emission pumping
using the strongly forbidden NH(a 1D→X 3S2) intercombination transition around 794 nm after
foregoing photodissociation of HN3 at a wavelength of 266 nm. Products are detected by laser
induced fluorescence~LIF!. Chemically relevant collision dynamics including spatial processes can
be studied for the first time inv50 of the electronic ground state. State-to-state rate constants for
inelastic collisions of NH(X 3S2,v50,J53,N53) with Ne are presented. ©1999 American
Institute of Physics.@S0021-9606~99!01645-1#
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Typical chemical processes occur in nature at temp
tures around several hundred Kelvin where a broad rang
rotational states is populated, but in terms of vibration m
molecules are in the ground state. However, there is an
sential lack of information on the dynamics of collision
energy transfer at these temperatures. No data for stat
state energy transfer from higherJ states thanJ50,1 within
v50 of electronic ground state molecules are available. T
reason for this large deficiency in our knowledge about
behavior of molecules in a typical chemical environment i
preparation problem of molecules in a single rotational s
within the electronic and vibrational ground state. Until no
the direct measurement of rate constants for state-to-s
rotational energy transfer in the electronic and vibratio
ground state has only been possible for the lowestJ state by
decreasing the rotational temperature in a molecular be
Such experiments, especially on the NH radical, were p
formed by Dagdigianet al.1 Additionally a preparation of
differentL-levels andMJ substates can be achieved via ele
trostatic state selection in a hexapole electric field.
Meulen and co-workers used this technique for single s
selection in the OH radical.2 State-to-state studies at high
rotations in the electronic ground state have only been
formed forv.03 whereas experiments inv50 and at higher
rotations have only been realized for electronically exci
species, where one example is the NH molecule.4–6 How-
ever, state selective laser preparation (J@0) has not been
possible in the electronic and vibrational ground state.

There has been enormous experimental and theore
interest over the last decades in the relaxation of system
rotational energy transfer in collisions after they were i
tially displaced from equilibrium.7,8 The knowledge of rate
constants plays an important role in obtaining informat
about the potential energy surfaces of molecular systems
their ongoing dynamics. The development of state selec
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laser preparation and detection techniques made it pos
to determine state-to-state rate constants. Numerous ex
ments have been performed until now and a lot of exp
mental data is available for a multitude of closed and op
shell molecules.

In order to answer the question of whether or how
existing data can be transferred to systems of species in
electronic and vibrational ground state, data on ground s
molecules in higherJ levels have to be accessible.

In the present work we present a technique of nea
unrestricted state selective preparation of ground state m
ecules applied to NH(X 3S2,v50,J,N). This technique en-
ables the study of state-to-state collision dynamics withinv
50 of the electronic ground state of a molecule for the fi
time. The technique is based on two steps. The first
crucial step is to generate a strong population inversion
tween the ground state of the molecule and a metast
excited state. In the second step~preparation! the ground
state (v50) is state selectively populated by stimulat
emission pumping. In order to perform subsequent state
state studies the ground state molecules can be detected
function of collision numbers with reference to all quantu
states in a further step by the use of laser induced fluo
cence~LIF!.

In the case of the NH radical a strong population inv
sion between the excited NH(a 1D) state and the ground
state NH(X 3S2) is easily generated in the UV~ultraviolet!
photolysis of hydrazoic acid (HN3).

9–12 In the present ex-
periment, as first step HN3 is photolyzed by the fourth har
monic of a Nd:YAG laser at 266 nm where the populati
inversion is known to be 100%.11 The pulse energy is 30 m
and the beam is focused by a 500 mm lens. In the sec
step NH(X 3S2,v50,J,N) is prepared in a selected sta
by stimulating the strongly forbidden (DS51,DL
52) NH(a 1D→X 3S2) intercombination transition which
has a radiative lifetime oft'13 s13 using intense laser ligh
supplied by a Nd:YAG pumped dye laser at waveleng
around 794 nm and at a band width@full width at half maxi-
mum ~FWHM!# of 0.08 cm21. The second step is performe
50 ns after the photolysis laser pulse to decrease the app
5 © 1999 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



sion
e
d

9466 J. Chem. Phys., Vol. 111, No. 21, 1 December 1999 J. L. Rinnenthal and K. H. Gericke
FIG. 1. NH(A 3P,v50←X 3S2,v50) LIF detection spectra of NH(X 3S2) obtained by scanning the probe laser wavelength~left! and the corresponding
quantum state populations~right!. The initially prepared state is NH(X 3S2,v50,J53,N53). The delays between the photolysis and the stimulated emis
pulse and between the stimulated emission and the probe pulse are both set to 50 ns. The mixing ratio is HN3:Ne51:100 and the total pressure in th
observation chamber is~a! 200 Pa~nascent, all lines originate from the single F2 (J53,N53) state!, ~b! 600 Pa@partly relaxed distribution essentially cause
by primary collisions NH(J53,N53) with Ne#, ~c! 3200 Pa~almost relaxed to room temperature distribution!.
Downloaded 08 Jan 2002 to 134.169.41.178. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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9467J. Chem. Phys., Vol. 111, No. 21, 1 December 1999 Single state NH preparation
ance of NH(X 3S2) caused by electronical quenching of th
NH(a 1D) state.14–16 In order to produce a photon flux tha
is sufficient to saturate the NH(a 1D→X 3S2) intercombi-
nation transition the preparation beam~30–40 mJ/pulse! is
focused by a 300 mm lens. With this preparation techniqu
is possible to completely selectively populate a wide range
(v50,J,N) states. Finally, the generated NH(X 3S2,v
50,J,N) radicals are probed at different delay times via t
NH(A 3P←X 3S2) transition17–19 applying the LIF tech-
nique under saturated conditions at a pulse energy of 1
mJ. The NH(A3P←X 3(2) spectrum contains all informa
tion about the quantum state population of NH(X 3S2). The
delay time between the preparation and the probe puls
varied to study the energy transfer from the initial (J,N)
state to the other (J8,N8) states. Alternatively, the pressu
in the observation chamber can be varied in order to adju
certain collision rate. The typical repetition rate in this e
periment is 10 Hz. A photomultiplier monitors the fluore
cence throughf /1 optics and an interference filter~330630
nm!. The LIF signal is registered and averaged by a box
integrator. HN3 is generated by adding small amounts
phosphoric acid under vacuum conditions to sodium azid20

It is stored in a glass bulb at a maximum pressure of ab
103 Pa and diluted with the desired collision partner X in
second glass bulb. The mixing ratio is chosen to
HN3:X51:100 to assure that NH–HN3 collisions are rare in
comparison to NH–X collisions being studied.

The a 1D→X 3S2 intercombination transition consist
of nine branches denoted asDNDJ(J) whereDN represents
the change of the nuclear rotation quantum numberN andDJ
represents the change of the total angular momentumJ:
OP(J), PP(J), QP(J), PQ(J), QQ(J), RQ(J), QR(J),
RR(J), and SR(J).21 In order to demonstrate that the tec
nique is suitable to exclusively populate a single level
room temperature processes we used thePP(3) line to gen-
erate NH(X 3S2,v50,J53,N53) as an example (E
'197 cm21'kT). To quantify the exact state-to-state ra
constants it is necessary to observe the NH(X 3S2,v
50,J,N) population distribution for different collision num
bers, i.e., different delay times between preparation

TABLE I. Rotational transfer rate constants atT5300 K in units of
10211 cm3 molecule21 s21, for inelastic collisions of NH(X 3S2,J53,N
53) with Ne. The negative sign for F2, N53 indicates the decay of the
initial level. Accuracy is 0.08310211 cm3 molecule21 s21. Transitions
which change the spin component are more effective than transitions w
conserve the spin component. Spin component changing transitions h
propensity for conservingN. Within the F2 spin componentDJ5DN
561 transitions are preferred.

N F1 F2 F3

0 0.24
1 0.31 0.35 0.16
2 0.77 0.79 0.19
3 1.63 27.68 1.06
4 0.48 0.70 0.31
5 0.21 0.22 0.08
6 0.05 0.00 0.00
7 0.06 0.00 0.00
8 0.04 0.00 0.00
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probe pulse or different pressures. Figure 1 shows the
served LIF detection spectra~left! and the corresponding
quantum state populations~right! for three different values of
the total pressure, i.e., collision numbers, in the observa
chamber. The first spectrum~a! at a total pressure of 200 P
represents the detection of nascent NH(X 3S2,v50,J
53,N53). The second spectrum~b! at a total pressure o
600 Pa shows partially relaxed NH(X 3S2,v50) caused by
primary collisions whereas the third spectrum~c! represents
NH(X 3S2,v50) that is almost totally relaxed to room tem
perature distribution.

The time evolution of the populations of the rotation
levels PJ,N(t) obeys a system of coupled differential equ
tions ~master equation! which can be written as

dPJ,N~ t !

dt
5NcS (

~J8,N8!Þ~J,N!

~J8,N8!max

PJ8,N8~ t !k~J,N!←~J8,N8!

2PJ,N~ t ! (
~J8,N8!Þ~J,N!

~J8,N8!max

k~J,N!→~J8,N8!D , ~1!

for each single level (J,N). Nc is the concentration of the
collision partner~Ne!, k(J,N)←(J8,N8)andk(J,N)→(J8,N8) are the
rate constants. At timet0 when the dump laser prepares th
initial level (J,N), i.e., PJ,N(t0)51 andPJ8,N8(t0)50, one
obtains

lim
t→t0

dPJ,N~ t !

dt
52 (

~J8,N8Þ~J,N!

~J8,N8!max dPJ8,N8~ t0!

dt

52 (
~J8,N8Þ~J,N!

~J8,N8!max

Nck
~J,N!→~J8,N8!. ~2!

The rate constants are then given by

k~J,N!→~J8,N8!5
1

Nc

dPJ8,N8~ t0!

dt
. ~3!

Equation~3! represents an approximation valid in thet't0

regime wheredPJ8,N8(t)/dt is linear in t. Table I shows the
rate constants for transitions originating from th
NH(X 3S2,J53,N53) level at a temperature of 300 K
which were calculated by fitting the population data in t
0–50 ns region at a total pressure of 200–600 Pa. The
points used for the fit can be represented by a straight
which indicates that the effect of multiple collisions can
neglected. One recognizes that the rotational transiti
within the F2 spin component occur for the most part to t
neighboring levels (J52,N52) and (J54,N54). For tran-
sitions which change the spin component there is a prop
sity for conservation of the nuclear rotation quantum nu
ber,DN50. Finally, the total of the transitions which chang
the spin component are more effective than transitions wh
conserve the spin component.

The presented technique is also suitable to perform
detailed study of vectorial relaxation processes in the e
tronic and vibrational ground state. The high speed acqu
in the dissociation process and the narrow bandwidth of
dump laser allows to select only those NH(a 1D,v50,J,N)

ch
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radicals for the stimulated emission to the NH(X 3S2,v
50,J,N) state which exhibit a certain velocity component
the direction of the preparation beam. By this means i
possible to optically generate a molecular beam
NH(X 3S2,v50,J,N) radicals in a single (J,N) state. In
that case the time delay between the photolysis and
preparation pulse has to be very small~,25 ns! in order to
selectively transfer the translationally unrelax
NH(a 1D,v50,J,N) fragments to the NH(X 3S2,v
50,J,N) state under consideration. As an example, Fig
shows the Doppler shift in the detection spectrum of
NH(X 3S2,v50,J54,N54) beam prepared that way. The
the spatial translational relaxation of theseoriented mol-
ecules can be observed by monitoring the Doppler shifts
line profiles of the NH(A 3P←X 3S2) detection spectrum
of the initially populated NH state. Furthermore, the^v–J&
correlation of NH(a 1D,v50,J) for higher J levels in the
photolysis of HN3 at 266 nm is positive,22,23 i.e., the vectors
for translational and rotational motion are aligned paralle
each other. Thus, an observation of relaxation effects c
cerning the alignment of theJ vector in the prepared
NH(X 3S2,v50,J,N) state by the intensity ratio betwee
the P andQ lines in the detection LIF spectrum at differe
collision numbers is also feasible.

A preparation technique is presented that can be use
selectively populate single rotational levels of molecules
their electronic and vibrational ground state allowing d

FIG. 2. Q12(r ) line in the NH(A 3P←X 3S2) LIF detection spectrum of a
NH(X 3S2,v50,J54,N54) beam prepared by using theRR(4) line of the
NH(a 1D→X 3S2) intercombination transition for the stimulated emissio
~preparation!. In case~a! only NH(a 1D,v50,J,N) radicals with a low ve-
locity component in direction of the probe beam are selected for the st
lated emission@RR(4) line peak# whereas in case~b! only those radicals are
selected which exhibit a high velocity component in direction of the pro
beam@side wing of theRR(4) line#. The Doppler shift indicates a beam
velocity of 3300 m/s which corresponds to the known velocity of the
scent NH(a 1D) radicals in the photolysis of HN3 at 266 nm~Ref. 22!. A
reference line is used for calibration to assure that the observed line s
between~a! and ~b! is not caused by a wavelength shift of the dye las
emission. The delays between the photolysis and the stimulated emi
pulse and between the stimulated emission and the probe pulse are se
and 50 ns. The total pressure isp(HN3)510 Pa.
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tailed studies on chemically relevant collision dynamics
the thermal energy regime which has been inaccessible
state-to-state studies so far. The technique is applicable
wide range of molecules provided a population inversion c
be achieved. Spatial relaxation processes in rotationally
elastic collisions can be studied if a narrow band laser is u
to prepare an oriented sample of single quantum state m
ecules. Molecule-specific vector correlations, e.g., the^v–J&
correlation allows to prepare aMJ sub-states distribution
Furthermore, it is understood that also vibrational exci
states, like NH(X 3S2,v51,J,N), can be prepared state s
lectively. This allows a direct comparison of the rate co
stants forv50 andv.0 states.

Series of measurements for all preparab
NH(X 3S2,v50,J,N) levels are in progress. An extens
ive application of this technique and a detailed study of
relaxation phenomena in ground state NH(X 3S2,v
50,J,N) including a study of multiple collisions by solving
the master equation@Eq. ~1!# will be given in a forthcoming
paper.
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