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State-to-state studies of ground state NH (X33 7,v=0,J,N)+Ne
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State-to-state rotational energy transfer of ground stateX\#l(",v =0,J,N) in collisions with Ne

is examined. NH is exclusively generated in the metastableaNH{ state via photodissociation of
hydrazoic acid at a wavelength of 266 nm. The strongly forbidden aNH(—X33 ")
intercombination transition around 794 nm is used to generate single stat¢ H(v=0,J,N)
applying the stimulated emission pumping technique. The ground state radicals are detected after a
certain delay time with laser induced fluorescerictF) using the intense NHY3IT—X 33 ")
transition around 336 nm with respect to all quantum states. The collision induced energy flux
between the different rotation and spin levels is studied in detail and a comprehensive set of
state-to-state rate constants for inelastic collisions of XIEY ~,v =0,J,N) with Ne up toN=7

which include the effect of multiple collisions is given. The state-to-state rate constants are obtained
by the use of an iterative integrated profiles method. We find a propensityAfr=0, Ai

==*1) and AN= =1, Ai=0) transitions wher&l represents the quantum state for nuclear rotation
and i represents the index of the spin componEnt In most cases the energy transfer which
changes the spin component and conserves the nuclear rotation quantum hu(aer0, Ai

==*1), is the most effective energy transfer in collisions with Ne. The energy dependence of the
transition efficiency concerning only the nuclear rotation quantum nuikb#yeys an energy-gap

law (EGL). © 2000 American Institute of Physid$$0021-9606)0)01139-9

I. INTRODUCTION stants contain information about the shapes of the corre-
sponding potential energy surfaces and their ongoing dynam-
The detailed knowledge of phenomena which occurics.
when molecules or atoms collide with each other is essential The progress of laser technology in the last decades has
for the qualitative and quantitative understanding of reactivénade it possible to develop efficient preparation and detec-
and nonreactive processes occurring in nature. For exampl80n techniques which allow to perform state-to-state pump

in order to optimize combustion processes aiming at théd probe experiments. Enormous experimental as well as

minimization of the emission of pollutants it is necessary totheoretical work(calculations of potential energy surfaces

know how the intermediates produced during a combustioHVith ab initio methods and calculations of the dynamics on

process behave with respect to their quantum state popul otential energy surface$ias been done so far. The im-

. . . " provement ofab initio methods and the increasing perfor-
t!ons which car? differ from a thermgl Bqltzmann distribu- mance of modern computers make it possible nowadays that
tlgn. The most |mportant processes in this re§pe9t are collizga constants can be computed with good agreement with
sion induced rotational energy transfer and vibration energ¥yperimental determined values.

transfer. If a m0|eCU|e CO||ide€ine|aStiO Wlth another mOI' A|ready in the ear'y 20th Century the first qua"tative
ecule or an atom, then energy can be exchanged between thgidies of rotational energy transfer were perforfé&spe-
different degrees of freedom. A complete study of these eneially for collision induced rotational energy transfer numer-
ergy transfer processes yields state-to-state rate constants fmus experiments were performed and a lot of experimental
these collision induced transitions. The knowledge of thesélata is now availabl8-"® Most of the early experiments in
highly resolved rate constants allows to calculate the poputhe 70s were performed within an excited electronic state
lation distribution as a function of time for systems which using the laser induced fluoresceritéF) technique without
are displaced from equilibrium. In interstellar space there aréme resolutiori>~2" The rate constants were usually calcu-
phenomena, for example, the existence of the OH masé?te_d assuming that on the average only_one cqlhsmn occurs
radiation}? for which a detailed understanding of collision during the lifetime of the excited electronic stasingle col-

: . ; lision limit). Later, complete time resolution could be
induced energy transfer processes is fruitféllso the NH achieved by using the pump and probe technique for the
radical can be found in interstellar sp&cend as an inter- y 9 pump P g

diate | busi &d<Theori . q study of rotational energy transfer in especially vibrationally
mediate in combustion processesIheorists are interested g, qiteq |evels within the electronic ground state, but also in

in the results of collision experiments because the rate consycited electronic staté@-%8 First of all. molecules in the

s, M1, 23, and?I1 electronic states were examined. For
dElectronic mail: j.rinnenthal@tu-bs.de molecules inll states one was interested in particular in the
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collision induced preference of the population of one of the NH(A'TT)
two closely spaced-sublevels:~3-"*However, studies on
molecules ir'S states where the coupling of the spin and the
nuclear rotation is more complicated are still r&te’®8°

Although our knowledge about the dynamics of collision . . .
induced rotational energy transfer in molecules has consid- \ NHia'A) 336 nm

erably grown, there is an essential lack of information at

HN,(A'A") OV, e fluorescence

temperatures around several hundred Kelvin where a broa ——

range of rotational states is populated but in terms of vibra—WNX&‘w&%‘msﬂ hv

. : 266 nm AT

tion most molecules are in the ground state. Although small 800 nm

radicals, like NH, populate the electronic and vibrational v
A 4 A 4

ground state for typical chemical temperatures up to about
1000 K there is no information available about state-to-state NHXCE)
energy transfer from highet states thand=0,1 within the —
v =0 manifold in the electronic ground state. The reason for HN,(X'A)
this serious lack of information concerning state-to-state en- . . .
. . . FIG. 1. Schematic picture of the three steps of the experifipmtolysis of
ergy tr.ansfer 'S.the problem of populating a sindlestate _HNj3, state-selective preparation of NKIES. ~,0=0,J,N) radicals(dump
exclusively. Until now, state-to-state measurements of colli-and detection of the NB(3S ~,» =0,J,N) radicals with respect to all quan-
sion induced rotational energy transfer in the electronic andm states using laser induced fluorescefide)].
vibrational ground state have only been performed for the
Iowe§t rotational state_s]é 0,1). In these experiments the Il EXPERIMENT
rotational temperature is decreased in a molecular beam. For _ _ _ _ _
instance, Dagdigiaet al. performed such an experiment for ~ The general ide&Fig. 1) of the experiment is that in a
the NH radical’’ A further selection of different\ levels ~first step a strong lIOODUki'UOI’l inversion bsetvyeen the meta-
and M substates can be achieved by the use of a hexapofiable excited NH{ “A) state and the NB( "% ™) state has
electric field. This kind of experiments like this were per- {0 be generated. If this inversion is achieved WE v
formed by ter Meuleret al. for the OH radical® Collision ~ — 9-J:N) ground state radicals can be prepared in a second
induced rotational energy transfer at higher rotational Ievelét,ep Ttatz selgct!vely W'th, respect to' all ﬂuantum IStEf‘teS by
within the electronic ground state have only been performe timulated emission pumplrfgitimp usslng_t e strongly for-
. N 79 o idden AS=1, AL=2) NH(a*A—X*®°% ") intercombina-
for excited vibrational statesv(0)" whereas similar ex- L . ~
tion transition. The preparation of the NMES v

periments for molecules in the vibrational ground state have_ 0J.N) is completely state resolved with respect to the

only been performed for excited electronic states where ONg e spin component,, F,, andF, which implies that
example is the NH molecuf®-83In summary, no state-to- also spin relaxation canl be é’tudied 3

state data are available for the most important chemical There are two processes which can destroy the necessary
range ofJ states around several 100 K. inversion. The radiative decay of Ne{A) and the effect of

In the present work we present state-to-state raté Conyenching. We determined the radiative lifetimef the free
stants for collision induced rotational energy transfer of anyH(a®A) radical in a previous experiment to be12.5 s5°
molecule in highed levels within the electronic and vibra- This value is much too high in order to destroy the inversion
tional ground state for the first time. We use a preparatioiyithin a time period of 700 nanoseconds which is the time
technique which was already introduced in a previousscale for the collision induced energy transfer at a typical
publication®® This technique is based on two steps: In thetotal pressure of about 1 kPa in the observation chamber.
first step the molecules are generated in a metastable excitétkewise, the quenching processes are not fast enough to
state exclusively. In the second st@meparatioh the elec- destroy the inversion on the relevant time scale either. Typi-
tronic and vibrational ground state of the molecule is statecal quenching constants are listed in Table I. One recognizes
selectively populated by stimulated emission pumping. In orthat the rotational relaxation to be studied occurs clearly
der to perform state-to-state studies of collision induced rofaster than the electronic quenching, the only exception be-
tational energy transfer the previously prepared ground stat@d the quenching by the parent molecule $iNdowever, in
molecules can be probed at different delay times by laser
induced quorescencéLllF) Spectroscgpy. The LIF spgctra TABLE I. Quenching rate constants for the removal of MHQ).
represent the population of all rotational states at different

collision numbers. We use this preparation technique for the Collision partner kg/10"HemPs Ref.
preparation of the NH{3X~,0=0,J,N) radical where a He <1074 111
complete population inversiofil00% between the meta- N, 6.8x10°3 111
stable NH@ *A) state and the NH( 33 ™) state can be gen- 0, 6.2x 10’: 111
erated in the UV photolysis of hydrazoic acid at a wave- :?\1 i’;‘:ig; ﬂi
length of 266 nif*~#where the NHK °% ~) + N, channel is HE. 3102 112

a spin forbidden process as illustrated in Fig. 1.
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order to study NH—Ne collisions, the mixing ratio HNle is
set to 1:100 and at this mixing ratio the quenching by;HEN | |
sufficiently low. Nd:YAG
For the generation of the precursor of the NH radical,
HN5, we used two different methods. The generation can be
performed by heating a mixture of sodium azide, Naind
stearic acid under vacuum conditions. At about 85 °C;HiN
the only evolving gas and can be stored in a glass bulb at ¢
maximum pressure of about 1 kPhThis method supplies
HNj; in excellent purity. Alternatively, Hilcan be generated
by adding dropwise small amounts of phosphoric acid under
vacuum to Nal. This method is much simpler to handle
and much faster but the generated HIiN¥ less pure. It is
polluted with phosphoric acid because of its vapor pressure
and with water. However, test measurements showed that th
purity of HN; generated by this method is sufficient for our
purposes. The pressure in the glass bulb is monitored by
capacitance transduc@vKS Baratron 221AHS-D-100 In
order to guarantee that NH—HNollisions are rare in com-
parison to NH—Ne collisions and on one hand that the LIF L
signal is sufficient on the other hand, the stored;H&di- 700 am BS v
luted to a mixing ratio of HN:Ne=1:100 at total pressures M A 0C A DM ’l M
of 200 up to 2000 Pa in the observation chamber.
The vacuum system is realized by the use of an oil dif- PD ‘PM‘ PD
fusion pump which reaches a base pressure of abou
10 2Pa. A second capacitance pressure transd(Mé&S Oscillo-
Baratron 221AHS-D-100monitors the total pressure inside BOXCAR Computer
the observation chamber. SCope
The experimental setup concerning lasers and eIectromq_qG 2. Experimental setup(TS—trigger suppressor, SHesecond har-

is shown in Fig. 2. All three lasers are aligned parallel tOmonic generator, FH&fourth harmonic generator, Hsharmonic separa-
each other. The photolysis laser beam and the probe beatw, OC=observation chamber, Mmirror, DM=dichroitic mirror, BS

are focused by a 500 mm lens from one side into the obser=beam spli_tte_r, Elens, MIC_=microphone, PAsphotoacoustic cell, PM

. L =photomultiplier, PG=photodiode).
vation chamber. The dump laser, which is counterpropagat-
ing the photolysis and the probe beams, is focused by a 300
mm lens because the transition probability of the WM
— X33 7) intercombination transition is very low. The foci NH radical at a temperature of 300 K is about 700 m/s what
of the photolysis beam and the dump beam are most carés considerably lower. Therefore caution must be used for
fully overlapped in order to force as many NifA) radi-  rotational relaxation studies because the translational motion
cals as possible into thé¢33 ~ state. The focus of the probe of the NH radicals changes during the collisions that induce
laser beam =500 mm) lies several cm beside the foci of a change of the rotational quantum numbek3\). Since the
both the photolysis and the dump laser beams. The detectigtope of this work is the examination of collision induced
laser beam surrounds the photolysis and the dump beams intational energy transfer in absence of translational relax-
their focal region. Thus, the detection efficiency of the ex-ation, it must be guaranteed that the translational relaxation
panding NHK 33 ) cloud is maximized and the fly out of has already occurred before the ground state X~ ,v
the NH(X 33 ™) radicals out of the probe laser beam can be=0,J,N) radicals are prepared with the dump laser pulse.
neglected. All laser beams are guided through baffles into th&his can easily be achieved by choosing the delay time be-
observation chamber in order to reduce the influence of scatween the photolysis laser pulse and the dump laser pulse
tered light. sufficiently long. However, if this delay time is chosen to be

The generation of NH{ *A) (first step is performed by too long quenching of NH{A) increases and influences
a pulsed photodissociation of the parent moleculeg Hd a  the detection signal. Since the translational relaxation is
266 nm light pulse of 30 mJ which is generated by the fourthabout 10 times faster than the rotational relaxation to be
harmonic of a Nd:YAG lasefContinuum Surelite [I-10 At studied, we use a delay time of 50 ns between the photolysis
this wavelength NH is exclusively produced in its first ex- laser pulse and the dump laser pulse as the best compromise.
cited electronic stateg *A. The nascent population distribu- This delay time is long enough for the relaxation of the trans-
tion of the vibrational levels is known to bev€0):(v lational motion of the NH radical which exhibits a similar
=1):(v=2)=(1):(0.3):(0.02)°* The mean rotational en- mass like the atomic collision partnem( : Mye=0.75).
ergy of the nascent NH(*A,v=0) is 700 cm* whereas its The completely state-selective preparation of the
kinetic energy is 7040 citt what corresponds to a nascent NH(X 33 ~,0=0,,N) radicals (second stepis performed
velocity of 3320 m/s? However, the relaxed velocity of a by stimulating the strongly forbidden intercombination tran-
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FIG. 3. Completely resolved spectrum of the strongly forbidden &
—X337) intercombination transition. The spectral resolution is 0.2 tm

(FWHM) and the rotational temperature is 300 K. All nine branches of the 3c - . .
spectrumRP(J), PP(J), °P(3), PQ(J), °Q(J), RQ(J), °R(J), "r(J),  NH(X“X",v=0J,N) by using transitions of those branches

andSR(J), are assigned for th®,0 and the(1,1) transitions. The spectrum IS not possible. For th8P(J) branch the Hol-London fac-
is obtained by scanning the dump laser wavelength. For a comparison gors are too small, especially for lodwalues. Therefore, for
calculated spectrum is also shown. The delay time between the photolys'?.:f,|e preparation of; levels, NH(X 3%~ vy=0J=N+1 N)

a b L b 3 1

laser pulse and the dump laser pulse was set to 100 ns whereas the de R . .
time between the dump laser pulse and the detection laser pulse was setW€ Used™Q(J) lines, for the preparation of thE, levels,

500 ns. The total pressure in the observation chamber whBdat a mix-  NH(X 3%, ", v=0J=N, N), we used th&R(J) lines for low
ing ratio of Ne:HN=1x10°. J values and th€P(J) lines for highJ values. Finally, for
the preparation of theF; levels, NHX 33~ ,v=0J=N
—1,N), we used th€Q(J) lines. It is not possible to prepare
sition NH(a *A—X 35 ") which lies in the wavelength re- the level NHX®%",0=0J=0N=1) because no transition
gion from 770 to 830 nm. A Nd:YAG pumped dye laser IS connected to that level. Also, the NKES ~,v=0J
(Continuum YG 680, TDL 60, IRPwith a pulse width of =1.N=2) level cannot be prepared state selectively. In fact,
typically 7 ns supplies the desired wavelength of laser ligh@ transition for the preparation of that level exists, namely
with an energy of 30 mJ per pulse. The laser dyes LDS 768e °R(1) line, but this line overlaps with th8P(3) line
(760—800 nm and LDS 821(795—840 are used with pro- What destroys the state selectivity. In total we prepared the

pylene carbonate and methanol as solvents. following 16 levels:
The NH(@*A— X33 ™) intercombination transition con-
sists of nine branches which are denoted*84J(J). AN Fi levels: (J=2N=1),(J=3N=2),(J=4N=3),

represents the change of the nuclear rotation quantum num-
berN andAJ represents the change in the total angular mo-
mentum quantum numbel. Thus, the nine branches are
°P(3), PP(J), °P(J), "Q(I), °QQ), "), °R(J),
RR(J), and°R(J).%° Fligure 3 shows the complete resolved £ joyels: (J=1N=1),(J=2N=2),(J=3N=3),
spectrum of the NH{ A — X 33 ™) intercombination transi-

tion. The branches are clearly separated by the change in the

(J=5N=4),

nuclear rotation quantum numbeN (upper index All (J=4N=4),(J=5N=5),
branches of the’ =0, v”"=0) and ¢'=1, v"=1) transi-
tions are assigned. Trgand theR branches are located on (J=6N=6),(J=7N=7),

the left side, theQ branches are located in the middle of the

spectrum and th® andO branches are located on the right-

hand side of the spectrum. In a previous experiment we F; levels: (J=2N=3),(J=3N=4),(J=4N=5),
showed that at a pulse energy of 30 mJ the AHM{
—X3%%7) transition cannot be saturated complet€ly.
Therefore, in order to prepare NKME ~,0=0,J,N) radicals
by stimulating the NH&'A—X33") intercombination
transition the Hal-London factor’? are necessary to calcu- In a third and last step the detection of the
late the efficiency of the preparation. Figure 4 represents &IH(X 33~ ,v=0J,N) radicals is performed after a certain
plot of the Hml-London factors dependent oh Not all  delay time using the strong NIACIT,v =0—X33",0=0)
branches are suitable for a preparation of NHE v transition[radiative lifetime 7=440+15 nd%®] with respect
=0J,N). For instance, the branch&P(J), °Q(J), and to all quantum states. We recorded the spectra in the region
QR(J) are not completely separated with respect to their335.5-339 nm and used the branch@s(J), P, (J),
wavelength. Thus, a completely state selective preparation &R,3(J), %P3x(J), Qz(J), °P1x(J), °Q;5(J),°P,3(J),

(J=5N=6),(J=6N=7).
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T and the dump pulse is set to 100-150 ns whereas the time
delay between the dump pulse and the detection pulse is set
to 300-500 ns. These experimental parameters are optimal to
record a spectrum of the NHEA— X33 7) transition by
scanning the dump wavelength. A spectrum which was re-
corded that way is shown in Fig. 3. According to this proce-
dure it is easy to adjust the dump laser wavelength to a line
that is suitable for the preparation of the desired
NH(X 33", 0=0J,N) quantum state in order to record
U NH(A 31X 33 ") detection spectra by scanning the probe
laser wavelength which contain information about the colli-
sion induced rotational relaxation of the NKIS v
=0,J,N) radicals. The experimental parameters have to be
changed again: The delay time between the photolysis laser
FIG. 5. Spectrum of the NH *I1—X ° ") transition which was obtained oam and the dump laser beam is set to 50 ns whereas the
by quenching of NH& “A). The delay time between the photolysis laser .
beam and the detection laser beam was set tq.208t a total pressure of 3 time delay between the dump laser beam and the probe laser
kPa in the observation chamber. The mixing ratio was; H\é=1:100. beam depends on the desired number of collisions and is
usually set to 50—400 ns what is the most important time
scale for the rotational relaxation phenomena at total pres-
sures of 200—2000 Pa.

Ps(J), PQu4(J), Po(J), PRy(J), P1(J), PQ.(J) for the At these experimental conditions there are several lines

population determination of the rotational levels. The desiredVithin the wavelength region of the NKACIL,v=0
wavelength region is supplied by an excimer lageadiant <X °2~,v=0) detection spectrum that do not belong to
Dyes, RD-EXC-200 pumped dye laseiLambda Physik, FL ~ that transition. These are, for instance, lines of the
3002 with a pulse energy of 2 mJ. The NA@Il,v=0 NH(A®Il,u=1—X3%",v=1) transition. These lines ap-
—X337,0=0) spectra are recorded under saturated condipear mainly at higher delay times between the photolysis
tions which simplifies the population determination becausdaser pulse and the probe laser pulse or at higher pressures.
the Hanl-London factors are equal to 1 and the line intensi-The reason for the appearance of these lines is the generation
ties only depend on the degeneracies of the two involvedf NH(A °I1,v = 1) via the quenching of NH(*A). In order
levels of a transition. The total fluorescence is monitoredo avoid these lines in the detection spectrum we subtracted
perpendicularly to all the laser beams throdgh optics and  the NH(A3I1—X 33 ") detection spectrum which is ob-
an interference filter(330=30 nm). A boxcar integrator tained when the dump laser pulse is suppressed from the
(Stanford Research System, DG »88gisters, amplifies and  detection spectrum which is obtained when the dump laser
integrates the detected LIF signal. All lasers operate at @ulse is present. The resulting spectrum contains only infor-
repetition rate of 10 Hz and are triggered via two coupledmation about the NHX 3% ~,0 =0) radicals which have ini-
trigger generators, a master trigger generégianford Re-  ja|ly been prepared with the dump laser pulse. In the experi-
search System DG 53and a slave trigger generattome  ment the two spectra were recorded in two separated
built). The boxcar integrator is triggered by the probe lasefpannels. In one channel we stored the spectrum with the
beam via a photodiode. Finally, a computer records the exg,my, |aser pulse present whereas in the other channel we
perimental data fgr further processing. ) Trecorded the spectrum without the dump laser pulse. Every
n ord?r to adgjus} the dur-n-p laser ngele_ngth to aline %%Second pulse of the dump laser is suppressed by a trigger
the NH@"A—X?®°% ") transition that is suitable for the . L .
. . Be— suppressofsee Fig. 2that inhibits theQ switch of the dump
preparation of the desired NM(°% ~,v=0,J,N) quantum . .
laser system. In addition, the trigger suppressor generates a

state at least a weak LIF signal is necessary and therefore the S ) i
9 y signal for the computer to indicate in which channel the LIF

probe laser beam has also to be adjusted to a suitable detec* .
tion line of the NHA 3T X 35 ~,» =0,J,N) transition. To signal has to be stored. Figure 6 shows two screenshots of

adjust the detection laser beam to a suitable line the delagpe oscilloscope(with and without the dump laser pulse

time between the photolysis laser beam and the probe laséf’ere the laser pulses, the LIF signal and the gate can be

beam is set to about 2Q@s the dump laser is turned off and S€€N- . o
a total pressure of 3 kPa at a mixing ratio of kNe Using that technique we recorded for every initially pre-

—1:100 is used to induce the generation of NHE ") via  Pared quantum state several NiHIT,u=0-X°3" v
quenching of NH& *A). By scanning the probe laser wave- =0) detection spectra at different pressures and delay times
length a completely relaxed spectrum of the MHE ~) at  between the dump laser pulse and the probe laser pulse.
300 K can be recorded as shown in Fig. 5. When the deted=rom these spectra we extracted the population distributions.
tion laser is adjusted to a suitable line the total pressure id\s an example, Fig. 7 shows three LIF spectra for three
the observation chamber is set to* B at a mixing ratio of  different total pressures in the observation chamber and the
HN3:Ne=1:100000. The time delay between the photolysiscorresponding extracted population distributions.

LIF intensity / a.u.

U

T T T T T T T T T T T T T T T T
3355 336.0 3365 3370 3375 3380 3385 339.0 3385

wavelength / nm
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3  accuracy experimental data is available todfay®

.1 ps \ I AR AT The NH(A®Il) state is, especially for higher quantum
100y ) \ A T 1 1 1T 1 numbers, close to coupling caé®, where coupling of the
f 1 electronic spin with the internuclear axis is very weak. How-
V I ever, the electronic spin is coupledNowhich represents the

total angular momentum apart from spin. The rotational sub-
states of the NHA °I1) state are divided into the spin com-
T ponents F; (J=N+S=N+1), F,(J=N) and F3(J=N
1 ps I —S=N-—1). The rotational levels in each spin component
leamy are A type doubled because af#0 (e/f levelg. States with
the parity +(—1)’ are denoted ag states whereas states
r— with the parity— (— 1)’ are denoted afsstates’’ Wave func-

1”@ I tions of F4(f), F,(e), andF5(f) states are symmetric con-

I cerning a reflection by a plane which contains the molecular

axis (A’ state$ whereas wave functions d¥,(e), F,(f),
andF(e) states are antisymmetrié\( state$.'%° The rota-
tional substates of the NBX(S ) state are also divided into
the three spin components,; (J=N+S=N+1), F,(J
=N), andF3(J=N—-S=N-1). However, in the case of

4
hi

|
i

1 ps B I Ni NH(X337) N is equal to the nuclear angular momentum
108 my / I I A because of\=0. _ N .
RV AR J,.,ef' The electronic NHA 3T+ X 33 ™) transition contain 27
W,:_—J brancheg9 main branches and 18 satellite brangh&sery
1 branch represents a certain change of the total angular mo-
F ] mentum quantum numbdrand the quantum numbél. The
- ::::“::::::::-‘::: - different branches are denoted AS.Ii"(‘]”) for the main
"IT 1 branches andNAJ;, (") for the satellite branches where
iggfqv T 4 AN=N'—N", AJ=J"—J" andi indicates the spin compo-
1 2 nentF,(i=N+2—J). Because of the fact that NACII) is
" hv 1 close to caséb), which is valid even at low values of the
"1 s angular momentum quantum numbérthe following selec-
160 b tion rules exist-%*
AJ=])'-J"=-1,0+1, (N
FIG. 6. Two screenshots of the oscilloscope which show the LIF signals
which are obtained when the dump laser is suppressed by the trigger sup- AN=N’'—N"=-1,04+1 (only case b, (2
pressor(above and when the dump laser is presdéhelow). Channel 2
shows the dump laser pulse when it is present, channel 3 shows the pho-  AJ=AN (only case b, 3)
tolysis laser pulse, the detection laser pulse and the LIF signal. Finally,
channel 4 shows the gate in which the LIF signal is integrated. ot (4)

L. DATA ANALYSIS If all selection rules are strictly valid there are only the 9

: main branches. These af®;;(J"), °Q1(J"), "Ry;(3"),
A. Population determination PPoo(3"),  CQu(J3"), RR,(JI"), PPs(d"), Qay(d"),
RR33(J") which are usually denoted aB;(J"), Q,(J"),
Ry(3"), Pa(3"), Qa(3"), Ro(3"), P5(3"), Qa(3"), Re(d").
—0,J,N) to the final states NH(3S, ~,0=0,)',N') the time Since NHA ) is onl_y close_to ca;(ala)_ the selection rules

. . JN (2) and (3) are not strictly valid which is the reason for the

dependent population profileB, "\, (t) have to be deter- . ;

ined. Th lati £N J3’§— —0J' N’ b 18 satellite branches. The change in the angular momentum
[n!ned.f € I;_)Ic;:pualotns Oh' EK U= ,df) are o -I d quantum numbemN by —3,—-2,—1,0,+1,+2,+3 is repre-
lami roml dspe;: ravtv 'Ct tﬂre meaisq[_re dortsefvera theéented by the letterl, O, P, Q, R, S, andT. ConcerningJ
ay imes. In order 1o extract the population data from e01[1Iy P, Q, andR branches exidtselection rule(1)].

Ilrlljorescence sdpectra thet line tpotsmons,dl.ﬁ;, t?e enetrg'e.‘:‘. T “In order to calculate the LIF spectrum of the N&{II
€ corresponding quantum states, an € line ntensi 'e<§X3E‘) transition it is assumed that the lines are of Gauss-

(the_lfquani;tl_l'o&Erobatllhtleslr:.a\l:e to be kdn(é)wn.t tth ian shape. The line shape of the detection laser line is as-
© spectra which are used to exgrai: € dUaN5umed to be Gaussian as well. Thus, a detected line is rep-
tum state populations belong to th& [T—X33") elec-

. - . o . . resented by
tronic transition. This transition allows a population determi-

nation with respect to all quantum states. The NH[I l(v)=1,e "4 2((v—vg)jAv)? (5)
— X33 7) transition is already examined since 1893 and was
the subject of numerous investigations. A multitude of highwhereAv is the full line width at half maximunfFWHM).

In order to determine the rate constants for collision in-
duced transitions from the initial states NK{S v
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a) initial NH(T- J=4 N=5)+Ne

3 fit
=
‘@
g 5
£ ]
w 3
| g
WJ experiment
. ) " Y L o A
3960 3365 3370 3375 3380 3385 3390
wavelength / nm
b) partially relaxed NH(3Z-,J=4 N=5)+Ne

B n fit
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" ]
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r experiment
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¢) almost relaxed NH(3Z-,J=4 N=5)+Ne

fit

W IINTE

LIF intensity / a.u.
Population

J hU experiment
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FIG. 7. Monitored and fitted NH °IT,0 =0+ X 33~ ,0=0) LIF spectra of NHK 33 ~,u =0) which are obtained by scanning the detection l&eér) and

the corresponding quantum state populations which are obtained by fitting the Spigttta The initially prepared quantum state is N¥ES ~,0=0J

=4N=5). The delay times between the photolysis laser pulse and the dump laser pulse and between the dump laser pulse and the detection laser pulse are
both set to 50 ns. The mixing ratio is HNNe=1:100. The total pressure in the observation chamber in @se 200 Pa what represents the nascent

situation. Only NHK 33 ~,0 =0,J=4N=5) radicals are presefull lines originate from the singlE;(J=4,N=5) state. In case(b) the total pressure in the
observation chamber is 1600 Pa. This represents the situation when the quantum state distribution is partly relaxed by collisions with (¢ the tatse

pressure in the observation chamber is 3200 Pa where the quantum state distribution is almost completely relaxed to a Boltzmann distribution at room

temperature.
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For the calculation of the line positions the energy Ievelsd PIN(t) (3" N max
of the rotational substates of NWEIT) and NHX 33 ") are  — 22 g > PIN (KN ("N
taken from Ref. 97. The wavelength of each line of the 27 dt (3" N)#(I,N) ’
branches is given by subtracting the energies of the two en- 3N
ergy levels corresponding to a considered line. The intensity _ PN 2 max k(J’N)H(J,’N,))
I of a line is given by the expression J.N NN Ne
(J,vN,)max IN ,
lo=P(3'N')-FC(v’ ") o) (6) FIANI NZ N Py (DG~
0 ’ v, (2Jrr+1) ’ (J",N")#(J,N)
(J",N")
RIS KO ®)
where P(J,N) is the population of the NH{33 v Q" ND#(I,N)

=0,J,N) state, FC¢',v") is the Franck—Condon factor for a

transition betweeny’ (vibrational state of the upper elec-

tron?c stateA 3;H)ian.dv” (vibrational state of the lower elec- for each single levelhere for the initially populated one
tronic stateX X ™) (in our casey’ =v"=0) and HLJ",J")  PJ(t) is the population of theJN) state(lower index at

is the Hal-London factor of the transition. Expressions for time t for an initial preparation of the same stdteper in-
the Hanl-London factors of the NHE*IT1~X°%7) transi- ey, P3"\(1) is the population of theX',N’) state at time
tion are given in Refs. 102—105. The Franck—Condon factO{ for an initial preparation of the(N) state.k(hféN)““"N') is

,: ”: . . 6 . .
of the =0, v O). transmop 1S close to on€®If, like in he rate constant for a transition from th¥ (N’) state to the
our case, the detection laser is intense enough to saturate t e o 2 :
,N) state which is caused by a collision with Ne and

e 207 HOL D) 10 ) ekl ) ang) ) are
the rate constants for HNas collision partner[Ne] is the
concentration of the collision partner Ne wher¢atN;] is

g(J") the concentration of HN the precursor of NH. The sums go
gs=m, (7)  over all states unequal to the prepared state. The first term in
one of the two brackets describes the increase of the popu-
lation of the J,N) state by transitions from the neighboring

(J',N") states whereas the second term describes the de-

population of the J,N) state, respectively. The coupling of

. . N H
NH(X 33 ) state. the equations is caused by tﬁ’é,,N,(t). In order to predict

From here on we use the following nomenclaturN) the tin']e.dependent populations of all sta‘Rgév\' ,(t)'consid- .
represents a quantum state which initially has been preparéj€d: it is necessary to solve the master equation for given
by the dump laser whereas'(N’) represents a quantum start conditions. These start conditions are the populations of

. . J,N . . .
state which is populated by collision induced transitions oufach single state at tinig, Py; . (to), which are fixed with
of the initially prepared quantum statd,{). In order to @ pulse of the dump laser in the experiment. Because the
determine the population distribution of NMES~,u  Preparation of a single NE(*%",v=0,J,N) state with a
=0,J',N’) at a certain delay time between the dump lase[dump laser pulse is completely state selective we obtain the
pulse and the detection laser pulse, the corresponding spe#ell-defined start conditions:
trum is fitted by first calculating a complete spectrum for
some start values for the populations of thE,’) states
and then optimizing them iteratively while minimizing the Pj’/NN/(to)=5(J,N),(Jr,Nr), (9)
least squares sum of the calculated and the measured spec- ’
trum. This is done for all measured spectra. Finally, the ob-
tained population profile:Pj’,"“N,(t) for each (’,N’) state

are modeled using smoothing spline functions. where 5 ny o,n =1 i (3,N)=(3",N") and 3¢ v a7,n1)
=0 if (J,N)%(J',N").

For a solution of the master equati¢d) the rate con-

stants kW C"ND | gEN—=QWND kHNZI)h(J/’N,), and

kHNZ')H(J"N’) are needed. In the following the extraction of

the rate constants from the experimental data is described.
An ensemble of NH ground state radicals which has In order to minimize the influence of HN\on the relax-
been prepared at timgy by a dump laser pulse in a single ation process to be studied, K¢ diluted in the experiment
NH(X 33~ ,0=0J,N) state evolves in time obeying a sys- to an appropriate mixing ratio of HNe=100. This justi-
tem of coupled differential equatiorisnaster equationof  fies the assumptiopHN;]— 0 which simplifies Eq(8) dra-
first order which can be written as matically assuming that only one collision partner, Ne, is

whereg(J’') and g(J”) are the degeneracies of the corre-
sponding rotational substates of the MHRII) and the

B. Solving the master equation
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present. Therefore, we write in the followirg,V (" N") @ 00044 T T g T
’ ! JN J’ N/ ! ’ € ~ 0.002 4 -
=kON =N, = NI < O =W, [Nel=[C] S 0.000- ;
(where C stands for collision partpeand obtain = -0.002 ]
>~ -0.004 .
de,m(t) (J’rN,)max Eé_‘E —0.006—- .
f J,N —(J' ! ] ]
B e (51| IO VR S MOT S 0008 ]
(3" N")#(I,N) -0.010 3
1.0 i
(3" ,N")max 0.8—- ]
—PIND X KON=OWND (1) =~ o6 ;
(3" .N')#(3,N) E? 04 ]
At time t, when the dump laser prepares the initial state 0.2 ]
(J,N) we have the special situatio®j(tg)=1 and 0.0 .
Pj’,NN,(to)zO. This simplifies Eq(10) in thet~t, regime as -0.2 1
follows: 250 -
200 y
J' N’ J.N 221 ] ]
i dPyN(t) ( E)max dPy e (to) £ 150 .
—_— —————————— — A
t—tg dt (3".N")#(J.N) dt E:'é 1007 ]
fou) 50 a
(\]/xN/)max O_- 4
- _ (I,N)—(J',N") T T T T T T T T T
W N/)E;&u N [Clk - (1D 0 100 200 300 400
Therefore, the rate constants can easily been written as t/ns
IN FIG. 8. lllustration of the effect of statistical noise of the experimental data
k(J’N)_)(J,’N,):i dPy; v (to) 1z O the profileP3N(t) of a NH(X X ~,v=0,J,N) state which has been pre-

[C] dt pared at timety by a dump laser pulsémiddle part of the picture the
integrated profilij;N(t) (below and the time derivation of the profile
which represents an approximation only valid in tiret, dPﬂ:“(t)/dt (above. The squares in the middle of the picture represent

; J,N ; typical experimental data of the time profﬁejjm(t), on the other hand, the
regime(and aiso at low pressunewhered PJ’ N’ (to)/dt is line graph in the middle of the picture represents the same data without any

linear int and On_ly single collisions are considered. - statistical moise. One can recognize that the time derivation of the experi-
However, reliable measurements at these conditions ar@ental data oPJN(t), dPyN(t)/dt (squares aboyeexhibits an amplified

difficult to realize because the populations of the statestatistical noise relative to the qualitative behavior of the noiseless curve

; o line graph above However, the time integration of the experimental data
which are not initially populated, thel(,N’) states, are ver (
y pop (N') y PIN(t), BIN(t) (squares beloyy results in a reduced statistical noise rela-

|9W in thet~t, and low pressure regime. But low popula- ye 16 the qualitative behavior of the noiseless cufime graph below.
tions cannot be measured with high accuracy because of th@is shows that in order to fit the rate constark&M—C"N) and

statistical noise of the spectra from which they are extractedg.m—' N it is advisable to convert the master equatias) into the
Therefore, much more information can be extracted if thentegral form.

experimental data are fitted not only slightly abavet,
(single collision regimgbut also in thet>t, regime where
multiple collisions have to be considered.

In order to determine the rate constaikfs™—"N")
and kN =0"N) py fitting them to the experimental data
[the time profiles of the J',N") states,Pj’,”\'N,(t)] in the t Jt dPﬂj',d(t)
>1, regime it is advisable to convert the master equation);, dt
(10) into the integral form. The integrated form of H40) is
more stable against the noise of the experimental data be- (9" N')max o N
cause the statistical noise of the population profiles of the =[C] E (k(J'N)H(J N >f Py (Ddt
(J',N") states is averaged out by integration over titne " ND#IN) fo
Furthermore, on the left-hand side of EGO) we have the
time derivation of a profile which of course is very sensitive
regarding the statistical noise of the experimental data. This
situation is illustrated in Fig. 8 where the statistical noise ofWith the definitions
the experimental data on the profi®JN(t) of a . .

NH(X 3% ~,0=0,,N) state which has been prepared at time f P3N (Odt=13,(t) and f PIN(tdt=1IR(t)
to by a dump laser pulse is showmiddle par}. Also the o ' to '

causes a purposely averaging of the noisy data. So, if we
integrate Eq(10) on both sides front, to t we obtain

! ’ t
—kN= (N >J Pj;ﬁ(t)dt). (13

to

time derivatived P} \(t)/dt (top) and the integration over (14
ByN(t) (bottom of that profile are shown. One can recog- for the integrated profiles of the populations and

nize that the differentiation amplifies the statistical noise and N N N

the integration reduces the statistical noise. The integration PIn(t) —P3n(to) =Byn(t) (15
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for the integrated profile of the initially populated state wevalues, but expressiof22) takes implicitly the reverse reac-
can rewrite Eq(13): tion into consideration and is therefore suitable for higher
in contrast to expressiofl2). For states that have not been

J'N") :
T ( Emax (k(J'N)H(J,’N,)IJ,N M) prepared directly by a laser pulse of the dump laser but for
N (3" ND£IN) J7N which the start values of the rate constants of the reverse

transition can be obtained with E®2) we used the revers-
—KkIN=QWND I ). (16)  ibility relation (17) to obtain the start values. The remaining
start values of rate constants which cannot be obtained that
way are estimated by setting them to the value of a transition
for which similar values are expected.

The rate constark@N—0"N) gndk(N=0"N") for the re-
verse reaction obey the microscopic reversibility reldfion
which can be written as

KON (3N = k<J,N)<—(J’,N’)M e(Ean—Ey N KT 2. Calculation of new values for the B j’,{v,\,,(t)
9N 17 Now one has to recalculate the values for Big'\, (t)

_ . with Eq. (16) for all prepared],N with the use of the values
whereE; \ andE; \ are the energies of the two involved of the rate constantg@N—0@"N) gand kON=Q"N) The

states §,N) and @'.N'). Equation(17) represents the fact recalculation leads to valudsj‘,"\'N,’wl(t) which differ from

>
that fort_ to the state population passes over to a Boltzmanrghe old ones because they reflect the current values of the
distribution.
. o rate constants. Because of the fact that the current rate con-
If we define the reversibility factor to be . N ;
stants are not the optimal ones, tBé’, N’ call) are either

9a7 N _ overestimated or underestimated. For that reason one needs
R BN e<E‘J’N E‘]”N’)/kT (18) i
INJIWNTT g ’ improved values of the rate constants.

th lack"N = "N in Eq. (16) and obtai
en We can replac In Eq. (16) and obtain 3. Improvement of the rate constants k(J,N) —(J',N’)

(3" N') max :
N, In order to improve the values of the rate constants
BIND=[C] 2 kWO KON @"ND the ratio ofB3\, ()/BI", ot
(3" NN we use the ratio ofBy,\,(t)/By)/ calt)
IN N which represents the degree of correction if one assumes that
X(Ryr Ny a3 e (D) = T3N(D). (19 most of the population of theJ(,N’) states comes directly
This equation does not contain the rate constant for the rdfO™M the initial prepared stateJ(N). Thus, the expression
verse reaction any more. Introducing the shortcut BIN (1)
KN =N — | (QN)—= (' N') J".N (23)
R 12N (=138t =DIN t (20) new BTN, (1)
J/,N",J,N J’,N'( ) J,N( )= J,N,J’,N'( ) J’,N',cal(
we finally write generates the new values for the rate constants for all pre-
L paredJ,N.
()
BIND=— X By(1)
N (3" N #(IN) N 4. Calculation of the least squares sum
(3" .N")max To monitor the convergence of the rate constants and to
=[c] > k(J,N)ﬂ(J’,N')Dj'm 5o (D have a stop criterion for the iteration the least squares sum of
(3" .N")#(I,N) Y the difference between thj’,'y“N,’cal(t) and Bj‘,’?‘N,(t) has to
(21) be calculated as a sum over all initially prepared states
) o o (J,N):
In order to fit the rate constank$”N~0"N) and implicitly
(I.N)—=(3",N") i JN i JN IN
k _ to the experlmental_Qatﬁ’J,’N,(t) in the t _ Qo= 2 (B w(D=B3 )% (29)
>t, regime where secondary collisions occur we use an it- (IN)#(J'N)
erative algorithm which works as follows. Q(t) is the value that has to be minimal.
1. Determination of start values 5. Definition of the break off criterion

At first it is necessary to use some start values for the The iteration is continued until the change in the value of

rate constants which later will be improved repetitively. we Q(t): AQ(1), is negligible. Therefore we define a conver-
obtain these start values from qu) by gence limit Qlimit L f AQ(t)>QIimit we continue W|th(2)
otherwise the fit has finished. The valQg,; has to be cho-

. —Bj’,NN,(t) sen such that the iteration breaks off after convergence has
KIN=QLN Em (220 peen achieved. Typically 5-10 iterations are enough to
N, J%N achieve convergence.
for each initially prepared state (N). In principle it is also In order to generate population profiles which can be

possible to use Eq12) in thet~ty regime to obtain the start integrated continuously all experimental population profiles
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TABLE Il State-to-state ~ rate  constants in  units of TABLE Il State-to-state  rate  constants in  units  of
10" em® molecule* s72, for collision induced transitions. The accuracy is 10~ cn® molecule* s™, for collision induced transitions. The accuracy is
0.08<10 *cnP molecule*s™. The “+” sign indicates initial levels  0.08x10 *cmPmolecules™t. The “*” sign indicates initial levels
which have been prepared in the experiment. All state-to-state rate constanigich have been prepared in the experiment. All state-to-state rate constants
with such an initial level are determined directly. The “—" sign indicates with such an initial level are determined directly. The “~" sign indicates
initial levels which have not been prepared in the experiment. All rate con-initial levels which have not been prepared in the experiment. All rate con-
stants with such an initial level are determined indirectly. The last rowstants with such an initial level are determined indirectly. The last row
contains the sum of all rate constants which originate from the consideredontains the sum of all rate constants which originate from the considered

level indicated with a %” or a “-" sign. level indicated with a %" or a “-" sign.
Initial N=0, F, rate constants Initial N=1 rate constants
N F, F, Fs ” — =
Initial N=1, F; Initial N=1, F, Initial N=1, F5

0 —
1 1.82 0.85 0.33 N Fr Fp Fs R0 Fp Fs B R Ry
2 1.20 0.14 0.10 0 127 1.00 116
3 0.24 0.14 0.23 1 * 305 437 429 * 116 217 345 -
4 0.02 0.02 0.36 2 186 024 020 087 122 075 226 159 1.13
5 0.00 0.00 0.04 3 157 028 005 061 129 0.16 236 0.66 0.90
6 0.00 0.01 0.04 4 008 028 001 002 035 002 005 070 051
7 0.00 0.00 0.02 5 000 0.02 002 000 002 001 000 025 012
8 0.00 0.00 0.00 6 002 021 018 0.00 000 0.00 000 098 0.08

2k=5.56 7 023 000 001 001 000 002 000 042 0.2

8 000 0.00 001 001 003 000 000 0.00 0.00

Sk=13.96 >k=11.84 Yk=18.81

are modeled with smoothing spline functions. All integrals
are calculated using the Romberg integration method. The

calculations are realized in@ program. plot of these total rate constants for thg, F,, and Fj

levels as initial levels dependent on the initial nuclear rota-
tion quantum numbeN. Also shown are the means of the
Genera”y, we find a propensity for transitions to thetotal rate constants f(ﬁl, Fz, F3 states as initial States, i.e.,
neighboring quantum states. In these transitions either thé&® mean total rate constants. One recognizes that, apart from
nuclear rotation quantum numbiris changed by-1 or the  the variations, the total rate constant decreases with increas-
index of the spin componenis changed by-1. Transitions ing N. This can be seen very clearly for the mean total rate
which change the nuclear rotation quantum nunfber the ~ constants. But also if the total rate constants are separated
index of the Spin Componerit by more than*=1 are not into Fl! F2, and F3 levels as initial levels this trend is
effective. For transitions which change the nuclear rotatior¥isible. The total rate constants wilfy levels as initial lev-
quantum number we find that transitions which increase th&ls have the strongest decrease Wiifiwe look at the slope,
nuclear rotation quantum numbhirby 1 are more effective A(2K)/AN, of a linear regression fit X(Xk)/AN
than transitions which decrease it by 1. Transitions which= —1.63) followed by the rate constants with
occur between highi states are less effective than transitions
between lowJ states.
The complete set of state-to-state rate constants detefABLE V. ~ State-o-state rate  constants in  units  of

ined in thi . fi ted in Tables l-IX. E 10~ cm® molecule s~ 2, for collision induced transitions. The accuracy is
mined In this experiment 1S presented In 1ables 1l=IX. FOrg gg 10-11cnP molecule*s L. The “*” sign indicates initial levels

better clearness the (N) states are denoted aN,F;) states  which have been prepared in the experiment. All state-to-state rate constants
wherei=N+2—J. The initially prepared N,Fi) states are with such an initial level are determined directly. The “~" sign indicates
marked by ‘" and the rate constants for collision induced initial levels which have not been prepared in the experiment. All rate con-

" . . . stants with such an initial level are determined indirectly. The last row
transitions into all other states are determined directly b

e A ¢ ’ ) _%:ontains the sum of all rate constants which originate from the considered
fitting them in the master equation. States which are indifevel indicated with a % or a “~" sign.

IV. RESULTS AND DISCUSSION

cated by a “—" sign represent initial states which have not —
been prepared in the experiment. In this case the rate con- Initial N=2 rate constants
stants for the collision induced transitions to all other states Initial N=2, F Initial N=2, F, Initial N=2, F

are calculated indirectly as described previously. The accuy

. Fr Fp Fg Fy Fp F3 Fp Fp Ry
racy of the values was determined to be 0.08

x 10" MemPmolecule s ! by a linear fit in thet~t, re- 0 0.82 0.14 0.17

gime using Eq.(12). The values for NHK3S~,0=0,] 1 162 027 044 040 154 044 044 102 052
P . X . e 2 * 434 017 618 * 239 041 396 -
=3,N=23) differ from our previously published val e- 3 282 080 015 036 144 066 010 032 035

cause in this work a more accurate data analysis which ins 017 029 073 023 007 000 020 001 032
cludes the effect of multiple collisions is performed. 5 005 0.2 042 016 000 000 0.00 001 0.01

In the last row of each table the total rate constant forg 8-ig 8-82 8-8; 8-88 8-88 8-82 8-88 8-88 8-83
collision induced trans_lt_mns out of the |n|t|§1l level is listed a 001 00l 00l 000 000 000 000 000 000
(the decrease of the initially prepared sjawehich represents Sk=13.58 SKk=14.05 k=815

the sum over all other rate constants. Figure 9 represents-a
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TABLE V. State-to-state  rate  constants in  units of TABLE VI State-to-state  rate  constants in  units  of
10" em® molecule* s72, for collision induced transitions. The accuracy is 10~ cn® molecule* s™, for collision induced transitions. The accuracy is
0.08<10 *cnP molecule*s . The “+” sign indicates initial levels  0.08x10 *cmPmolecules™t. The “*” sign indicates initial levels
which have been prepared in the experiment. All state-to-state rate constanigich have been prepared in the experiment. All state-to-state rate constants
with such an initial level are determined directly. The “—" sign indicates with such an initial level are determined directly. The “-" sign indicates
initial levels which have not been prepared in the experiment. All rate con-initial levels which have not been prepared in the experiment. All rate con-
stants with such an initial level are determined indirectly. The last rowstants with such an initial level are determined indirectly. The last row
contains the sum of all rate constants which originate from the consideredontains the sum of all rate constants which originate from the considered

level indicated with a %” or a “-" sign.

level indicated with a %" or a “-" sign.

Initial N=3 rate constants

Initial N=5 rate constants

Initial N=3, F; Initial N=3, F, Initial N=3, F3 Initial N=5, F; Initial N=5, F, Initial N=5, F5
N F, F, F3 F, F, F3 Fy F, F N F, F, Fy F, F, F3 F, F, Fy
0 0.21 0.16 0.36 0 0.00 0.01 0.15
1 029 034 058 025 019 021 041 042 040 1 0.00 0.00 0.00 0.10 0.13 0.02 0.04 0.04 0.12
2 3.04 030 005 067 123 022 150 106 034 2 0.00 0.00 0.00 0.5 0.09 0.01 0.15 0.03 0.03
3 * 346 0.17 310 =« 200 036 413 = 3 0.24 0.08 0.64 0.33 057 0.07 0.07 010 044
4 186 043 025 031 089 102 042 041 087 4 297 019 033 026 153 019 0.07 0.18 1.22
5 0.09 0.05 0.00 0.03 030 0.16 041 0.09 024 5 - 129 000 153 = 3.63 0.00 260 =*
6 0.36 0.26 0.00 0.02 0.02 0.00 0.02 0.02 0.01 6 0.85 0.11 0.07 1.07 1.08 0.28 0.02 0.15 0.90
7 0.20 0.00 0.28 0.06 0.00 0.09 0.00 0.04 0.02 7 0.38 0.00 0.00 0.03 052 002 0.03 0.00 0.03
8 0.09 035 0.00 0.01 0.01 0.00 0.04 0.01 0.00 8 0.00 0.00 0.00 0.00 0.01 0.07 0.01 0.00 0.03

>k=12.66 >k=10.95 3k=11.58 >k=7.15 k=117 3k=6.41

Fs (A(SK)/AN=—1.34) andF, (A(Sk)/AN=—0.47) lev-  initial levels iskFZ_,Xz 11.14 and that foF 3 levels as initial
els as initial level. Here the total rate constant for tie ( levels iskpsﬁleo.S[also here the total rate constant with

=0,F;) level as initial level is not taken into consideration the (N=0,F,) level as initial level is not taken into consid-
because the situation for this rate constant is different. Theratior]. The mean rate constant B, levels as initial levels
value of this constant is essential lower because of the fag§ the strongest. The reason for this, as we see later, is the
that the N=0F) state for which the strongest transition fact that in most cases the collision induced transitions which
probability would be expected does not exist. The reason foghange the spin component byl are the most effective
the decrease of the total rate constants with increalSlimg  collisions. But only transitions which originate from Fa,
the increase of the energy spacing between the neighboringyvel have two possibilities for such a transition. Transitions
rotational levels and the typical strong dependence of thguhich originate from & level or aF; level have only one
transferred energy in a collisioft’ possibility for such a transition.

The mean total rate constant for transitions withlev- If we look at the single state-to-state rate constants
els as initial levels iskg, .x=9.76, that forF; levels as (Tables Il-IX) we realize that the largest values that can be

TABLE VL State-to-state  rate  constants in  units of TABLE VIIl.  State-to-state rate constants in  units of
10" em® molecule * s™2, for collision induced transitions. The accuracy is 10~ **cnm® molecule* s™2, for collision induced transitions. The accuracy is
0.08<10 M cnP molecule*s™t. The “+” sign indicates initial levels  0.08x10 *cm®molecules™t. The “*” sign indicates initial levels
which have been prepared in the experiment. All state-to-state rate constanigich have been prepared in the experiment. All state-to-state rate constants
with such an initial level are determined directly. The “—" sign indicates with such an initial level are determined directly. The “~" sign indicates
initial levels which have not been prepared in the experiment. All rate conAnitial levels which have not been prepared in the experiment. All rate con-
stants with such an initial level are determined indirectly. The last rowstants with such an initial level are determined indirectly. The last row
contains the sum of all rate constants which originate from the consideredontains the sum of all rate constants which originate from the considered

level indicated with a %” or a “-" sign.

level indicated with a %” or a “-" sign.

Initial N=4 rate constants

Initial N=6 rate constants

Initial N=4, F; Initial N=4, F, Initial N=4, F3 Initial N=6, F; Initial N=6, F, Initial N=6, F3
N Fi F, Fs Fi F, Fs Fi F, Fs N Fi F, Fs Fi F, Fs Fi F, Fs
0 0.03 0.04 0.74 0 0.00 0.03 0.03
1 029 012 0.02 024 009 032 027 020 030 1 0.00 0.00 0.00 0.02 0.03 0.17 000 002 0.17
2 081 024 016 052 020 0.01 028 028 042 2 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.00 1.39
3 198 028 015 051 117 011 134 151 123 3 0.00 0.00 0.00 0.07 0.08 0.04 002 010 1.58
4 * 177 017 139 = 275 021 432 = 4 0.14 0.06 120 0.16 0.78 0.08 0.06 0.14 1.61
5 161 116 008 012 110 025 028 021 067 5 187 198 0.04 027 173 042 021 064 178
6 0.04 0.02 0.01 002 000 0.07 046 002 0.08 6 - 099 005 115 = 457 0.06 379 =
7 0.02 0.00 0.01 013 0.00 0.02 0.02 000 0.10 7 0.27 010 0.00 041 0.27 072 001 001 1.06
8 0.09 0.00 0.01 001 0.00 0.00 001 000 0.008 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.0 0.00

2k=9.07 3k=9.07 3k=12.95 3k=6.7 Sk=11.21 Sk=12.71
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TABLE  IX. State-to-state  rate  constants in  units  of
10" em® molecule* s™2, for collision induced transitions. The accuracy is
0.08<10 *cnP molecule*s™. The “+” sign indicates initial levels

which have been prepared in the experiment. All state-to-state rate constan

with such an initial level are determined directly. The “~" sign indicates

initial levels which have not been prepared in the experiment. All rate con-

stants with such an initial level are determined indirectly. The last row
contains the sum of all rate constants which originate from the considere
level indicated with a %” or a “-" sign.

Initial N=7 rate constants

Initial N=7, F; Initial N=7, F, Initial N=7, F3

N F, F, F3 F, F, F3 Fy F, F

0 0.00 0.00 0.04

1 0.00 0.00 0.00 0.03 0.01 019 0.00 0.00 0.13
2 0.00 0.00 000 0.124 000 0.03 0.01 0.67 0.04
3 0.00 0.00 0.00 0.01 0.04 0.00 0.07 0.02 0.01
4 0.00 0.00 000 0.01 0.03 0.02 0.02 0.01 0.04
5 219 015 0.11 0.00 0.05 0.04 0.00 0.15 0.11
6 0.70 093 0.02 0.29 168 057 0.01 0.08 131
7 - 1.07 0.02 122 = 341 0.03 141 =

8 0.00 0.00 0.00 035 0.22 0.79 0.00 0.06 0.75

3k=5.19 >k=9.13 >k=4.97

. Rinnenthal and K.-H. Gericke
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FIG. 10. State-to-state rate constants of collision induced transitions with a
F, level as the initial level and a neighboring level as the final level depend-
ing on the initial nuclear rotation quantum numidér

tions (F;—F;,N—N-1) are more effective than the
transitions £1—F,,N—N+1) except forN<3. For quan-
tum numberdN>3 the transitionsk;—F;,N—N—1) are
the most effective transitions except fdof=7 where ¢,
—F,,N—N) transitions are slightly more effective. How-

found are between neighboring levels. These are the raigyver, for low values of the quantum numbeér(N<4) the

constants where the nuclear angular momentum does n
change and the spin compondfntchanges with a value of
Ai==*1. If the spin component changes with a valueAdf

fansitions £,—F,,N—N) are most effective in energy
transfer process excegl=1 where the transition K,
—F3,N—N) is the most effective one. Fa¥>1 the (F;

= * 2 the rate constant is much lower. For collision induced_, F3,N—>N) energy transfer exhibits the lowest efficiency_
transitions which occur within the same spin component wat does not obey the propensity rules.

observe a regular behavior like it is found in many other

experiments described in the literatdf@ The transitions be-

In principle, the same observations are made-fp(Fig.
11) andF; (Fig. 12. If we look at transitions which origi-

tween neighboring levels have the largest values. Thus WRate from the spin componeft, (Fig. 11) we find that for

find the following “propensities”
AN=0, Ai==1, (25
AN==*1, Ai=0. (26)

Figure 10 represents a plot of the collision induced state

to-state rate constants for transitions between neighborin

levels dependent on the initi&l value. The initial levels in
this case are the levels within the spin component. The

general trend that the transition efficiency decreases with in

creasingN holds what supports the strong transition effi-
ciency dependence ohE. For the same reason the transi-

20
18
16
14+
124
10+
8-
6
4

sk /10 'em’molecules”

initial N

FIG. 9. Plot of the sum over all rate constants out of tNeH;), (N,F,),

and (N,F3) states depending on the initial nuclear rotation quantum num-

ber N.
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low N values (N<4) the transitions E,—F;,N—N) are
the most effective ones. FON>3 the transitions K,
—F3,N—N) are the most effective ones. The transitions
(F,—F,,N—N-1) and F,—F,,N—N+1) are less ef-
fective except forN>5. For these two transitions we find
Ejlat theAN=+1 transition is less effective than theN

= —1 transition. For the transitions which have kg level

as the initial levelFig. 12 we can clearly recognize that the

transition with the highest efficiency is the transitioR;(

7 T T T T T
I — k(F2->F?.N->N-1) 1
6 SN T (F>F N->N)
| ’ E S W,
- L N T (F>F N->N)
o 5 e N\ v (F=F, NoN+1) ]
o L A
5
I3} o i
8 4
s
£ 3l i
g |
G
=
< 2 T
1 - -
0 T T T T T T T

3 4 5
initial quantum number N

FIG. 11. State-to-state rate constants of collision induced transitions with a

F, level as the initial level and a neighboring level as the final level depend-
ing on the initial nuclear rotation quantum numidér
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T T T T T T T TABLE XI. Energy-gap law(EGL) parameters for collision induced tran-
6 T K ey | sitions between differeri statesa in units of 10" ** cm® molecule s 1. B
[ B PRIV, is dimensionless.
" St oA (F ->F,N->N)
"o . F JRE— A TS k(F=->F3,N->N+1) ) Initial N~ 0-7 0 1 2 3 4 5 6 7
S 4F Ao a -
§ FooaT 1 a 05 053 080 062 048 095 149 032 0.11
23t . Aa 01 03 04 02 02 05 05 02 01
" & 1 1.13 154 127 141 092 156 045 0.62 0.46
®, .
22F e T AB 01 02 02 02 01 03 01 03 03
x L . . . -/ \‘ 4
T \‘\:\ N ’,_-’V”—/(._'_ ........ A Vol v |
. ..
- T e g ®-— - - u . . .
0 * * N. This again implies a strong dependency on the amount of
1 2 3 4 5 6 7 the transferred energ&E. In order to quantify the depen-
initial quantum number N dency on the value of the transferred enerfy¥, we use a

pecial two parameter versioffor vibrationally elastic

FIG. 12. State-to-state rate constants of collision induced transitions with :§ 110 X
9 of the well-known scaling law, called the

F. level as the initial level and a neighboring level as the final level depend-COllision

ing on the initial nuclear rotation quantum numidér energy-gap law(EGL). The inelastic state-to-state collision
rate constant can therefore be expressed by
. - . EGL (BAE/KT)
—F,,N—N). This fact holds for all initialN. The transition K" =a(2N'+1)e (27)

with the lowest transition probability is the transitiof{  with AE=|Ey, —Ey|. We divide both sides by the standard
—F;,N—N) which does not obey the propensity rules. Fi- rate constank,=10"**cm 3molecule*s™ 1. Now we can
nally, the transitionsk;—F3;,N—N—1) are more effective write
than the transitionK;—F3;,N—N+1) except forN=3. EGL

Previously, Dagdigian used a crossed beam apparatus to ( KN a
determine the relative cross sections for transitions out of the ko(2N'+1) Ko

NH(X ”2 0=0J= 1Nf_4(1)()) S;ﬁtseo gy CO”'S'OnfS r\]NItP argr(])n in order to perform a linear fit to our experimental data. The
at a collision energy o cm.”” Because of the fact that yoq it of the fit are listed in Table XI which also contains

argon is a struc_t urgless target this state-to-state cross sectio[% fit results for separately fitting the data for every single
should be qualitatively comparable to the state-to-state rate sl quantum numbeN. A plot of the linear fit is presented

constants we obtained. In fact the qualitative result is the Fig. 13. One recognizes that the general shape of the ex-

same. T“’?“_‘S'“O”Tshto ﬂ]l?\](: 1'F1()j level are th_ehmost eﬁ:;zhc- perimentally determined values obeys this linear representa-
tive transitions. The efficiency decreases with increaiing jon, of the rate constants dependent from the transferred en-

and the efficiency of transitions into levels which change theergy in an inelastic collision. In order to examine the detailed

S?'g co(;nponent mch]re t?an 1 unit are meffec_tlr\]/e. ThebreSU|t1°énergy dependence for every single initial quantum number
of Dagdigian are therefore in agreement with our observay, e performed these linear fits for every single initial quan-

t'onﬁ_ al?ld S;Jpport our prohpensnty rules. htum numbem. Figure 14 shows the plots of the linear fits for
able X represents the state-to-state rate constants t Qéparate initiaN. One can recognize that in spite of the fact

rgsult if-only the nuclear rotano_n quantum numl_bers CON" " that the fitting parametera and B vary the linear behavior
sidered. The values are obtained by calculating the meag, s for every single fit

value concerning the three initial staté¢,E,), (N,F,), and

(N,F3) and calculating the sum over the three final state

(N’,Fy), (N',F3), (N',F3). One recognizes a strong depen-%/' CONCLUSION

dency on the change of the nuclear rotation quantum number We examined the state-to-state rotational energy transfer
of the collision system NH{ 3% ~,0=0,J,N)+Ne. A new
preparation technique for the state selective preparation of

TABLE X. State-to-state rate constants in units of ¥cm® molecule* ', the ground state NB(33~,0=0,J,N) radical€? is used
for collision induced transitions only considering the nuclear rotation quan ' e ’

=In

AE
—B(ﬁ) (28)

tum numberN. ‘This technique is based on two steps. In the first step a strong
population inversion between the NKES ™) ground state
Final Initial quantum stateN and the metastable excited N&ffA) state (r~12.5 9 is
stateN 0 1 2 3 4 5 6 7 generated by the photolysis of HNit a wavelength of 266

nm where no NHK33 ™) ground state radicals are pro-

(1) 3.00 l‘f4 g:gg 2;53 8:(23; 8:22 g:i’i 8:2; duced. In the second.step NKIEE ) =.0,J,N) radicals are _

2 144 337 - 280 098 006 053 o029 Prepared state-selectively via stimulating the strongly forbid-
3 061 2.62 233 - 277 084 063 005 den NH@A,0=0—X?33",0=0) intercombination transi-

4 040 076 067 215 - 231 141 0.04 tion around 794 nm. The initially state-selectively prepared
2 g-gg g-ii 85? 8-‘7‘8 (1)-25 Lo 2.98 g-gg NH(X 33~ ,0=0J,N) radicals are detected with laser in-

5 002 024 005 023 010 034 085 - c_iuced quorescenc_(ELIF) in a third st_ep after certaln_ delay

8 000 001 000 017 004 003 001 o072 timesand atcertain total pressures in the observation cham-

ber when first collisions have occurred. With this technique
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AT ——T T T T T determine the population distributions at different collision
3] ] numbers. The population data were modeled using smooth-
f: ] ing spline functions and state-to-state rate constants were cal-
0] ] culqted by iterative algorithm that integrates the population
44 ] profiles.
2 . The calculated rate constants imply the propensity rules
-3 -
] ] AN=0, Ai=+1 andAN==1, Ai=0.
-5 - -
6 _-
7] h In most of the cases the transitions which change the spin
8] ] component by a value af 1 and conserve the nuclear rota-
-9 ] tion quantum numbeN are the most effective collisions.
-10 . The obtained rate constants qualitatively agree with
- | S A S S A those obtained in a crossed beam experiment for the lowest

rotational level.
FIG. 13. Logarithmic energy-gap laEGL) plot of (N—0,1,...,8) transi- The (N—N') rate constants, which represent the rate
tions. The straight line represents the linear fit that results in the obtaineg,nstants that are obtained if only the change in the nuclear
EGL constants. The plot shows that the energy-gap law describes the gross, .. . :
dependence of rate constants from the transferred energy. rotation quantum number is considered, were extracted from
the state-to-state rate constants by calculating the mean value
it was possible to examine state-to-state energy transfer iooncerning the three initial spin components and calculating
ground state NHX 33 ~,0=0,J,N) for higherN levels than the sum over the three final spin components. The detailed
N=0,1 for the first time. dependence of theN—N') rate constants from the trans-
Series of LIF spectra were recorded and fitted in order tderred energy is examined by fitting the experimental data to

u =0 []

T T T T T 2 T T T T T
1 7] ]
1 o] — ]
1 11 1
1 -2 ]
1 -3] . :
1 .a] - s
[ ] 1 ]
- ]
-6
1 71
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. FIG. 14. Logarithmic energy-gap laEGL) plots of

1
3
1 (N—0,1,...,8) transitions separated for different initial
5 ] N.
u
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In(k/(ky(ZN"+1)))
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a special two parameter energy-gap |@&GL) for vibra-
tionally elastic collisiong° EGL parameters for every single
initial quantum numbeN are calculated. In spite of the fact

that the EGL parameters are different for every initial quan-
tum numberN and that the resolved state-to-state rate con-

stants §,N—J’N’) from which the N—N') rate constants

are calculated vary tremendously, the EGL is found to de-
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