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State-to-state rotational energy transfer of ground stateXNt¥(~,v =0,J,N) in collisions with He

and N, is studied. A complete inversion between the metastable aNA() state and the
NH(X 33 ) state is generated via the photodissociation of hydrazoic acid at a wavelength of 266
nm. Single state NH{ 3,0 =0,J,N) is generated by applying the stimulated emission pumping
technique using the strongly forbidden NiHtA — X 33 7) intercombination transition around 794

nm. The ground state N33 ~,0=0J,N) distribution is probed with respect to all quantum
states using laser induced fluorescence varying delay times and pressures. The collision induced
energy transfer between the different rotational and spin levels is extensively studied and two
comprehensive sets of rate constants for vibrationally elastic and rotationally inelastic collisions
with He and N as collision partners are given which include the effect of multiple collisions. We
find propensities for AN=0,Ai==*=1) and AN=*=1Ai=0) transitions wheré represents the
guantum state for nuclear rotation andepresents the index of the spin componént The
rotational relaxation for B as a collision partner occurs on the average three times faster than the
rotational relaxation with He as a collision partner. The energy dependence of the transition
efficiency for only the nuclear rotational quantum numBesbeys an energy-gap law for both He

and N,. © 2002 American Institute of Physic§DOI: 10.1063/1.1473662

I. INTRODUCTION J=1,2 have only been performed for vibrationally or elec-
_ _ _ _ tronically excited molecule$.®

_ There is an essential lack of information on the dynam- |, qer 1o perform state-to-state studies of collision in-

ics of rotationally inelastic collisional energy transfer within duced rotational energy transfer of molecules in the elec-

thev=0 manifold of the electronic and vibrational ground tronic and vibrational ground state manifold we introduced a

state of small molecules like the NH radical. No information . . . .
about state-to-state energy transfer from highetates than new technique for state selective laser preparation of igh
tum state§This new method is based on two steps. In

J=0,1 is available. But the electronic and vibrational groundd4an
state is the most relevant quantum state for typical chemicdPe first and crucial step the molecules are generated in a
processes in nature at temperatures up to about 1000 K paletastable excited state exclusively so that a complete inver-
cause it is the most populated quantum state at these terfiion is achieved. In the second step, the preparation step, the
peratures. The reason for this serious lack of informatiorelectronic and vibrational ground state of the molecule is
concerning state-to-state energy transfer within theO state selectively populated by stimulated emission pumping.
manifold of the electronic ground state is a preparation probin order to perform subsequent state-to-state studies, the gen-
lem of these quantum states. Generally, it is not possible terated ground state radicals can be detected with laser in-
populate a single) state exclusively because the rotational guced fluorescenci.IF) as a function of collision numbers.
levels are already populated and their population distributioRrhe | |F spectra at different collision numbers contain all the
obeys a Boltzmann distribution. ~_ information about the population of all rotational states.

Until now, state-to-state measurements of collision in- By the use of this preparation technique we performed

duced energy transfer within the electronic and V|brat|onalan extensive study of the collision induced energy flux be-

ground state have only been performed for the lowest rota- . . .
tional states §=0,1). A state selective preparation of theatween the different rotational and spin states of ground state

lowestJ states can be achieved by decreasing the rotationdf (X X7,0=0J,N) radicals colliding with N€. We pub-

temperature in a molecular beam. Experiments like this, ediShed @ comprehensive set of state-to-state rate constants

pecially on the NH radical, were performed by Dagdiglan. for inelastic collisions of NHK *X~,u=0J,N) with

By the use of a hexapole electric field a further selection ofNe up toN=7 which includes the effect of multiple colli-

different A-levels as well asvl; substates can be achieved. sions. We found a propensity forAN=0Ai==*1) and

However, state selective preparation of higlestates than (AN==1Ai=0) transitions where those transitions which
change the spin component and conserve the nuclear rota-

dAuthor to whom correspondence should be addressed; electronic maiHOnal quantum numbeN (A'\_IZO’Al =+1) are more effec-
j.rinnenthal @tu-bs.de tive. We further found a typical dependence of the rate con-
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stants on the transferred energy which can be described by af order to study NH-He and NH-Ncollisions, the concen-

energy-gap lawEGL). tration of HN; was set to 1/100. At this concentration
The aim of the present work is to understand if thequenching by HN is sufficiently slow.
former observations are typical for the N~ ,v HN;, the precursor of NH, is generated by dropwise

=0J,N)+X collision system or specific for the adding small amounts of phosphoric acid under vacuum con-
NH(X %7 ,0=0J,N)+Ne system. Thus state-to-state ratedjtions to NaN.* The only evolving gas is HNwhich is
constants for two more collision partners, He and Mere  stored in a glass bulb at a maximum pressure of 1 kPa. The
determined. We chose He as the collision partner becausfg}essure in the glass bulb is monitored by a capacitance
state-to-state rate constants for rotational energy transfer ‘Hressure transducéMKS Baratron 221 AHS-D-100 In or-
NH(X ®%~,v=0,J,N) with He can also be calculated theo- der to guarantee that NH—Hntollisions are rare in com-
retically on a very accurate basis. Helium has only two elecparison to NH—He and NH—Ncollisions on one hand and
trons which reduces the calculation time for a potential entpe [ |F signal is sufficient on the other hand, the storeds HN
ergy surfacgPES of sufficient accuracy. On the other hand, js dijuted to a mixing ratio of HN: He= HN3:N,=1:100 at

N was chosen as the collision partner because state-to-statgal pressures between 100 and 1600 Pa in the observation
rate constants for collisions with,Nire relevant for combus-  chamber.

tion processes when nitrogen-containing fuels are heated be- The opservation chamber is evacuated by an oil diffu-
fore_ _enterlng the combustion zone because thermal de_corgTon pump reaching a base pressure of2Ba. The total
position occurs  and p{ooduces low molecular - weightyressyre in the observation chamber is monitored by another
compounds including NH: capacitance pressure transduddKS Baratron 221 AHS-D-
100.

The generation of the NH(*A) radicals(first step is
performed via the 266 nm photodissociation of Hd a 30

The detailed experimental setup and the data analysi®J light pulse from a Nd:YAG lase(Continuum Surelite
have already been described in a previous publicdtion. 11-10). At this wavelength the NH radical is exclusively pro-
short, the preparation of the NM(33 ~,v=0J,N) ground duced in its first excitec A electronic state. The nascent
state radicals is realized in two steps: In the first step a 10090opulation distribution of the vibrational levels is known to
population inversion between the metastable AHf) state  be @=0):(v=1):(v=2)=(1):(0.3):(0.02)** The mean
and the NHK 33 7) state is generated via 266 nm photolysis rotational energy of the nascent Nid¢A,v=0) radicals is
of HN5. In the second step the NM(®3~,u0=0J,N) 700 cm ! and its kinetic energy is 7040 crhwhich corre-
ground state radicals are prepared via stimulated emissiosponds to a velocity of 3320 m#§.However, the relaxed
pumping using the strongly forbidden N&i¢A—X 337) velocity of a NH radical at a temperature of 300 K is about
intercombination transitio: In a third step the 700 m/s. Consequently, caution must be used for rotational
NH(X 33~ ,0=0J,N) radicals are detected via LIF using relaxation studies because collisions that also affect the NH
the strong NHA [1—X 3%7) transition. A NHEA 311 translational motion induce a change of the rotational quan-
«—X 337) LIF spectrum contains all information about the tum numbersJ,N). Since the scope of this work is the ex-
population distribution within the NH{ 33 ") state. The amination of collision induced rotational energy transfer in
preparation of the NHX 33 ~,0=0J,N) as well as the LIF the absence of translational relaxation, it must be guaranteed
detection are completely state resolved with respect to ththat the translational relaxation has already occurred before
three spin components,, F,, andF3; which implies that the ground state NB( 33 ~,v=0,J,N) radicals are prepared
also spin relaxation can be studied. by the dump laser pulse. This can easily be achieved by

A necessary condition has to be fulfilled in the experi-choosing the delay time between photolysis and dump laser
ment: Complete rotational relaxation has to be significantlypulses that is sufficiently long. Since we determined in Dop-
faster than electronic quenching and radiative decay opler experiments that the translational relaxation is about ten
NH(a 'A). If the inversion between the metastable times faster than the rotational relaxatidhan upper limit of
NH(a 'A) state and the NH{ 33 ") state cannot be main- this delay time is given by the quenching time of
tained for the time period between the generation of the inNH(a *A).*?*3For He as a collision partner, we used a de-
version via the photodissociation of HNind the probe of lay time of 100 ns. Because electronic quenching of
NH(X 3%~ ,v=0,J,N), the probe signal is distorted by NH(a *A) by N, is stronger a delay time of 50 ns is the best
NH(X 3% 7) radicals which do not result from rotational re- compromise for the measurements with bs a collision
laxation of the initially prepared NR( 33~ ,0=0J,N) partner.
state. We determined the radiative lifetime of NH(A) in a The completely state selective preparation of the ground
previous experiment via the saturation intensity of thestate NHK 3~ ,v0=0,J,N) radicals (second stepis per-
NH(a 1A—X 337) intercombination transition to ber  formed via the strongly forbidden Nid(*A—X 33 7) inter-
~12.5 s The radiative decay of NH( *A) is too slow to  combination transition in the wavelength region from 770 to
destroy the inversion during the relevant time scale of sev830 nm applying the stimulated emission technique. The de-
eral hundred nanoseconds. Similarly, the effect of electronisired wavelength is supplied by a Nd:YAG laser pumped dye
quenching is not strong enough to destroy the necessary itaser(Continuum YG 680, TDL 60, IRPwith a pulse width
version during the relevant time scale, except for electroniof typically 7 ns and a pulse energy of 30 mJ. The two laser
quenching by the parent molecule KIR?® Consequently, dyes LDS 765760—800 nmand LDS 821(795—840 nm

II. EXPERIMENT
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are used with propylene carbonate and methanol as solvengion. The desired wavelength region is supplied by an exci-
A detailed description of the NH(*A—X 337) spectrum mer (Radiant Dyes, RD-EXC-200 pumped dye laser
can be found in Ref. 11. It consists of nine branches denoteLambda Physik, FL 3002with a pulse energy of 2 mJ. The
as®NAJ(J) whereAN represents the change of the nuclearNH(A °II,0 =0<X 33 ~,v=0) spectra are recorded under
rotational quantum numbed and AJ represents the change saturated conditions which simplifies the population determi-
of the total angular momentum quantum numBePP(J), nation because Hi—London factors need not be considered
PP(J), *P(J), PQ(I), 2Q(J), RQ(J), °R(J), RR(J), and  and line intensities only depend on the degeneracies of the
SR(J).™ The pulse energy of 30 mJ is not sufficient to satu-two involved levels of a transition. All three lasers are
rate the transition completely. Therefore thenHeLondon aligned parallel to each other. The photolysis laser beam and
factors® have to be used in order to calculate the preparatiotthe probe beam are focused by a 500-mm lens from one side
efficiency of the NHK 33 ~,0=0,J,N) ground state radicals into the observation chamber. The dump laser, which is
via a certain line of the NH{ 1A—X 33 ) spectrum. Not counterpropagating the photolysis and the probe beams, is
all branches are suitable for a preparation of XHE ~,v focused by a 300-mm lens because the transition probability
=0J,N). First, the °P(J), °Q(J), and °R(J) branches of the NH(@ 'A—X 337) intercombination transition is
consist of overlapping lines not allowing a state selectivevery low. The foci of the photolysis beam and the dump
preparation. Furthermore, the hle-London factor of the beam are most carefully overlapped in order to force as many
OP(J) branch is too small for an effective preparation of theNH(a *A) radicals as possible into th¥ 33~ state. The
ground state NH{ 33 ~,0=0,J,N). Finally, it is not pos- focus of the probe laser bearmh=500 mm) lies several cm
sible to prepare the NE( 33~ ,0=0J=0N=1) level be- beside the foci of both the photolysis and the dump laser
cause no transitions exist to that level, and thebeams. Thus the detection laser beam surrounds the photoly-
NH(X 33~ ,0=0,J=1N=2) state cannot be prepared statesis and the dump beams in their focal region and the fly out
selectively because the only possible line for a preparatiorpf the NH(X 33 ™) radicals out of the probe laser beam can
namely the®R(1) line, overlaps with th€P(3) line. There-  be neglected. All laser beams are guided through baffles into
fore for the preparation of thé, levels, NHX 3%~ ,v the observation chamber in order to reduce the influence of
=0,J=N+1N), we used®Q(J) lines, for the preparation of scattered light. Furthermore, all lasers operate at a repetition
F, levels, NHX 33~ ,0=0,J=N,N), we used®R(J) lines  rate of 10 Hz and are triggered via two coupled trigger gen-
for low J values and’P(J) lines for highJ values, and for erators, a master trigger generatStanford Research Sys-
the preparation of theF; levels, NHX ®3 ,0=0,J tem DG 535, and a slave trigger generatdromebuil}. The
—N,N), we used’Q(J) lines. In total we prepared the fol- total fluorescence is monitored perpendicular to the laser
lowing 16 levels: beams throughf/1 optics and an interference filter (330
+30 nm). A boxcar integrato(Stanford Research System,

Fi levels: (J=2N=1),(J=3N=2), DG 535 registers, amplifies, and integrates the LIF signal.

(J=4N=3),(J=5N=4), T'he boxcar .integra'tor is triggered by the probe laser peam
via a photodiode. Finally, a computer records the experimen-
F, levels: (J=1N=1),(J=2N=2),(J=3N=3), tal data for further processing.
(J=4N=4),(J=5N=5), Ill. RESULTS AND DISCUSSION
(J=6N=6),(J=7N=7), The population distribution of NH{ *3~,0=0,J,N) at
_ a certain dump-detection delay time was extracted from the
Fs levels: (J=2N=3),(J=3N=4),(J=4N=5), LIF spectra by the following procedure. First a spectrum is

calculated for some arbitrary start values of the rotational
population. Then it is iteratively optimized by minimizing

In a third and last step the detection of the NS ~,v the least-squares sum of the difference between the calcu-
=0,J,N) radicals is performed by LIF after a certain delay lated and the measured spectrum. This is realized ir-&C
time using the strong NH 3I1,u=0~X 33~ ,v=0) tran-  program. For every initially prepared quantum state we re-
sition (r=440+ 15 ns)!° This transition was first observed corded several NH{ °I1,v0=0—X 33~ ,0=0) spectra at

in 1893 and since then has been the subject of numerowdifferent pressures and dump-detection delay times. As an
investigations. A multitude of highly accurate experimentalexample, in Figs. 1 and 2 three LIF spectra for three different
data is available tod&d2° The electronic NHA °II total pressures in the observation chamber and the corre-
—X 33 7) transition consists of 27 branches which are de-sponding extracted population distributions are shown. Fi-
noted as AJ;«(J") for the nine main branches and nally, the obtained population profiles for each rotational
ANAJi,'iu(J”) for the 18 satellite branches whefeN=N’ level are modeled using smoothing spline functions.

—N", AJ=J'-J", andi indicates the spin componefi There are a few lines within the specified wavelength
(i=N+2-1J). We recorded the spectra in the region 335.5—region that do not belong to the NACI,v=0

339 nm and used the branch@s(J), °P,i(J), °Ryy(J), —X 33" ,v=0) transition. These lines result from
CP4(J), Qs3(J) °Pi1(J), °QixJ), °OP,y(J), P3(Jd), NH(X3,0=1) generated by electronic quenching of
PQ,3(J), P,(J), PRi5(J), P1(J), andPQ,,(J) for the popu- NH(a *A). They are weak but they interfere with the lines
lation determination of the rotational levels. All relevant resulting from NHK 33,0 =0). Therefore we subtracted the
states can be monitored completely state-selective in this ré&NH(A 3I1—X 33 ) detection spectrum which is obtained

(J=5N=6),(J=6N=7).
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FIG. 1. Monitored and fitted NH °IT,v=0—X 33,0 =0) LIF spectra of NHK °3~,0=0)+He where NH0=4N=5) is the initial state which is
obtained by scanning the detection ladeft) and the corresponding quantum state populations which are obtained by fitting the &pgiuixarhe initially
prepared quantum state is NKES ~,v=0J=4N=5). The mixing ratio is HN:He=1:100. The delay time between the photolysis laser pulse and the
dump laser pulse is in all cases set to 100 ns. The delay time between the dump laser pulse and the detection laser pulse is set to §8) asdhcease
(b), and 100 ns in casE). The total pressure in the observation chamber is 100 Pa iN@a$990 Pa in caséb), and 1600 Pa in cage). Case(a) represents

the nascent situation. Essentially only N¥ES ~,0=0,J=4N=5) radicals are presefll lines originate from the singlE;(J=4N=5) statd. Case(b)
represents the situation when the quantum state distribution is partly relaxed by collisions with H&) @agresents the situation where the quantum state

distribution is almost completely relaxed to a Boltzmann distribution at room temperature.
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FIG. 2. Monitored and fitted NH *IT,v =0—X 33,0 =0) LIF spectra of NHX ®3~,0=0)+N, where NHJ=4N=5) is the initial state which is
obtained by scanning the detection ladeft) and the corresponding quantum state populations which are obtained by fitting the gpglutraThe mixing

ratio is HN;:N,=1:100. In all cases the delay time between the photolysis laser pulse and the dump laser pulse is set to 50 ns. The delay time between the
dump laser pulse and the detection laser pulse is set to 50 ns ifat@sel cas€b), and 80 ns in cas). The total pressure in the observation chamber is

100 Pa in caséa), 300 Pa in casé), and 700 Pa in cage). Case(a) represents the nascent situation. Essentially only B, ~,v =0,J=4N=5) radicals

are presenftall lines originate from the single;(J=4,N=5) statd. Case(b) represents the situation when the quantum state distribution is partly relaxed by
collisions with N,. Case(c) represents the situation where the quantum state distribution is almost completely relaxed to a Boltzmann distribution at room

temperature.
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when the dump laser pulse is suppressed from the detectiomMBLE |. State-to-state rate constant&L™~C"N) in units of
spectrum which is obtained when the dump laser is present0 ** cn® molecule * s™* for collision induced transitions with He as the

The resulting difference spectrum contains only informationcollision partner. The accuracy of the single rate constants is 0.08
x10 * cn?® molecule* s7!, the accuracy of the sums is 0.4

e . ORI
about those NHX “X ’_U_O) radicals only which initially %107 cm® molecule ! s™. The asterisk indicates initial levels which
have been prepared with the dump laser pulse. In the expetiave been prepared in the experiment. All state-to-state rate constants with
ment the spectra were recorded in two separated channepich an initial level are determined directly. The minus sign indicates initial

Ever n I f th mo | ri r levels which _hg\_/e not been prepared ilj the experiment. All rate cqnstants
ery seco d puise o e du P 1aser IS supp essed by vath such an initial level are determined indirectly. The last row contains the

trigger suppressor that inhibits th@-switch of the dump sum of all rate constants which originate from the considered level indicated

laser system. In addition, the trigger suppressor generateSwih an asterisk or a minus sigif,(N=0) and F5(N=0) levels do not

signal for the computer to indicate in which channel the LIFexist.

signal has to be stored.
In order to calculate the state-to-state rate constants for

Initial N=0, F, rate constants, collision partner He

S - . . N Fi Fa Fs
collision induced transitions between the single rotational
levels we solve a system of first order coupled differential (1’ 1*70 112 034
equations which describes an ensemble of NH ground state 237 111 0.34
radicals which has been prepared at tigéy a dump laser 3 0.24 0.52 0.11
pulse in a single NHX ®3~,0=0J,N) state, evolving in 4 0.12 0.01 0.30
time: 5 0.00 0.00 0.02
6 0.00 0.00 0.00
dPINt) (3"\N") max 7 0.00 0.00 0.00
2N X > PIN (tkIN @' 8 0.00 0.00 0.00
J’ N’ —
dt (3" ,N")#(J,N) 3k=8.30
(J’vN,)maX
RIS KON g
AN J,N
NN Py N (to) = 8any,0r N7 » 2
J",N") _ : _ ’
% 2 . pJN (t)k(J,N)H(J’,N’) Whe':e 5(J,N),(J’,N’)_,1 if (I,N)=(J .,N') and &y ,ny, (21 N7
(3 NDEIN) J7,N7AEIHNg =0 if (J,N)#(J’,N’). For a solution of the master equa-
' ' tion (1) the rate constant&( N ("N = QN=Q"ND
(J".N") (IN)—(J3",N") (IN)—(3',N") :
SIS KN— (" N) 0 k.HN3 , andkHNs are needeid. For the ex'trac
I N e ' tion of the rate constants from the experimental data includ-

ing the effect of multiple collisions we use an iterative inte-
Equation (1) describes the initially prepared state. Similar grated profiles method which is described in detail in a
equations hold for all rotational Ievel@.jjm(t) is the popu-  previous publicatiohand is realized sa C program.
lation of the(J,N) state(lower index at timet for an initial Generally, as in our previous study with Ne as the colli-
preparation of the same stdigpper index. Pj‘,“,'N,(t) isthe  sion partnef, we find a propensity for transitions to the
population of the §’,N’) state at time for an initial prepa- neighboring quantum states. In these transitions either the
ration of the(J,N) state.kg(J'N)H(J/'N') and kg(J,N)H(J’,N’) are nucl_ear rotational quantum nur_’nbNris changed by+1 or
the rate constants for a transition from th¥ (') state to  the index of the spin components changed by+1. When

the (J,N) state and vice versa which is caused by a collisiorih€ nuclear rotational quantum numbéris changed transi-
with X (X=He or Ny). kSNN)H(J',N') and k(FfNN)H(y,N') are tions which increas&l by 1 are more effective than transi-
3 3

. ) tions which decreas®l by 1. Transitions between high
the rate constants for HNas a collision partnefX] is the  giate5 gre less effective than transitions betweenllstates.
concentration of the collision partner He or, Nvhereas

) : Transitions which changeby more thant1 are found to be
[HN3] is the concentration of HN the precursor of NH. extremely ineffective
The sums extend over all states except the initially prepared The complete set of state-to-state rate constants deter-

state. The first term in the brackets describes the populatiog,ine in this experiment is presented in Tables I-VIIl for He
increase ?f theJ,N) state by transitions from the neighbor- ¢ the coliision partner and Tables IX—XVI for,Nas the

ing (J',N’) states whereas the second term describes thg,jision partner. For the sake of clarity tit&N) states are
population decrease of ttig,N) stateNlnto the',N’) states.  yaonoted as N,F,) states wheré=N+2—J. The initially

The equations are coupled by tﬁé",w(t)- In order to pre-  yrepared K, F;) states are marked by an asterisk and the
dict the time dependent populations of all stafejs"“N,(t) rate constants for collision induced transitions into all other
considered, it is necessary to solve the master equation fetates have been determined directly by fitting them in
given start conditions. These start conditions are the populahe master equatioril). States which are indicated by a
tions of each single state at tintg, Pj‘,f'N,(tO), which are  minus sign represent initial states which have not been pre-
fixed with a pulse of the dump laser in the experiment. Bepared in the experiment. In this case the rate constants for
cause the preparation of a single NHES ~,v=0J,N) state  the collision induced transitions to all other states have
with a dump laser pulse is completely state selective we obbeen calculated indirectly as described in a previous
tain the well-defined start conditions: publication® The accuracy of the values was determined
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TABLE II. State-to-state rate constantg®V~C"N) in units of  TABLE IV. State-to-state rate constantk:NV~=C"N) in units of

10~ cm® molecule * s™? for collision induced transitions with He as the 10~ ' cm® molecule * s~ for collision induced transitions with He as the
collision partner. The accuracy of the single rate constants is 0.0&ollision partner. The accuracy of the single rate constants is 0.08
x10 " cm® molecule * s™!, the accuracy of the sums is 0.4 Xx10 '!cn? molecule!s™?, the accuracy of the sums is 0.4

X 10 cm® molecule * s™1. The asterisk indicates initial levels which Xx10 ** cm® molecule * s™1. The asterisk indicates initial levels which
have been prepared in the experiment. All state-to-state rate constants wittave been prepared in the experiment. All state-to-state rate constants with
such an initial level are determined directly. The minus sign indicates initialsuch an initial level are determined directly. The minus sign indicates initial
levels which have not been prepared in the experiment. All rate constantevels which have not been prepared in the experiment. All rate constants
with such an initial level are determined indirectly. The last row contains thewith such an initial level are determined indirectly. The last row contains the
sum of all rate constants which originate from the considered level indicatedum of all rate constants which originate from the considered level indicated

with an asterisk or a minus sigi.,(N=0) andF3(N=0) levels do not

with an asterisk or a minus sigf.,(N=0) andF3(N=0) levels do not

exist. exist.
Initial N=1 rate constants, collision partner He Initial N=23 rate constants, collision partner He

Initial N=1, F, Initial N=1, F, Initial N=1, F5 Initial N=3, F, Initial N=3, F, Initial N=3, F5
N Fq F, Fsi Fiy F, Fsi Fiy F, Fi N Fiy F, Fi Fi F, [ Fi F, Fs
0 1.19 131 1.19 0 0.21 0.57 0.17
1 * 228 158 355 * 0.15 786 044 - 1 132 051 058 086 121 042 019 064 052
2 240 083 031 085 318 063 318 079 212 2 183 056 009 125 185 0.09 025 092 0.77
3 181 086 023 044 133 037 238 134 118 3 * 150 0.03 172 * 161 024 346 *
4 065 013 019 0.09 0.13 021 0.07 064 217 4 137 033 004 008 154 09 013 0.22 1.83
5 0.05 0.11 004 0.00 018 001 0.00 031 056 5 0.36 034 004 005 035 011 0.01 0.13 0.31
6 0.13 0.04 000 000 0.00 0.01 0.00 002 019 6 0.17 0.07 0.00 0.06 0.16 0.15 0.00 0.00 0.14
7 0.06 0.01 004 006 000 0.04 0.00 000 004 7 0.10 0.00 0.13 0.09 0.00 0.02 0.00 0.00 0.01
8 0.03 0.03 001 009 0.03 0.00 0.00 0.00 000 8 0.02 0.02 000 0.05 0.05 0.00 0.09 0.01 0.00

>k=13.01 2 k=12.66 3 k=24.48 2k=9.62 >k=13.25 >k=10.04

to be 0.08< 107 cm?® molecule ! s for the rate constants dependence oN of the total rate constants for tig, F,,

0.25 andF levels as initial levels for H€above and N, (below)

as the collision partners. Also shown are the mean total rate

constants averaged over the initialGenerally, the total rate

constant decreases with increasiNgas can be seen very
In the last row of each table the total rate constant forclearly for the mean total rate constants. The total rate con-

collision induced transitions out of the initial level is listed stants for He as the collision partner wit levels as initial

(the decrease of the initially prepared sjatehich represents

the sum over all other rate constants. Figure 3 represents tiséope, A(2k)/AN, of a linear regression fitA(2k)/AN=

with  He

as

the

collision
x 10" cm® molecule * s™* for the rate constants with N
as the collision partner by a linear fit in the-t, regime[Eq.
(3) in Ref. 7].

partner

and

levels have the strongest decrease witlif we look at the

TABLE IIl. State-to-state rate constantg@V~C"N) in units of  TABLE V. State-to-state rate constant:NV=C"N) in units of

10" cm® molecule * s7? for collision induced transitions with He as the 10~ cm® molecule * s™* for collision induced transitions with He as the
collision partner. The accuracy of the single rate constants is 0.0&ollision partner. The accuracy of the single rate constants is 0.08
x10"* cm® molecule* s, the accuracy of the sums is 0.4 Xx10 cnm® molecule! s, the accuracy of the sums is 0.4
%10 M cm® molecule ! s™1. The asterisk indicates initial levels which X 10! cn® molecule ! s71. The asterisk indicates initial levels which
have been prepared in the experiment. All state-to-state rate constants wittave been prepared in the experiment. All state-to-state rate constants with
such an initial level are determined directly. The minus sign indicates initialsuch an initial level are determined directly. The minus sign indicates initial
levels which have not been prepared in the experiment. All rate constantevels which have not been prepared in the experiment. All rate constants
with such an initial level are determined indirectly. The last row contains thewith such an initial level are determined indirectly. The last row contains the
sum of all rate constants which originate from the considered level indicatedum of all rate constants which originate from the considered level indicated

with an asterisk or a minus sigif.,(N=0) andF;(N=0) levels do not

with an asterisk or a minus sigf.,(N=0) andF;(N=0) levels do not

exist. exist.
Initial N=2 rate constants, collision partner He Initial N=4 rate constants, collision partner He

Initial N=2, F, Initial N=2, F, Initial N=2, F5 Initial N=4, F, Initial N=4, F, Initial N=4, F5
N Fiq F, Fsi Fiy F, Fsi Fiy F, Fsi N Fiy F, Fsi Fi F, [ Fq F, Fs
0 1.62 1.07 0.54 0 0.16 0.02 0.62
1 212 039 062 108 176 022 071 086 097 1 0.13 0.01 0.01 027 018 092 052 055 1.27
2 * 273 030 559 * 198 071 329 - 2 152 011 0.13 047 109 015 036 0.34 0.69
3 264 052 019 057 355 128 017 0.13 080 3 150 036 0.09 083 169 012 118 209 1.73
4 0.87 057 016 055 156 0.74 0.16 015 054 4 * 190 005 156 * 270 124 342 *
5 019 021 014 015 044 013 0.00 000 005 5 135 059 000 037 105 094 005 030 1.35
6 0.01 0.01 000 002 001 0.00 0.00 0.00 009 6 0.00 0.18 0.02 0.11 0.00 0.14 0.05 0.00 0.17
7 0.01 0.00 001 001 0.00 0.01 0.00 000 001 7 0.04 0.07 007 0.18 0.00 0.06 010 0.00 0.11
8 0.04 0.00 002 001 0.00 0.00 0.00 0.00 0.00 8 0.15 0.00 0.00 0.02 0.00 0.03 0.08 0.00 0.06

>k=13.37 >k=20.73 >k=9.18 Yk=8.44 >k=12.90 >k=16.28
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TABLE VI. State-to-state rate constantk®V~"C"N) in units of  TABLE VIIl. State-to-state rate constantg%V~C"N) in units of
10~ cm® molecule * s7? for collision induced transitions with He as the 10~ ' cm® molecule * s~ for collision induced transitions with He as the
collision partner. The accuracy of the single rate constants is 0.0&ollision partner. The accuracy of the single rate constants is 0.08
x10 " cm® molecule * s™!, the accuracy of the sums is 0.4 Xx10 '!cn? molecule!s™?, the accuracy of the sums is 0.4

X 10 cm® molecule * s™1. The asterisk indicates initial levels which Xx10 ** cm® molecule * s™1. The asterisk indicates initial levels which
have been prepared in the experiment. All state-to-state rate constants wittave been prepared in the experiment. All state-to-state rate constants with
such an initial level are determined directly. The minus sign indicates initialsuch an initial level are determined directly. The minus sign indicates initial
levels which have not been prepared in the experiment. All rate constantevels which have not been prepared in the experiment. All rate constants
with such an initial level are determined indirectly. The last row contains thewith such an initial level are determined indirectly. The last row contains the
sum of all rate constants which originate from the considered level indicatedum of all rate constants which originate from the considered level indicated
with an asterisk or a minus sigif.,(N=0) andF;(N=0) levels do not  with an asterisk or a minus sigf.,(N=0) andF3(N=0) levels do not

exist. exist.
Initial N=5 rate constants, collision partner He Initial N=7 rate constants, collision partner He
Initial N=5, F, Initial N=5, F, Initial N=5, F5 Initial N=7, F4 Initial N=7, F, Initial N=7, F5

N Fq F, Fsi Fiy F, Fsi Fiy F, Fi N Fiy F, Fi Fi F, [ Fi F, Fs
0 0.00 0.00 0.06 0 0.00 0.02 0.02
1 0.00 0.00 000 004 025 025 0.02 031 056 1 0.00 0.00 0.00 0.00 0.04 0.02 0.00 0.03 0.20
2 0.00 0.00 0.00 0.07 043 0.00 019 005 010 2 0.00 0.00 0.00 0.05 0.00 0.00 0.04 037 0.10
3 1.02 010 0.01 055 092 004 010 030 053 3 0.00 0.00 0.00 0.04 0.06 0.00 023 0.13 0.03
4 248 055 006 046 173 053 002 039 182 4 0.00 0.00 0.00 0.03 0.08 0.07 0.01 0.18 042
5 - 0.84 0.00 1.00 * 236 000 331 * 5 0.47 048 054 001 059 005 0.07 024 0.72
6 092 0.07 000 002 104 101 0.02 032 104 6 0.29 063 002 050 060 051 001 021 191
7 0.08 0.00 000 0.10 0.07 013 014 000 0.18 7 - 0.68 0.00 0.78 * 192 000 071 *
8 0.00 0.00 0.00 0.00 0.00 0.07 0.01 0.00 001 8 0.00 0.00 0.00 025 0.00 039 0.00 0.00 0.63

>k=6.13 2 k=11.07 >k=9.48 Yk=3.11 3k=6.01 >k=6.26

—2.13 cn¥ molecule * s™] followed by the rate constants decrease\(Sk)/AN of the rate constants with &, level as
with F; [A(Sk)/AN=—1.90 cn? molecule * s™'] and i, the initial level is stronger relative to the other rate constants.
[A(Sk)/AN=—1.77 cn? molecule * s™1] levels as the ini-  The situation in our previous stuliyhere Ne was the col-
tial level. Here the total rate constant for tié<€0,F,) level lision partner is different. Here the rate constants vith

as the initial level is not taken into consideration because théevels as the initial levels have the strongest decrease
(N=0,F,) state for which the strongest transition probability A(2k)/AN. The reason for the decrease of the total rate
would be expected does not exist. Total rate constants for Nconstants with increasindy is the increase of the energy
as the collision partner behave similarly as in the case of Hgpacing between the neighboring rotational levels and the
as the collision partner, but, the values are higher and thgypical sztgong dependence of the transferred energy in a

collision:

TABLE VII. State-to-state rate constantk@V "GN in units of
11 11 CL " . o
10 cm® molecule * s7 for collision induced transitions with He as the TABLE IX. State-to-state rate constantl;ﬁz"\‘)*“ N) i units of

collision partner. The accuracy of the single rate constants is 0.08 & o1 S . .
X107 cm? molecule* s7%, the accuracy of the sums is 0.4 10" cm® molecule * 7 for collision induced transitions with Nas the

%101 o molecule ! s, The asterisk indicates initial levels which collision partner. The accuracy of the single rate constants is 0.25

have been prepared in the experiment. All state-to-state rate constants with19 i e molecule i S i the accuracy of the sums is 1.2
such an initial level are determined directly. The minus sign indicates initial< 10" e molecule = s™". The asterisk indicates initial levels which
levels which have not been prepared in the experiment. All rate constant3ave been prepared in the experiment. All state-to-state rate constants with
with such an initial level are determined indirectly. The last row contains theSuch an initial level are determined directly. The minus sign indicates initial

sum of all rate constants which originate from the considered level indicated®VelS which have not been prepared in the experiment. All rate constants
with an asterisk or a minus sigf,(N=0) andF4(N=0) levels do not with such an initial level are determined indirectly. The last row contains the

sum of all rate constants which originate from the considered level indicated

exist with an asterisk or a minus sigit.,(N=0) andF;(N=0) levels do not
Initial N=6 rate constants, collision partner He exist.
Initial N=6, F, Initial N=6, F, Initial N=6, F3 — —
Initial N=0, F, rate constants, collision partnep, N

N Fiq F, Fsi Fiy F, Fsi Fiy F, Fsi N Fi F, Fs
0 0.00 0.02 0.02 0 -
1 0.00 0.00 000 0.01 0.02 0.03 0.00 0.02 0.39 1 20.00 8.75 0.94
2 0.00 0.00 0.00 0.03 0.01 0.00 0.04 0.00 0.40 2 11.24 7.66 0.64
3 0.00 0.00 000 024 035 0.00 0.00 028 0.67 3 4.72 0.77 0.69
4 0.00 0.38 0.00 0.15 0.75 0.04 0.03 0.28 0.78 4 1.80 0.29 1.56
5 202 003 003 018 151 045 0.00 0.27 1.23 5 0.00 0.09 0.06
6 - 0.70 0.00 081 * 153 0.00 170 * 6 0.00 0.00 0.10
7 0.11 0.17 0.00 028 010 049 001 0.00 0.73 7 0.00 0.00 0.02
8 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.08 8 0.00 0.00 0.00

>k=3.44 >k=7.00 >k=6.98 >k=59.33
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TABLE X. State-to-state
10" cm® molecule’* s7* for collision induced transitions with Nas the

collision partner. The accuracy of the single rate constants is 0.2%ollision partner.

%10 cm® molecule * s 2,
%10 cm® molecule * s 2.
have been prepared in the experiment. All state-to-state rate constants witiave been prepared in the experiment. All state-to-state rate constants with
such an initial level are determined directly. The minus sign indicates initialsuch an initial level are determined directly. The minus sign indicates initial
levels which have not been prepared in the experiment. All rate constantevels which have not been prepared in the experiment. All rate constants
with such an initial level are determined indirectly. The last row contains thewith such an initial level are determined indirectly. The last row contains the
sum of all rate constants which originate from the considered level indicatedum of all rate constants which originate from the considered level indicated

rate  constants(;") ¢

the accuracy of

J. Chem. Phys., Vol. 116, No. 22, 8 June 2002

"N

the sums
The asterisk indicates initial levels which x 107!

is

in units of

TABLE XII.

J. L. Rinnenthal and K.-H. Gericke

State-to-state rate constants) "N in units of
10" cm® molecule’ s7 for collision induced transitions with Nas the

1.2 %10 * cm® molecule’® s71,

with an asterisk or a minus sigit.,(N=0) andF;(N=0) levels do not

cm® molecule’® s~

1

the accuracy of

the sums

The accuracy of the single rate constants is 0.25

is 1.2

. The asterisk indicates initial levels which

with an asterisk or a minus sigf.,(N=0) andF;(N=0) levels do not

exist. exist.
Initial N=1 rate constants, collision partnep N Initial N= 3 rate constants, collision partnep N

Initial N=1, F, Initial N=1, F, Initial N=1, F3 Initial N=3, F, Initial N=3, F, Initial N=3, F3
N Fq F, Fs F, F, Fs F, F, Fs N Fq F, Fs Fi, F, Fs Fq F, Fs
0 14.03 10.27 3.26 0 4.02 0.85 1.06
1 * 382 237 473 * 196 1181 582 - 1 322 084 223 114 099 140 0.73 3.06 2.28
2 1224 173 049 518 1035 3.75 19.46 7.83 7.44 2 13.30 1.07 023 366 670 064 130 291 7.29
3 392 241 032 106 124 032 916 444 520 3 * 345 022 756 * 044 072 515 *
4 0.71 049 0.09 050 053 007 173 144 211 4 944 205 042 055 565 047 051 297 7.42
5 0.00 0.16 0.07 019 023 0.07 000 061 091 5 312 036 037 013 0.16 0.10 0.16 220 0.28
6 0.19 0.06 0.01 0.00 001 001 0.00 010 028 6 0.07 014 030 032 0.01 0.01 038 005 0.01
7 0.15 0.01 0.00 0.07 0.00 0.00 000 0.04 004 7 0.28 001 0.02 021 001 0.00 0.29 0.02 0.00
8 0.04 0.01 0.00 004 001 0.02 000 0.00 000 8 0.06 001 0.01 049 000 0.01 0.01 0.01 o0.01

>k=43.32 >k=40.61 >k=81.68 >k=45.24 3 k=31.50 >k=38.82
Furthermore, in all studies including our study with consideratioh The mean total rate constant 6 levels as

Ne as the collision partnérthe total rate constant for the initial level is the largest, similar to our previous study
transitions out of the initial levelR3,N=1) is extremely with Ne as a collision partnérhowever, the error bard.2
high (see Fig. 3 The mean total rate constants ave-x10 !'cm?® molecule! s™!, see Tables I-VIN overlap
raged over initial N, for He as the coII|5|on partner for kg, .x andkg, .x in this case. The reason is probably

are kg _x=8.16<10 " cm’ molecule* s, ke, .x  that generally collision induced transitions which change
=11.95<10*11 cm® molecule* s™!  and ke, .x=11.81  the spin component by-1 are the most effective colli-

x 10" cm® molecule * s~ [where the total rate constant sions. Only transitions which originate from df, level
with the (N=0,F,) level as the initial level is not taken into have two possibilities for such a transition, whereas

TABLE XI.

State-to-state

rate constants(’
2

N)—(J",N")

in units of

10 * cm® molecule * s7? for collision induced transitions with Nas the

collision partner. The accuracy of the single rate constants is 0.2%ollision partner.

X 10" cm® molecule * 71,

the accuracy of

the sums
x 10" cm® molecule* s™1. The asterisk indicates initial levels which x 10!

is

TABLE XIII.
10" cm® molecule * s7? for collision induced transitions with Nas the

1.2 %10 * cm® molecule s71,

with an asterisk or a minus sigif.,(N=0) andF;(N=0) levels do not

the accuracy of

State-to-state rate constantk{:") ("N

in units of

The accuracy of the single rate constants is 0.25

the sums is 1.2
cm® molecule * s™1. The asterisk indicates initial levels which
have been prepared in the experiment. All state-to-state rate constants wittave been prepared in the experiment. All state-to-state rate constants with
such an initial level are determined directly. The minus sign indicates initialsuch an initial level are determined directly. The minus sign indicates initial
levels which have not been prepared in the experiment. All rate constantevels which have not been prepared in the experiment. All rate constants
with such an initial level are determined indirectly. The last row contains thewith such an initial level are determined indirectly. The last row contains the
sum of all rate constants which originate from the considered level indicatedum of all rate constants which originate from the considered level indicated
with an asterisk or a minus sigf.,(N=0) andF;(N=0) levels do not

exist. exist.
Initial N=2 rate constants, collision partnep N Initial N=4 rate constants, collision partnep N

Initial N=2, F, Initial N=2, F, Initial N=2, F5 Initial N=4, F, Initial N=4, F, Initial N=4, F5
N Fiq F, Fsi Fiq F, Fsi Fiy F, [ N Fiy F, Fsi Fi F, [ Fq F, Fs
0 7.70 7.37 1.02 0 2.34 0.46 3.20
1 9.06 281 382 583 724 216 110 511 340 1 0.76 044 065 041 039 066 077 410 1.23
2 * 6.12 0.17 6.84 * 0.80 039 132 - 2 409 148 016 3.16 090 0.22 146 297 160
3 1298 246 020 159 782 353 043 093 759 3 956 233 016 330 6.70 033 192 406 4.23
4 332 049 027 304 153 027 020 022 125 4 * 200 048 321 * 369 032 352 *
5 030 059 011 022 115 029 000 006 051 5 554 474 055 026 397 126 090 058 3.99
6 0.02 0.04 001 006 085 0.02 000 001 017 6 0.07 041 008 0.03 0.08 0.06 0.06 067 102
7 0.09 001 0.00 002 000 0.04 000 001 0.02 7 1.06 001 0.02 0.08 0.00 005 049 0.00 0.07
8 0.32 0.14 0.00 0.07 0.02 055 000 0.00 0.00 8 0.73 013 0.00 0.03 0.02 0.00 0.02 0.00 0.02

>k=51.03 >k=51.31 >k=23.74 >k=37.79 >k=29.27 > k=37.20
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TABLE XIV. State-to-state rate constants(:V =" in units of  TABLE XVI. State-to-state rate constantsy)~ "N in units of

10" cm® molecule’* s7? for collision induced transitions with Nas the ~ 10~** cm® molecule * s™* for collision induced transitions with Nas the
collision partner. The accuracy of the single rate constants is 0.2%ollision partner. The accuracy of the single rate constants is 0.25
X110 cm® molecule* s, the accuracy of the sums is 1.2 Xx10 *cm® molecule! s, the accuracy of the sums is 1.2
x10 " cm® molecule ! s™1. The asterisk indicates initial levels which X 10 ! cnm® molecule ! s71. The asterisk indicates initial levels which
have been prepared in the experiment. All state-to-state rate constants wittave been prepared in the experiment. All state-to-state rate constants with
such an initial level are determined directly. The minus sign indicates initialsuch an initial level are determined directly. The minus sign indicates initial
levels which have not been prepared in the experiment. All rate constantevels which have not been prepared in the experiment. All rate constants
with such an initial level are determined indirectly. The last row contains thewith such an initial level are determined indirectly. The last row contains the
sum of all rate constants which originate from the considered level indicatedum of all rate constants which originate from the considered level indicated
with an asterisk or a minus sigif.,(N=0) andF;(N=0) levels do not  with an asterisk or a minus sigf.,(N=0) andF3(N=0) levels do not

exist. exist.
Initial N=5 rate constants, collision partnep N Initial N=7 rate constants, collision partnep N

Initial N=5, F, Initial N=5, F, Initial N=5, F3 Initial N=7, F, Initial N=7, F, Initial N=7, F3
N F, F, Fs = F, Fs F, F, Fs N F. F, Fs Fq F, Fs Fq F, Fs
0 0.00 0.25 0.22 0 0.00 0.11 0.39
1 0.00 000 0.00 015 029 050 013 033 091 1 0.00 0.00 0.00 0.01 0.05 018 0.02 0.06 0.21
2 0.00 0.00 0.00 109 030 010 067 095 110 2 0.00 0.00 0.00 0.01 0.00 0.07 0.18 0.15 0.19
3 879 029 025 059 202 009 142 137 148 3 0.00 0.00 0.00 0.04 014 000 025 0.17 0.01
4 10.21 040 106 0.64 6.30 029 022 123 547 4 0.00 0.00 0.00 0.17 029 0.07 036 041 0.28
5 - 229 0.07 272 * 450 010 434 * 5 042 015 087 0.03 054 0.04 013 0.19 1.05
6 238 018 035 134 285 0.18 0.12 043 062 6 0.83 122 023 057 047 100 0.64 0.18 4.30
7 0.07 0.00 0.02 0.03 0.07 0.00 022 000 0.03 7 - 535 0.76 6.11 * 6.42 100 376 *
8 0.00 0.00 0.00 002 003 0.06 023 000 0.00 8 0.00 0.00 0.00 044 000 150 0.00 0.05 3.17

>k=26.36 Sk=24.41 >k=23.59 >k=9.83 >k=18.26 >k=17.15

transitions which originate from af,; or an F; level those with He or Ne. This can be explained with the addi-
have only one such possibility. The situation for thetional rotational degrees of freedom of the Molecule.
mean total rate constants for transitions with, N For the state-to-state rate constafables 1-VIII for He

as the collision partner is completely different. Hereas the collision partner and Tables IX—XVI for,Nas the

it is ke _.x=32.04<10 ' cm® molecule* s7t, ke, x
=30.85<10 ** cm® molecule ' s™!  (unexpectedly the

lowest of the three valugs and kg, .x=34.62 24+
x 10 " cm® molecule * s7t. The rate constants with 2 90
N, as the collision partner are about three times higher than 3

3 16 1

£

N 5

TABLE XV. State-to-state rate constants(;") """ in units of o 12 7
10~ c® molecule™* s~ for collision induced transitions with Nas the Y
collision partner. The accuracy of the single rate constants is 0.25 B |
x 10" cm® molecule* s7, the accuracy of the sums is 1.2 41 |
x 10 cm® molecule ! s71. The asterisk indicates initial levels which

have been prepared in the experiment. All state-to-state rate constants with 0 1 2 3 4 5 6 7
such an initial level are determined directly. The minus sign indicates initial
levels which have not been prepared in the experiment. All rate constants
with such an initial level are determined indirectly. The last row contains the

sum of all rate constants which originate from the considered level indicated 90 T T T T T LI
with an asterisk or a minus sigif.,(N=0) andF;(N=0) levels do not 80+ E
exist. ,; 70 ]
Initial N=6 rate constants, collision partnep N E 601 ]
Initial N=6, F, Initial N=86, F, Initial N=6, Fy g 50 .
N F, F, Fy F, F, F3 F, F, F 5 40 1
1 2 3 1 2 3 1 2 3 =
2 30- 1
0 0.00 0.03 0.69 3 20
1 000 000 000 005 0.05 018 0.09 0.07 0.58 A
2 000 000 000 0.08 000 005 020 0.05 0.76 10+ 1
3 000 0.00 000 026 150 0.03 010 0.87 162 0 : S ' ; : .
4 030 0.10 0.17 036 245 0.08 0.10 097 1.60 0 1 2 3 4 5 6 7
5 524 249 018 045 448 047 107 0.20 4.63 initial N
6 - 151 005 175 * 550 0.07 335 *
7 032 019 019 054 024 197 012 0.04 297 FIG. 3. Plot of the sum over all rate constants out of tNeR,), (N,F,),
8 0.00 0.00 000 002 0.02 0.05 0.00 0.00 0.00 and(N,F3) states depending on the initial nuclear rotation quantum number

>k=10.74 >k=20.61 3k=20.15 N for He (upper part and N, (lower par} as the collision partners. The
numerical average value is indicated by “mean.”
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FIG. 4. State-to-state rate constants of collision induced transitions with Hé:IG' 6. State-to-state rate constants of collision induced transitions with He

(upper partand N, (lower part with anF; level as the initial level and a (upper F"?‘r’ and N, (Iower_par) with an F4 I(_evel as the‘ ".".“a' level and a
neighboring level as the final level depending on the initial nuclear rotationne'ghborlng level as the final level depending on the initial nuclear rotation

quantum numbeN. quantum numbeN.

initial quantum number N

ol ' NH(CE ,v=0,F,,N)+He - ﬁpﬁrw‘ ] collision partner generally the most effective transitions are
) S o RN transitions between neighboring levels. These are the rate
oLt S A constants where either the nuclear rotational quantum num-
§ ; ,,,,, AU o 1 berN is changed byt1 or the index of the spin component
,,g T N )l i is changed by+1. If the spin component indéxs changed
= a2t . by Ai=*2 the rate constants are much lower. For collision
E , | ] induced transitions which occur within the same spin com-
= ) ponent we observe a regular behavior as is found in many
op * YT other experiments described in the literattfréRegular”
1 2 3 4 5 6 7 means that there is a resonance for low transferred energies.
initial quantum number N
g T ' ' ' ' ' e
NS NHOCE v=0F, NN, —s— o ]
- L T e TABLE XVII. State-to-state rate constants in units of 1
L ~ g TN ] cm® molecule * s for collision induced transitions only considering the

FerFali=tint nuclear rotation quantum numbit The collision partner is He.

_w 4
'% 8
o 7
3 sl R
mg i . ] Einal Initial quantum statéN
’-‘9 sk h stateN 0 1 2 3 4 5 6 7
< 2r s ] 0 - 123 108 032 027 002 0.01 0.01
; : v 8 : 1 3.16 - 291 208 129 048 0.16 0.10
4 . . : . . : . 2 382 476 - 254 162 028 016 0.19
1 2 3 4 5 6 7 3 087 331 328 - 320 119 051 0.16
5 0.02 042 044 057 200 - 191 1.06
FIG. 5. State-to-state rate constants of collision induced transitions with He 6 000 013 005 025 022 148 - 1.56
(upper partand N, (lower par} with anF, level as the initial level and a 7 0.00 0.08 002 012 021 047 063 —
neighboring level as the final level depending on the initial nuclear rotation 8 0.00 0.06 002 0.08 011 0.03 0.04 042

quantum numbeN.
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TABLE XVl ~ State-to-state rate  constants in units of nyclear rotational quantum numblrfor initial levels within
_10 cm® molecule 'S for collision induced tra_n;ltlons only _conS|der- the F, spin component. For He as the collision partfgp-
ing the nuclear rotation quantum numbérThe collision partner is N . "
per part of Fig. 5the (F,—F,,N—N—1) transitions do not
Initial quantum stateN change significantly with increasigjand also the minimum

Final at N=4 [see the analogous transitiof (—F;,N—N—1)
stateN 0 1 2 3 4 5 6 7 . . . .
in Fig. 4] is very weak. In the case of Nas the collision

0 - 928 536 198 200 016 024 017 pariner(lower part of Fig. 5 the minimum atN=4 does not

! 2969 — 1351 530 314 077 034 018  qyict at all. Here, the efficiency is very high for Iawvalues

2 1954 2282 - 1237 535 140 0.38 0.20 ;

3 618 936 1251 _ 1086 543 146 o020 decreasing monotonqqsly. Fod=4 and N=5 the (F,

4 365 256 353 983 - 861 204 053 —F,,N—N-—1) transitions are the strongest. For both He

5 015 075 108 229 726 - 640 114  and N the efficiency of the transitionF,—F, ,N—N+1)

3 g-ég 8-% 8-82 g-‘z‘g g-gg g-‘l‘g . 193-15 is lower than the efficiency of theFo—F,,N—N—1) tran-

8 000 004 037 020 032 011 o003 172 Sitionsexcept foN=2. For the two possible spin component

changing transitions K,—F;,N—N) and (F,—F3,N
—N) in all caseqdincluding our study with NéRef. 8] for
valuesN>3 the (F,—F3;,N—N) transitions are more ef-
Summing up, we find the following “propensities” for colli- fective than the E,—F;,N—N) transitions.
sion induced transitions with He and, lds the collision part- In Fig. 6 the rate constants of the transitions between the
ner, similar to our previous study with Ne: neighboring rotational quantum states withFapstate as the

AN=0, Ai==1, 3) initial state are shown. Exce_p_t fo_r HB,=3 and _I\Q, N<4

the (F3—F3,N—N-—1) transition is more effective than the

AN==*1, Ai=0. (4) (F;3—F3,N—N+1) transition as is expected from the

. L strong dependence akE. Furthermore, in the case of He
Figure 4 represents a plot of the collision induced state-to: g dep

. . . the (F3—F,,N—N) transition is most effective except for
state rate constants for transitions between neighboring 'e\f\]:l andN=7. ForN=7 the (Fs—F3,N—N—1) transi-
els concerning_N_ andi dependent on the i_nitiat\\l value for tion is the most.effective one. In ?he c;’se of &hdN>3 the
He as the (_:0_II|S|on partndupper part of _F|g. ﬂand for .NZ (F3—F3,N—N-—1) transition is most effective whereas for
as the collision partneflower part of Fig. 4 with initial

. . N=3 andN=2 the (F3—F3,N—N+1) transition is the
levels belonging to thé-; spin component. Generally, the most effective one. For both Hepper part of Fig. Band N
transition efficiency decreases with increasiNg agreeing . PPErp 9.

well with a strong transition efficiency dependence on the(IOWer part of Fig. 6, the (F5—F4,N—N) transition, which

transferred rotational energyE. For the same reason the generally is very wealfdue to violation of the propensity

vansiions £, NN 1) are more efecve than the 1 1115 e SUongeel wansion oh o e il
transitions £;—F;,N—N+1). Exceptions ar&l<3 in the ' P P

case of He andN=2 in the case of M. This is also the case V'ou;rSt\l/Jidy vlwthDNeZi an dacr d beam ratus t
for the analogous transitions within the other spin compo- eviously, Dagdigian used a crossed beam apparatus 1o

nents(see Figs. 5 and)6In the case of He and for quantum determine the relative cross sections for transitions out of the

3 —_ _ _ _ . . .
numbersN>2 the transitions £;—F;,N—N—1) are the NH(X °%~,v=0J=1N=0) state by collisions with argon

most effective transitions except fbi=4 andN=7 whereas at a collision energy of 410 ¢t Because of the fact that

in the case of Mthese transitions are the most effective one argon is a structureless target these state-o-state cross sec-

except forN=2 andN=7. In the case of He these transi- tions should be qualitatively comparable to the state-to-state

tions have a local minimum of the efficiency at the quantum”?‘te constants we 'obt.amed fpr He in th|§ yvork. The effi-
numberN=4. For N>1 the transitions f,— F,N— N) ciency decreases with increasiNgnd the efficiency of tran-

with Ai=2 have the lowest efficiency for both He and N sitions into Igvels \_NhiCh c_hange the spin compongr_]t more
due to violation of the propensities of Eq8) and (4). For than one .umt are meﬁecpve. The result's of Dagdigian are
low N values the efficiency of those transitions rises slightly.Neréfore in agreement with our observations and support our
This is similar to the case of Ne as the collision parfher. = PrOPensity rules.

Figure 5 shows the dependence of transitions between Tables XVII and XVIII represent the state-to-state rate

the neighboring rotational quantum states on the initigcoNstants that result if only the nuclear rotation quantum
numberN is considered. The values are obtained by calcu-

lating the mean value of the rate constants of the three initial
TABLE XIX. Energy-gap law(EGL) parameters for collision induced tran-  States N,F1), (N,F;), and (N,F3) and calculating the sum
sitions between differeri states. The collision partner is Heis in units of ~ over the three final stateN(,F,), (N',F5), and (N',F3).
10" cm® molecule * s™*. B is dimensionless. First, collision induced transitions which change the nuclear
rotation quantum numbeé by only =1 are clearly preferred.
Second, there is a strong dependence on the initial nuclear
a 062 228 098 108 069 092 1.8 017 0.11 rotational quantum numbeX. The rate constants for high

Aa 01 08 03 05 03 06 06 02 01 ;..
5 118 288 119 156 121 132 042 072 038 initial N values are clearly smaller than the rate constants for

AB 01 03 01 02 02 03 o1 06 o2 lowNvalues. _
In order to quantify the dependence of the rate constants

Initial N~ 0-7 0 1 2 3 4 5 6 7
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TABLE XX. Energy-gap law(EGL) parameters for collision induced tran- 3 T T T T T T T T T . T
sitions between differertl states. The collision partner is,Na is in units 2 ]
of 10 * cm® molecule * s™*. g is dimensionless. 1] ]

Initial N~ 0-7 0 1 2 3 4 5 6 7

a 262 866 473 315 316 362 340 030 0.17
Aa 08 40 20 20 15 26 10 05 01
B 134 216 156 134 139 139 032 047 0.26
AB 01 02 02 03 02 04 01 08 02

In(k/(ky(2N"+1)))

on the transferred energyE, the same procedure as for the  #7] ]
case of Ne as the collision partfés employed. The param- ] ]
eters of the energy-gap ladEGL) for vibrationally elastic 10 | S S r 6
collisions’® are fitted to obtain the best agreement with the (B, ~E, )/KT]

experimentally determined rate constants. It should be men- N

tioned that the EGL just gives an overall impression of theFIG. 7. Logarithmic energy-gap la&GL) plot of (N—0,1,...,8) transitions

rate constants as a function of energy The EGL is not ar“i’ith He as the collision partner. The straight line represents the linear fit that
) results in the obtained EGL constants. The plot shows that the energy-gap

exact representatlo_n of the |nd|V|duaI_ rate_ ConStantS'_ In the,y, describes the gross dependence of rate constants from the transferred
two-parameter version of the EGL a vibrationally elastic andenergy. The deviation from the straight line is a property of each single

rotationally inelastic rate constant is expressed by collision induced transition and does not represent the experimental error
EGL AE/k which lies at 0.0&,.
— E/KT
Koy = a(2N’ + 1) ePAEKT) (5

whereAE=|Ey, — Ey| represents the transferred energy and ) ) )
a andB are the two fit parameters. In order to obtain a linearthis work and in our previous wo?k;ta?e—tojstate rotational
form of Eq. (5) we first divide on both sides by the standard €nergy transfer is examined for the first time within a mo-

rate constanky=10"'! cm™3 molecule * s™* and then take lecular ground state. -
the logarithm, Series of LIF spectra were recorded and fitted in order to

oL determine the population distributions at different collision
Knon N AE numbers of NHK 33 ~,0=0,J,N) molecules initially pre-

In( ko(zN’+1)) =In Ko _'B(ﬁ)' 6) pared in a single quantum state. The population data were
Using the scaling law in this form we perform a linear fit to modeled using smoothing spline funct.ions,. and stat_e-to-;tate
our experimental data. Tables XIX and XX contain the re rate constants were calculated by an iterative algorithm inte-
sults of this linear fit for He and Nas the collision partners.

“grating the population profci%(/a\z.

. 2 ) As in our previous studywith Ne as the collision part-
Furthermore, in order to obtain differential values tafN) :
and B(N) we also fitted the data separately for every singlener the rate constants obey the propensity rules
initial quantum numbeN. The results for these fits are also
included in Tables XIX and XX. Figures 7 and 8 represent
the plots of the linear fits for all initial quantum numbeNs 6]
for He and N as the collision partners. The general shape of 25
the experimentally determined values indicates in both cases 3]
He and N, that the EGL scaling law is suitable to describe _ f'.
the general dependence of the rate constants on the tran= o]
ferred energ\AE. In Figs. 9 and 10 the plots of the linear fits
for separate initiaN values are shown. In general, the EGL < 5
scaling law is a good approximation of the rate constant% 4]
dependence on the energy transfer, although indivikival- k=l
ues might vary up to one order of magnitude.

N+
n

P S IS VR PSS PO NP IOV NP I I T A TS P I T S Y

IV. CONCLUSION 11

T T T T T T T T
3 4 5 [

(En-En)/KT]|

o -
-
N

We completely state-selectively prepared NH radicals in
their electronic and vibrational ground stat&X =~ ,v
=0,J,N) using a new preparation technidund extensively g s, Logarithmic energy-gap lafEGL) plot of (N—0,1,...,8) transitions
examined the state-to-state collision induced rotational enwith N, as the collision partner. The straight line represents the linear fit that
ergy transfer. We examined the collision induced Change offesults in the obtained EGL constants. The plot shows that also witisN

the rotational quantum numbed as well as the collision the collision partner the energy-gap law descpbt_as the dependerjce qf ra_lte
constants from the transferred energy. The deviation from the straight line is

induced change of the spin comp_o_né?]t. We presented 4 property of each single collision induced transition and does not represent
state-to-state rate constants of collisions with He apd IN the experimental error which lies at 0.R5.
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FIG. 9. Logarithmic energy-gap latEGL) plots of (N—0,1,...,8) transitions with He as the collision partner separated for different iNitial

AN=0, Ai=x1 andAN==1, Ai=0. The rate constants for Nas the collision partner are
three times higher than the rate constants for He. Generally,
Thus usually collision induced transitions between neighborthe transition efficiency decreases with increadigHow-
ing levels are the most effective transitions. ever, the total rate constant for transitions out of the initial

Downloaded 18 Jun 2002 to 134.169.41.165. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



9790 J. Chem. Phys., Vol. 116, No. 22, 8 June 2002 J. L. Rinnenthal and K.-H. Gericke

In(k/(ko(2N"+1)))
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FIG. 10. Logarithmic energy-gap laEGL) plots of (N—0,1,...,8) transitions with Nas the collision partner separated for different init&l

level (F3,N=1) is extremely high. Surprisingly, for He and (N—N") rate constants, which only consider the change
N, as the collision partners the transitioRs(—~F;,N=1 in the nuclear rotation quantum number, were extracted from
—N=1) is the strongest of all transitions with &3 level as  the state-to-state rate constants by calculating the mean val-
the initial level. ues concerning the three initial spin components and taking
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