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Collisional energy transfer of NHin its electronically excited statd ?A; is investigated with
time-resolved Fourier transform emission spectroscopy, Hroduced by photodissociation of

NH; and relaxed to low rotational levels before excitation into the electronically excited state.
Originating from collisions with NH, rate constants for total collisional removal and state-to-state
rate constants for rotational energy transfer withjr+ 4, K,=1 with collision induced changes of
|AK.|=<3 are determined. The latter rate constants are fitted with several scaling laws. Among these,
those based on the energy corrected sudden approximation work best. An approximate potential
curve for the anisotropic part of the interaction potential is derived and verified with cross sections
obtained with straight line trajectories. The rotational energy transfer originates primarily from
collisions with small impact parameters. The observed rate constants for total collisional removal
are in accordance with the collision complex model. 2602 American Institute of Physics.

[DOI: 10.1063/1.1497965

I. INTRODUCTION Despite the numerous examples, the understanding about

For more than two decades, the Niddical is used as an collisions of various species with NHis far from being
example to study collision and relaxation processes in smafomplete. A detailed understanding starts to emerge for col-
polyatomic molecules which is important for detailed under-lisions between NK{A ?A;) and H atoms, where changes in
standing of chemical reactions with particular applications inthe amount and orientation of the rotational quantum number
combustion and atmospheric chemistry. For Nk the are described with the aid of an angular momentum sphere.

ground stateX 2B, , rotationally inelastic collisions with He In our investigation, state-to-state rate constants for col-

were examined by Dagdigidnin the excited stateh 2A,,  lisions of NH,(A ?A;) with NH; at low rotational quantum
efficient quenching by various gases was observed byumbers are determined. The precursor;Nsithe natural
Halpernet al,? and Donnellyet al?® State-to-state collisional €nvironment, when Nhlis produced by photodissociation,
energy transfefCET) has first been observed by Kr8lDe-  and therefore, collisions between these two species must be
tailed investigations on rotational energy transfer withinunderstood before studying other systems. For low rotational
NH,(A 2A,) originating from collisions with H-atoms were quaanm numpers, the information about energy levels and
performed by Dixon and Fieldl, Dearden et al,® and tr_an3|t|0n matrix elements_ is more (_:omplete than for the
Alwahabiet al,” and with polarization sensitive detection by Nigher ones and changes in the rotational quantum numbers
Truhins et al® Recently, state-to-state CET in electronically &€ Not always accompanied by vibrational offeBherefore, _
excited NH:(Z 2A,) with NH; has been observed by Dong a wider range in rotational quantum numbers of the experi-
et al? and by us® Donget al. generated Nbiin a combina- mentally determined state-tq-state rate constants is expepted
when compared to our previous work. Such a data set might

tion of a discharge with a supersonic jet and reported pOpuétimulate theoretical work on this collision process between
lations for collisions at low rotational quantum numbéis b

(N<7) while we produced Nbifrom photodissociation of two polyatomic molecules. In addition, it will then be pos-

NH; and determined state-to-state rate constants for higﬁibl.e 0 inve;tigate Wh'ether these rate cqnstants can be de-
(N=14) rotational quantum numbers. In this very recentScrIbeOI by smple Sca"_”g laws, one of Wh'(_:h has been suc-
workX° we have also given references on state-to-state CE§€SSfully applied to collisions of N}{A 2A1)_ with H—atoms?

in other polyatomic molecules; further information can beWhile others gave an excellent description in a variety of

gained from recent reviews by Dagdigi#nSchiffman and collisions bgtweer) atoms _and diatomic molle.cules. Although
Chandlett? and Everitt and De Luci& only approximate information about the collision process can
be obtained from scaling laws, they are, however, sometimes
applied to simulate collision and relaxation processes when
@Author to whom correspondence should be addressed. Electronic maigtate-to-state rate constants can not be measured directly. It
jlindne@gwdg.de . . . . . . . )
bpresent address: Laser Zentrum Hannover, Hollerithallee 8, D-30418S therefore, instructive to investigate which scaling laws are

Hannover, Germany. pertinent. Regarding the interpretation of our results, we will
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FIG. 1. Energy level diagram of NH In the ground(excited stateX 2B, T ' ' ' ' ) '
(A2A,) rotational levels fow3=0 (v,=4) are shown. Levels populated by 17300 Frequency [cm™] 17600

CET from 2, are labeled with filled circles. )
FIG. 2. Dispersed fluorescence observed(8r0—50 ns andb) 350—400

ns after excitation of thev,=4-v3=0, 2;,—24, transition of the
discuss the collision dynamics in a visual picture and withNH2(A—X) system. Transitions originating from the initially excited level
respect to an estimate of the anisotropic part of the interac® assigned if@), and collision satellites iib). The transition 2,—2, is
. . . . overlapped by the collision satellite, 3-3,,.
tion potential. Finally we will explore how our results com-
pare with the observations obtained by Doeigal® under

completely different experimental conditions. : .
. , 0 NH.(% 2B.) is produced b tion of NHg re_l;_axes tp low rotational _quantum numbe_rs._lt

As In our previous work, 2(_17 1) is pr A4 DY  has been verified with the observation of laser excitation
193 nm photodissociation of Nﬁi and excited With @  gpecira between 17200 and 18 200 émwith detection of
pulsed dye laser to the excited st&éA, as indicated with  the total fluorescence and at time delays between 0.5 and 100
the upward pointing arrow in the energy level diagram Fig.;;s that this time delay is a good compromise between a
1. Upon collisions with NH, new levels of electronically complete relaxatioli>50 us) and a decreasing particle den-
excited NH(A2A,) are populatedfilled circles in Fig. 2, sity due to diffusion out of the observation region at longer

ie., time delays. However, diffusion within the O&s observa-
~ tion time of the time-resolved FTES experiment can be
NH(A “A1,010,0 N, k )+ NH3 neglected?
—>NH2(Z 2A1,vleO,N;* K*)+NH* , (1) A. State-to-state energy transfer and rate constants
a'’'c

CET in theA 2A, state of NH is investigated irv,=4
for the rotational levels 2, 315, 313, 443, and 4, and in
v,=1, v,=2 for the level 3,. Typical time-resolved dis-

wherev, and v, are vibrational quantum numbers in the
bent-molecule notatiof?, N is the total angular momentum

(without spin and K, (K.) are its projections on the axis g1 h o .
with the smallest(largesi moment of inertia. The fluores- persed fluorescence spectra are shown in Fig. 2. In ki, 2

cence of the initially excited leveldownward pointing ar- the spectrum is given for the first 50 ns after the excitation of

rows in Fig. 2 and those populated by rotational energyNHz(Az_A1,040,212) (compare Fig. L Transitions are la-
transfer(RET) is observed time and frequency resolved with beledlgwth quantum numbers assigned from the work of Ross
Fourier transform emission spectroscop¥TES. The etal.'® and Dressler and Rams&#The spectrum recorded

changes of NKA 2A,) internal energy in this experiment 3SQ ns _Iat_er in l_:ig. @) shows that ad(_jitional lines have
vary from —250 to +240 cm . gained in intensity when compared with the fluorescence

from the direct excitation. CET is observed only within the
Il. RESULTS AND ANALYSIS same _vibratipnal state,=4 and f_orAKa=O. _Under these
conditions, time-dependent relative populations can be ob-

The experimental setup and conditions are identical withained after first correcting the spectra for the frequency de-

those described previousi§'® However, the delay between pendence of the detection system and that of the spontaneous

photodissociation(193 nm, 40 mJand excitation pulse is emission. Then the transition intensities are divided by the

now 10 us instead of 20 ns as it was in our investigation oncorresponding Fiol—London factorgsee belowand the de-

CET for high rotational quantum numbefSDuring this  generacy of the upper levef:?2 For the investigation of

time, the nascent Ni{X 2B,) population(preferential in lev-  RET from the rotational level 3 the result of this procedure

els with highN=K,)*®* 1 following 193 nm photodissocia- is shown in Fig. 3. The initially excited level,2 decays
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o Overapwith | 110 relative line intensities with the calculated HLF is quite ac-
04 % 3,-3, v 3 curate. The agreement in our investigation is mostly better
] 12 ° g . a4y, than 10%. Finally, our computer program calculates transi-
- ] o ° 38 o .0 Su tion frequencies as well when given energies of £hstate
2 0 / o o, are applied®?°
ERRE L SR ° ¢ As described befor®, state-to-state rate constants are
2 L I now obtained from the slopes of straight lines fitted to the
g - 88 8 g B g 2 a . ¥ time-dependent population ratio between collision satellites
<10 4 a o o R 2 and the primary excited levdtypically 12 data points®®
~ ] o g © 8 ° 3529, : " The results are given in Table | together with the correspond-
MR ing energy gaps. We did not observe any collisions changing
e ° ’ the nuclear spin, i.e., transitions from ortho to para,NH
10— reverse. In addition, it can be seen from the table that with
0 0 [nS]“OO 600 one exceptiori4,5—1,;, due to overlapping linesall colli-

sions to final levels energetically below the excited one could
FIG. 3. Time dependent relative populations obtained from the three fluobe recorded. For CET to those final levels energetically
rescence Ii_nes of theinitiall_y excited levelPA,, v,=4, 2, [closed circles, above the excitation whose rotational quantum number N
fogond populated by RETFG 2(b)] The relaive populatons obtamed for Woud be larger by at least one than the last one observed,
the level 3, have been multiplied by a factor of two for clarity. kinetic energies of at least 300 cthare required. This value

is close to the available average kinetic energy in this experi-

ment(see below. Together with a qualitative tenden¢yeri-
exponentially, as can be seen from the figure. From the relgied with the fitting laws applied in Sec. Ill)for decreasing
tive pOpulationS calculated from the three fluorescence Iine§tate_t0_state rate constants with increaﬁmg th|s exp|ains

shown in Fig. 2a), two out of three are almost undistinguish- why CET to these levels is difficult to observe.
able on top of each other. The relative population obtained

from the transition 2,— 25, differs from that of the other two B, Rate constants for total collisional removal

lines at time delays larger than 200 ns due to the overlap with ~

the collision satellite 3—3,, [compare Fig. &) with 2(b)]. Radiative lifetimes in thé\ state exceed 1@s2° which

In Fig. 3, the time-dependent populations of the levelg, 1 is large when compared with collision induced lifetimes of
315, 414, and 5, populated by RET first grow with time and several 100 ns in our experimental conditions. Therefore,
then decay slowly. From the temporal shape of the popu|aapproximate rate constants for total collisional removal can
tions and the single collision conditions in our appardflis, ~be obtained from the lifetime of the primary excited level
can be concluded that all collision satellites originate from(Compare Fig. B The results are given in the far right col-
primary collisions. Again, Fig. 3 illustrates that the two rela- umn of Table I. Our results are 10% smaller than those ob-
tive populations obtained from the two fluorescence linedained by Halperret al? for K,=0, v,=4 and about 40%
[Fig. 2b)] for each of the levels {, 3,5, 414, and 5, larger than the rate constants obtained by Donreligl 3 for
populated by RET are almost the same. For the leygl 5 v2=1 and 2. Only minor dependences on energy and rovi-
deviations originate from the small relative populations, i.e. brational quantum numbers are observed. For each initially
weak intensity of the corresponding transitions. The smaleXcited level, the observed rate for total collisional removal

difference visible in the populations for the levej,brigi- is several times higher than the sum of the state-to-state rate
nates from an overlapping line as is verified whegi4 the  constants for RET within théA state. Therefore, energy
primary excited level. transfer out of this level is dominated by electronic quench-

The Hal-London factorgHLF) are calculated with a ing and RET is only a minor contribution. The lack of the
computer program. Eigenvalues and Eigenvectors are olmlependence of the total removal rate constants on the initial
tained from diagonalization of a Hamiltonian matrix which level, therefore, refers to electronic quenching.
considers centrifugal distortions up to the sixth-ordefor
the’A state, rotational constants for a rigid rotator are calcuC. Identification of the collision partner

lated with the formulas given by Zafp. 295.%The average As described in our previous wolk jt has been verified
HNH binding angle fork,=1 andv,=4 and the corre- 4t NH, is the dominant collision partner responsible for the
sponding t:ignd length are giSetermmed from the work ofgphserved collision satellites. As also outlined bef$réhe
Dixon et al.” and Jungeret al.™ For the groungGState, rota- gas ensemble contains the photodissociation products, NH
tional constants are taken from Burkholdsral =°> HLF are NH, and H atoms besides the precursor ;NFThe concen-
calculated with the formula reported by [zoegal.gﬂ and  {rations of the three products depend linearly, quadratically
do not depend critically on a variation of tiestate binding  or in between on the pulse energy of the dissociation laser,
angle within =5 degrees. As discussed above, the relativgespectively. The particle density of NHNH) is expected
populations obtained from the individual fluorescence linesand was verified experimentally at pulse energies between 1
with the same upper level are in good agreement with eachnd 40 mJ to depend linearlguadratically on the power of
other. This demonstrates, that despite Renner—Teller pertuthe dissociation laser. For the initially excited levelb 4ARET
bations in theA state of NH,*>?8 the description of the was observed for pulse energies 10 and 40 mJ of the disso-
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TABLE |. State-to-state and total collisional removal rate constants it416m*/(mole¢s) and energy gaps
between final level and excitatigin bracket$ in cm™L. Errors of the rate constants are in parentheses in units
of the last digit. Further rate constants for total collisional removal from levgjsabd 85 are 76.476) and
97.998) in 10 cm’/(molec's), respectively.

NH,(A 2A;,040), ortho nuclear spin symmetry

Final levels
Total
Excitation 1o 215 31 444 514 616 removal
245 2.9929 7.6577) 5.6(11) 2.6860) 86.987)
[-33] [63] [121] [237]
31 3.3970) 6.1(13) 3.2565) 4.7295) 87.587)
[-97] [-63] (58] [174]
414, 40 mJ 0.6513) 4.1441) 2.6322) 5.0834) 2.7(11) 76.477)
[—154] [—121] [—58] [116] [193]
4,,,10mJ 0.5814) 4.5345) 2.54(25) 4.80(34) 1.7(10) 84.584)
716 3.6973 579 80.0180)
[—254] [-174]
NH,(A 2A;,040), para nuclear spin symmetry
Final levels
Total
Excitation 14 24 313 444 515 removal
313 3.41(34) 3.4742) 6.4664) 5.5055) 80.0(80)
[-87] [—46] [88] [156]
4, 5.6(26)° 5.8(12) 3.9 80.981)
[—134] [—88] (68]
NH,(A ?A,,120), ortho nuclear spin symmetry
Final levels
Total
Excitation 251 4,5 553 removal
v1=1,0,=2, 35 4.3583) 8.2(17) 6.7(14) 91.992)
[—54] [92] [168]

&Calculated from scaling law with Eqé3) and(4), but in agreement with the observation from an overlapping
line from simultaneous excitation of;4and 7;5.
PLarger error because of overlapping lines.

ciation laser. The resulting state-to-state rate constants aten and excitation laser. It neglects subsequent dissociation
given in Table | for both pulse energies. As can be seen fronof NH, into NH-molecules and H-atoms. For a dissociation
the table, the results agree within error bars of roughly 10%jaser pulse energy of 40 m10 mJ the concentration of
The rather large deviation for the rate constants for RETNH, is about 129%(3%) of the initial one for NH (~7
from level 4,410 6,6 originates from the poor signal-to-noise x 10'> cm~3). For NH, and NH the influence of diffusion is
(S/N) ratio in the observation of this transition. negligible while for H atoms it decreases the concentration
An investigation of the conditions in our experiment fur- by a factor of two, i.e., to 6%1.5% of the initial one for
ther supports NK as the dominant collision partner. From NH5. The thermalization of the hot H-atoms in NHbro-

Buced by photodissociation of NE7 has been assumed to
observation regime is calculated under consideration of re- yp N

X . T be similar to that in N.** Summarized, the concentration of
flection and absorption losses of the cylindrical lens and th H. in the observation region exceeds that of all other spe-
window of the vacuum apparatboth made from Quarjz s 9 P

and the absorption of the laser beam by Nidside the cies by at Ieagt a factor OT /- ,
vacuum chamber. The cross sections for 193 nm light ab- The experiment and simulation presented above exclude

sorption in NH have been reported by Thompsehal® — any other dominant collision partner apart from NHThe
and Suto and Lé& and the emission profile of an ArF exci- State-to-state rate constants for RET out pf @able ) leave
mer laser by Burnham and Djé&The simulation includes @ possibility for a 10% increase when the pulse energy of the
focusing of the excimer laser to a stripe of 2 to 3 mm height,dissociation laser is quadrupled. This small increase could
dissociation of NH by absorption of laser light in the path indicate collisions with NH, NH, or H atoms or originate
between window and observation voluthand diffusion out  from the elevated temperature in our experiment, as will be
of the observation region within the J&s between dissocia- pointed out in the Discussion.
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TABLE Il. Parameters obtained from fit of the scaling expression (Bgwith kﬁ}h o taken from Eqs(4)
(angular momentum power law, AMRnNd (5) (a overn law, AON) and for the fixed vectotFV) model from
Eq. (2) only. All models include detailed balance.

} 10 e
Fit to @, a, ory kgT [cm 1] 9 molecs o
ECS+AMP, Egs.(3), (4) @=1.35+0.2 412420 12.3'33 1.40
ECS+AON, Egs.(3), (5) a=8.00"39 445732 0.455°935 1.37
FV, Eq.(2) 7=0.92+0.2 4306 26738 1.70

#ixed, see Sec. I D.

D. Scaling laws for rotational energy transfer general scaling expression within the energy corrected
sudden (ECS approximation for atom-symmetric top

To extract information about the collision dynamics, we ™" "~ ¢
collisions’

have applied statistical and dynamical scaling laws to ou
results(without collisions starting from =1, v,=2, 3,)).
Fitting laws for rotationally inelastic collisions have been
reviewed by Brunner and Pritchait.Models for RET in

Ko e = (2N* + 1)>, (2N+1)
N,K

polyatomic molecules were developed by DePristal,*® N N N\?
Whitaker and Brechignat, and Alwahabiet al.”® X « —| A(DKyk_00 3
Statistical scaling laws, which depend only on the energy —Ke Ko K

differenceAE between final and initial level of the collision | hara the sum ovel extends from{N—N*| to N+N* and
with no restriction in the change of the magnetic quantum—_ = . . .
number My or for AMy=0 transition& result in poor mi?—KC K% . In the present case, the adiabatic factor,

agreement between theory and observation. The normaliz (.T)’ IS estlmgteq and venf led in fits to be apiproxm!ately
standard deviatiow is about 3. , i.e., the collision is approximately sudden, dqgdk .o o is

Better agreement is obtained with the fixed vedtv) described with the angular momentum powamPp) law?

model from Alwahabiet al.,” which is the first of several KAMP _ (4)
modifications proposed by Alwahabi and cowork&rgl- AP N0
though it is the easiest one to apply, the FV model has beeky, ., does not contain anl¢ . dependence and, therefore, the
proven to be as successful as its derivations, which are exorresponding index has been dropped. The above formulas
pected to be superior only for CET withK,# 0.3 Down-  are valid only for energetic downward collisioffsUpward
ward rates are calculated frdm collisions are obtained from detailed balance as described
K « e =kgexg— 7ll]) @) above. The valueg of the parameﬂeg; a, apdkBT which fit
NiK=N%.Ke =70 ke best to our experimental data are given in Table Il. A com-
wherel is the geometrical distance between vectors given byparison between observation and fit is shown in Fig. 4 for all
Nk, k, and N’Iz; K [Eq. (2) and Fig. 4 in Ref. T. » andk,

ko[N(N+1)]7¢,

are fit parameters. Upward rate constants are calculated fror 8 7 ,
detailed balanc¢e.g., Eq.(13) in Ref. 5. The normalized ] 212 ; ] 312
standard deviatiow of the fit is about 1.70 and the param- __ © 3 g %
etersky, 7, andkgT are given in Table Ilkg is the Boltz- 2 4 ] ? ]
mann constant andl the absolute temperature. WhiegT is A ] % ? q
varied in the fit, an unphysical value of 14000 t(o < 2] 0 8 ]
=1.43) is obtained, indicating that this fitting law cannot & 1 -
describe the dynamics of the collision process completely.mg 0t e L S LA
Therefore kgT has been fixed to the average value whichis S g - ;
obtained from the two scaling laws described next. = ] 414 ] 313 g

Good results are obtained with a scaling law for atom- = © 3 ] é
symmetric top collisions proposed by DePristoal 3 From ~ ] i 8 ]
calculated eigenvectors for the rotational wave functions of ] A ] ¢ g
NH,(A), and as already indicated by DagdigfahiH,(A) 2 * 1 °
can be approximated as a symmetric top. With no informa- ] a
tion available about the internal degrees of freedom of the 0 AR I R I
collider NH; and no obvious indications for resonant energy -100 0 100 200 -100 0 100 200
transfer as in our previous wotk,NHj; is treated like the AE [em’] AE [em™]

above mentioned atom. State-to-state rate constants from the

initially excited level [)=[A, 040,Ni ) to level [e*)

s *
=|A, 040N} .+

FIG. 4. Comparison of observeéllled symbols with error bajsand fitted
(open symbols state-to-state rate constants for RET from the initially ex-

)} populated by RET can be calculated with a cited levels 2, 35, 414, and 33in A2A;, v,=4.
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primary excitations with more than three collision satellites.to-state rate constants with an accuracy better than 20%
The figure shows clearly that there is no simple dependencehere forward and backward collisions are observed. The
of the observed state-to-state rate constants on the energglue ofkgT from Table Il also fits to the energy dissipation
difference between final and initial level of the collision pro- of the excess energy released in the 193 nm photodissocia-
cess. The observations are mostly described within the errot®on of NH; to the NH; bath: From the energy of an 193 nm
of measurement, as is expected for a standard deviation g@hoton of the dissociation laser and the dissociation energy
o=1.40. The considerable error bar in temperature origi-of NH;,® the excess energy is calculated to 1.78 eV. For a
nates because the detailed balance factor-eAf{ksT) as-  slightly different dissociation wavelength, Biesreral 1 re-
ymptotically approaches 1 with increasikgT, i.e.,kgT is  ported, that about 20%, 54%, and 26% of the excess energy
calculated from small deviations from 1 of the ratios of state-are released as translational, internal energy in the ground
to-state rate constants for forward and backward collisionsand internal energy in the excited state, respectively. Within
We note that the quality of the fit cannot be increased bythe 10us delay between photodissociation of Nahd exci-
multiplying k%'ipo in Eq. (4) with a factor expBL(L+1)) tation of NH,, the translational and excited state energies are
whereL is N or K as suggested by Brunner and Pritciard dissipated to the Niibath. From an analysis of the above
or applied by Abelet a3 mentloned(begln of Sec. I laser excitation .spectra, we es-
Fits with about the same standard deviation are also obi"'2t€ that about 2/3 of the ground-state internal energy is
tained with the so-called AONa over n) fitting law devel- transferred to the Nlbath as well; altogether about 1.4 eV

oped by Whitaker and Brechignat?®#!In this case, state- from lea_ch ’}“ﬂ n;olecu_le. Tlhiis energy ifsfdist(;ibute(: ahmoggh
to-state rate constants are obtained from@pandky k .00 translational and rotational degrees of freedom of the bat

is replaced with molecules. With the above .m_e.ntionﬁec. 1o frgction of
12% NH, molecules of the initial NK concentration for 40
AON a [aj a mJ pulse energy of the dissociation laser, and a heat capacity
kNH0=k0(ﬁln(ﬁ> il of 38 J/(K*mol) for NH;,* a temperature increase corre-
sponding toAkgT=400 cm ! is obtained. This estimation

wheren=N/\, and\ =1, 2,... is associated with theterm ~ . T
of the anisotropic part of the Legendre expansion of the in_neglects that part of th& state internal energy is irradiated

teraction potential? k- and a are fitting parameters and the as fluorescence and a fraction of hot H atoms leave the ex-
PO ;0 gp citation volume by diffusion. Given the considerable error
results are given in Table Il fox=1 as well. Both param-

eters are hiahly correlated and can be varied in the vicinity o ars for the temperature in our fitsompare Table )land
are highly | De varied VICINIY Ok at obtained from detailed balance, and the remaining un-
the minimum of the standard deviation as long as approxi-

mately a* ky = const. Al errors in the table correspond to acertainties in the simulation of the conditions in our experi-
o o . : : . ment, the estimated temperature increase of 400'dmin
68% confidence interval in the three dimensioftalo di- P

mensional for the FV modgbarameter : nsid rfair agreement with our observation e$230 cm'?, i.e.,
vaeriastignaof '?he reemaininO twk(;?nae earea?np;(e:ﬁé t.oe.r,nicnoimsizee kgT~430 cm *. For a dissociation laser pulse energy of 10
. 043 44 9 P mJ, the calculated value farkgT is about 100 cr* and we
chi-squarg®***4The calculated state-to-state rate constants

. . o . expect about 60 cit in our experiment, i.e. kgT
from the scaling law Eq(3) in combination with the AON ~260 cm !. Because the calculated temperature is higher

are almost undistinguishable from those calculated with th‘?han the observed one, this might indicate that a smaller frac-

ALVI Prlvavri. I;lgl:]rg f?t \t\r,}tey:i];]orics)r&o:’vi\,the \ellvgrlieement betweeﬁon of NH; molecules is photodissociated in the observation
observation a € aw as wetl. region than estimated in Sec. Il C.

The elevation of the temperature with pulse energy of
the dissociation laser has consequences for the interpretation
of the remaining deviations between the state-to-state rate

In this section we shall interpret the results of our fitsconstants for 10 and 40 mJ given in Table I. Assuming en-
with respect to the experimental conditions and the dynamic§rdy independent cross sections, the different temperatures
in our collision experiment. Next we shall relate our obser-associated with both pulse energies result in an increase of
vations to those obtained from experiments on CET in electhe state-to-state rate constants proportional to the square
tronica”y excited Nl—i investigated by Don@t a|_9 F|na||y root of the ratio of the temperaturé%.On the other hand,
we will discuss the magnitude of the rates for total colli- when collisions with other species can be neglected, an in-
sional removal obtained here and in our earlier work on CETCreasing laser pulse energy results in a decrease of the NH

: ©)

I1l. DISCUSSION

in highly rotationally excited NE(A). concentration due to a higher fraction of BHNH, and H
_ N and, therefore, lowers the state-to-state rate constants. Alto-
A. Experimental conditions gether an increase by 15% of the state-to-state rate from 10

A first glance on the fitting parameters given in Table 11 10 40 mJ is expected, which is on the same order as the error

reveals a surprisingly high temperatukgT around 430 bars.
cm ! in our experiment when compared with the corre-
sponding value for room temperature kgR93 K

~200 cni'1). The high temperature is obtained in fits to two
models and is in agreement with that determined from de- We now focus on the dynamics of the collision process.
tailed balancekgT= (540+200) cm !, of those three state- We first mention that the conservation of the proton nuclear

B. Evaluation of the fitting laws
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spins restricts the levels in the quantum numkgr which ~ molecules™ In the derivation of the AON law, Whitaker and
can be populated for a giveN* during the collision. For Brechignac have assumed that the short-range repulsive part
example a collision from an initial level,4in ortho NH, to  is responsible for the large quantum jumpsAN,*’ while
a final level 33 in para NH is theoretically and from other following Brunner et al. the rotational energy transfer is
experiments not expect&f®and is not observed hefeom-  dominated by the long-range part of the interaction potential
pare Table I), although energetically possible. Therefore,only.> In our experiment, we have observed cross sections
given the projectiorkK, of the rotational quantum numbdr  for RET between 0.5 and 62Awith an average value of 3.5
on thea axis and either ortho or para NHthere is a unique AZ2. This value is about half of the hard-sphere collision cross
relation betweerN and its projectiork . on thec axis. section estimated from typical N-H binding lengths in NH

As outlined above, simple statistically based scalingand NH;, and H-atom “diameters” and from viscosity
laws do not give a reasonable description of our observameasuremeritdand indicates that the RET is dominated by
tions. This can readily be understood from Fig. 4, which doe$hort-range interactions.
not show a simple dependence of the state-to-state rate con- When applying the AON fitting law, it seems surprising
stants on the energy difference as it is typma”y for the en_that a formalism for an atom—diatom collision works in the
ergy or power gap la®? Such behavior has been observedPresent case. In the last section, the average gollision energy
before, e.g., CET of NK{A) with H atoms’ and is discussed has been determmed_tozsbe 43_0 CmWith ro_tatlonal_ con-
for this system by McCaffergt al*® and Alwahabiet al3® stants of 9.4 and 6.2 cm, . NHs is populated in a variety of
As pointed out by McCaffer{® CET is not only controlled rotational levels and details about the nonspherlcal_structure
by the energy difference between initial and final level butOf the molecule can not be resolved due to averaging. Thus

y aqy

also by the difference in angular momentum. If, as in theNH3 can be treated as a spherical particle, i.e., like an atom.

present case, exponential or power gap laws fail, the colliFor NH,(A), all fits are performed for rotational levels in the

sion dynamics is most likely controlled by the difference invibrqtional statew,=4 and with a pr.ojectiorKa=1 of the
angular momentum as well. This hypothesis is supported bjPtational guantum number on theaxis. As can be seen, for

25 H
an improved description of our observations with the Fvexample, from th_e work Of_ Jungen al, . the rotatl(_)nal en-
model ergy corresponding to thia axis rotation alone is~800

Despite its success in fitting the rates for CET of €M . This value is much larger than the above mentioned

~ _.._collision energy. Therefore, the molecule rotates several
NH,(A) with H atoms, the FV model lacks a more specific

lati h lisi . his i hi th th times around the axis during the collision process and de-
relation to the collision dynamics. This is achieved with the ;s o the collision process originating from the bent struc-
scaling law proposed by DePrisat al>® [Egs. (3) and (4)]

which gives a good fit of our observations. The energy cor—ture of the NF(A) m0|eCLi|e gannot be probed. For the NH
lecule, therefore, NHA) in K,=1 andv,=4 appears

rected sudden approximation applied in this scaling law al{l°'€Ccu ar
lows rotational energies not to be small when compared tgke a linear molecule. In other words, the de~scr|pt|on of the
translational energies and possible rotation during the collicollision process regarding the rotation of NiA) is almost
sion. It is superior to the infinite order sudden approximationn the adiabatic limit fora axis rotation and in the sudden
(I0SA), which fails completely in describing our observa- limit for ¢ axis rotation.

tions and has the above mentioned restrictions. The IOSA

only holds for linear molecules and is a limiting form of the C. Interpretation of the fit parameters

scaling relationship derived with the ECS approximation.  A¢ mentioned above, the parameters obtained from the

The ECS approx_imation relates_the state-to-state rate CORi of our data to Eqs(3)—(5) contain information about the
stants between different levels with quantum numidéend anisotropic parV, (r) of the Legendre expansion of the in-

K to ratesky k o, for collisions from a rotating molecule  (eraction potential as a function of intermolecular distance
to a nonrotating one, compare E@). Brunneret al®**®  and angley*

have related the parameters in this angular momentum based
power law to the dynamics of the collision process, i.e., 0 v/(r,y)= > V,(r)P,(cosy), (6)
the anisotropic part of the interaction potential. Whitaker and A=0

Brechignac accomplished this in a more gene;?ioapproacbx is a Legendre polynomiz and usually only terms with
when developing their AON fitting lawWEq. (5)],"""" and  |ow \ are considerech =0 belongs to the isotropic part of
expressed the two fitting parametexsand k, in terms of  the interaction potential. Under the assumption that the RET

range and strength of the anisotropic contribution of the inis dominated by one term in E¢6), for the AON fitting law,
teraction potential. It can be shown numerically that in theg potential can be calculated from parameteendkg,"*°

relevant interval foN, the parameters of either law can be

adjusted SO that the difference_between values obtained from V/:ON(r) =V exp —r/ry), ro= (_@
Eq. (4) with those from Eq(5) is small when compared to 2u
the absolute value. F T (Ta) 12 ()

Both the AMP and the AON law have been proven to be VC=2— ol o

successful for describing the state-to-state rate constants of @ %o
various collision processes of atoms with diatomicu=(8kgT/mu)Y? is the mean relative velociff, u the col-
molecules’*%%%*1and a collision between two diatomic lision reduced mass and, takes the value 1 for an anisot-

1/2
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10! law, there is reasonable consistency between the input
(AON) and the calculated cross sectiGhON-SLT).
107 1 It can be seen from Fig. 5 that the cross-sectiaRs,
107 obtained from the AON and AMP fitting laws are similar for
“ N between 1 and 5, but differ significantly ftéé=6. How-
g 102 A ever, forN=6, the cross sections are already more than two
= orders of magnitude smaller than fof=1 and, therefore,
3 107 1 have only minor influence on the state-to-state rate constants
g 10+ calculated with the ECS approximation E@). In this con-
text, it should be noted that the weighting factors, i.e., the
105 4 product of the degeneracy factor with the square of the
three-J symbol in the sum in E(B), are generally largest for
10 = ' — rotational quantum numbehé betweerN andN* . Therefore
2 4 6 8 the state-to-state rate constants are mainly determined
N through thoseky_.o=U oy_o With a small valueN. This
FIG. 5. Cross-sectionsy_,, obtained from the AMP and AON law and also eipl_ains why the introduction of the factor
from straight line trajectorie6AON-SLT) as described in Sec. Il C. exp(—=BN(N+1)) in Eq.(4) (see Sec. Il Ddoes not improve
the quality of our fits.
ropy in P, and 3/4 for one inP,.%° The exponential form A look on the probability functionPy_,y«(b) shows,

of the anisotropic part of the interaction potential is theoreti-that collisions withAN=1 are most likely expected for im-
cally reasoned by Roberfs and is also discussed by pact parameters of 2 A, while the largest observed change
Margenau and Kestnét. in the rotational quantum numbeAN=3, corresponds to
Since NH is a heteronuclear molecule we first concen-b=1A. As an example, this would be the case when the
trate on the potentiaV/,(r). From the parameters given in center-of-mass of the NHmolecule hits one of the H-atoms
Table Il we obtain of NH,(A2A,) and the corresponding N—H bonditg 1.0
fo=1.21 A, V=151 cmr . ® A)15'25'f‘5is almost perpendicular to the trajectory of the ap-
proaching NH molecule. We note that within the error of
The error bars o& andk, result in about 10% uncertainty of V_, these values could be up t A larger and RET with
ro, while V. is determined within a factor of 2 only. To AN=5 would have its maximum probability fdr=1.3 A.
illuminate the underlying collision dynamics and to check  Finally, in this section we illuminate whether it is justi-
the consistency of the applied model, we calculated the prolfied to limit the anisotropic part of the interaction potential to
ability function Py_n«(b) as a function of the impact one term in the expansion in E¢6). As discussed in Sec.

parameter b using straight line tfaieCtOFies(SLT)-42'4_6 1B, NH,(A) could be considered as a heads—tail symmet-

PN—>Nf(b3)7 o5an be obtained from the following yic jinear molecule for the collision process and the interac-

equation.” " tion potential Eq(6) might, therefore, contain a term corre-
pNHN*(b):(ZN*+1)(J‘N7N*|M(q)\))2’ sponding tox=2. CET originating from this part of the

(9) interaction potential would only effect collisions with even
AN.***2\We have, therefore, fitted from the state-to-state rate
constants given in Table | those with evAN and oddAN

: . 52 . separately with the AON and the AMP in combination with

Im 18 a B(_essel f“g‘g}'g”42°§5the orden™" The cross-section the ECS approximation. We have also performed a combined

Tn-o IS given byT 404 fit of these data with the AONECS fitting law, where RET

o with all AN is described with parameteag andkg, as in Eq.
‘TNHOZZWJO Pn—o(b)bdb, (10 (5), and in addition, RET for eveAN with parameters,

_ _ andkg,. As described in Sec. 1l D, only energetic downward
and is related to the observed ratég .o Vvia ky.o  collisions are calculated, and energetic upward collisions are
=oy_ou."** The above formulas require the collisions to ghtained from detailed balance with a fit parameigir.
be suddertas verified in Sec. Il Dand the transferred energy However, none of the fits resulted in an improved description
to be small when compared with the collision energy, i.e..of our data. We, therefore, conclude that the anisotropic part
kgT. Both conditions are roughly true for most of the ob- of the interaction potential for collisions between NA)

served collisiongsee Table )l In addition, as pointed out and NH, is dominated by the first term in the Legendre ex-
above, the AON fitting law assumes that the collision ispansion Eq(6), i.e.,Vy(r).

dominated by short-range interactions which cutoff at impac
parameterd,,=roIn(a/n), i.e., the upper limit in the inte- ) . L ,

gral of Eq.(10) is replaced by this N-dependent vaif¢® - Comparison with investigations in beam-gas
The collision cross sections obtained from the AMP and thecomj't'onS
AON law and the cross section calculated from E@s.to So far, two investigations have been performed on state-
(10), denoted as AON-SLT, are displayed in Fig. 5. Givento-state energy transfer in electronically excited JNWith
several approximations in the derivation of the AON fitting NH3.%° The work of Donget al. is closely related to this

ay

a3 | viroat
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one with respect to the rovibrational levels in which CET80x 10 ! cm®/(molec s). Roughly a fraction of 20
transfer is observed, but differs strongly in its experimentalx 10~ 11 cm?/(molec s) originates from CET within the ex-

realization. cited A 2A, state of NH. Therefore, the rate constant for

Dong et al._ have given relat!ve .pop.ulrialt|ons. Becauseelectronic quenching is about BA0 ! cm®/(molec s). As
the authors claim that their investigation is in the single col- . . .
can be seen in Table | and as discussed in Sec. Il A, the

lision limit as well, we have converted relative populations ) .
to relative rate constants by dividing the final populations bymfluence of the pulse energy of the dissociation laser on the

the initial ones® As compared to Dong and co-workers, we total removal rate constant is small. The above given rate for
did not observe CET forAK,#0. Therefore, only RET electronic quenching is, therefore, close to that at room tem-
within K,=1, v,=4 is compared with an equivalent subset perature which is assumed for conversion of cross sections
of the data set of Don@gsame relative errors as in Tablg | into rate constants within this section.

and all values obtained by Domgg al.in v,=4,K,=1 (20% Models to describe electronic quenching have been pro-
relative errof. When fitted with the FV model, for the posed by several authors and the earlier work is reviewed
equivalent data set of Donet al, the standard deviation is by Yardley*® Here we focus on an approach presented by
1.4 and all values iK,=1, v,=4 can be described with Hojtermannet al,>” which is based on the collision complex

‘7:2-3-20 The coefficientsy distinguish with values of oge| and allows the determination of an upper limit for
0.53"g15and 0.35-0.07 significantly from our resulcom-  ,c01te cross sections. According to this model, the elec-

pare Table IJ. Fitted temperaturekgT are about 100 troni f NH in the & 2A. state i itioned
+10 cmi . The quality of these fits is better than for those ronic energy of NH in the 1 stale Is partitioned over a

performed with the AMP law in combination with the ECS NH2—NH; complex, which is formed through the attractive
approximation. The observations of the equivalent data sug®ng-range interactions dipole—dipole, dipole—quadrupole,
set of Donget al. can be fitted with Eqs(3) and (4) only dipole—induced dipole and dispersigit® For these interac-
with a standard deviation of 2.2 with=0.92+0.30 and tions, Hoyermanet al. have given the corresponding contri-
ksT=86+10cm !, while «=0.61+0.30 andkgT=105 butions to the total cross section for the complex formation
+6cm 1, 0=2.4, are obtained for all observations i  as a function of dipole and quadrupole moments, polarizabil-
=1 andv,=4. We note here that Donet al. could not fit ity and ionization potential of the collision partnéfsThe
their data satisfactorily with the turning point mod®|. probability for a nonradiative decay of the complex depends
From the fitted temperatures in this experiment, it seemgn the intramolecular dynamics, which are not known. How-
that CET is not due to translational to rotational collisionseyer, an upper limit of the cross section for electronic

between NH(A) and the remnant Niin the vacuum cham-  quenching can be calculated, if this probability is assumed to
ber. In this case a translational energy of 360 énis  pe one.
expected and estimated from the conditions in this For NH,, dipole moment and polarizability are obtained

experimenf® However, such an experimental realization '€-from Thayer and Yardlé{ and the quadrupole moment from
quires distances of at least 5 cm between nozzle and obs&g;,, iich 61 For NH,, to our knowledge, none of the men-

vation zone, where the beam would be disturbed due to Co'fioned values has been measured. However. the dinole mo-
lisions with the remaining gas-4 P3a in the main chamber. ' ' P

Below this distance, collisions within the molecular beam™Ment in the electronié state has been calculated by Brown

are likely to dominate the collision process and low tempera@nd Wwilliams?? and Bell and Schaefer Iff} to aimost iden-
tures, as obtained from the above mentioned fits, aréical values of 0.82 Debye. We assume the polarizability to
expected® be similar to that of NH and the quadrupole moment to be 0.
When compared to our work, a further difference origi- The ionization potentials of both molecules are taken from
nates from the observation of CET wittK,=+2 through  Radzig and Smirno% With the formulas(in cgs unit$ given
Donget al,® which in the bent molecule notation are always by Holtermannet al. and under consideration of thermal

related_togg?ange of the vibrational quantum numbeby  averaging of the dipole orientations, as described by
Av,=51."Based on calculated HLF as described in Sec{he authors? a cross section for electronic quenching of

Il A, transition moment® which relate the intensity of the 170 A2, corresponding to a rate constant of 145

fluorescence from levels witki,= 1 to that withK,= 3, and X 10~ cr?/(molec s) is obtained. This value is about a

populations given by Dongt al. (Table 1, we conc_lude factor 2.4 larger than the observed one. For the other collid-
that we should be able to detect these collisions within our . .
. - ers, for which rate constants for total collisional removal
S/N ratio as well. However, no such collisions could be ob—( d to be dominated by electroni oh
served. We attribute this lack to the difference in both experi-2>>1Med o be dominate Zy electronic quen mgy/e
en measured by Halpeen al~ the ratios between the cal-

ments. Besides those outlined in the previous paragraph, t
five times excess of Ar concentration over that of Nig  culated(apply Refs. 57, 60, and §4nd the observed ones
Dong’s experiment might be an explanation. are between 1.6 and 3. Given the rough estimations outlined

above and that the model calculates only upper values of the
cross sections for electronic quenching, a fair agreement with
E. Rate constants for total collisional removal observation is obtained. The deviation can be explained if

Rate constants for total collisional removal observedess than half of the N§{A)—NH; complexes decay nonra-
in the present investigation and earlferare about diative.
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IV. CONCLUSIONS barrier. By observing the electronic quenching of these lev-

. .. els, the contribution of specific interactions could be studied.
In this work, state-to-state rate constants for RET within

NH,(A%A,), v,=4, K,=1 originating from collisions with

NH; have been determined. NHs obtained from photodis- ACKNOWLEDGMENTS
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