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State-to-state rate constants for collision induced energy transfer
of electronically excited NH 2 with NH 3
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Collisional energy transfer of NH2 in its electronically excited stateÃ 2A1 is investigated with
time-resolved Fourier transform emission spectroscopy. NH2 is produced by photodissociation of
NH3 and relaxed to low rotational levels before excitation into the electronically excited state.
Originating from collisions with NH3, rate constants for total collisional removal and state-to-state
rate constants for rotational energy transfer withinv254, Ka51 with collision induced changes of
uDKcu<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. ©2002 American Institute of Physics.
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I. INTRODUCTION

For more than two decades, the NH2 radical is used as an
example to study collision and relaxation processes in sm
polyatomic molecules which is important for detailed und
standing of chemical reactions with particular applications
combustion and atmospheric chemistry. For NH2 in the
ground state,X̃ 2B1 , rotationally inelastic collisions with He
were examined by Dagdigian.1 In the excited state,Ã 2A1 ,
efficient quenching by various gases was observed
Halpernet al.,2 and Donnellyet al.3 State-to-state collisiona
energy transfer~CET! has first been observed by Kroll.4 De-
tailed investigations on rotational energy transfer with
NH2(Ã 2A1) originating from collisions with H-atoms wer
performed by Dixon and Field,5 Dearden et al.,6 and
Alwahabiet al.,7 and with polarization sensitive detection b
Truhins et al.8 Recently, state-to-state CET in electronica
excited NH2(Ã 2A1) with NH3 has been observed by Don
et al.9 and by us.10 Donget al. generated NH2 in a combina-
tion of a discharge with a supersonic jet and reported po
lations for collisions at low rotational quantum numbersN
(N,7) while we produced NH2 from photodissociation of
NH3 and determined state-to-state rate constants for h
(N>14) rotational quantum numbers. In this very rece
work,10 we have also given references on state-to-state C
in other polyatomic molecules; further information can
gained from recent reviews by Dagdigian,11 Schiffman and
Chandler,12 and Everitt and De Lucia.13

a!Author to whom correspondence should be addressed. Electronic
jlindne@gwdg.de

b!Present address: Laser Zentrum Hannover, Hollerithallee 8, D-30
Hannover, Germany.
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Despite the numerous examples, the understanding a
collisions of various species with NH2 is far from being
complete. A detailed understanding starts to emerge for

lisions between NH2(Ã 2A1) and H atoms, where changes
the amount and orientation of the rotational quantum num
are described with the aid of an angular momentum sph

In our investigation, state-to-state rate constants for c
lisions of NH2(Ã 2A1) with NH3 at low rotational quantum
numbers are determined. The precursor NH3 is the natural
environment, when NH2 is produced by photodissociation
and therefore, collisions between these two species mus
understood before studying other systems. For low rotatio
quantum numbers, the information about energy levels
transition matrix elements is more complete than for
higher ones and changes in the rotational quantum num
are not always accompanied by vibrational ones.10 Therefore,
a wider range in rotational quantum numbers of the exp
mentally determined state-to-state rate constants is expe
when compared to our previous work. Such a data set m
stimulate theoretical work on this collision process betwe
two polyatomic molecules. In addition, it will then be po
sible to investigate whether these rate constants can be
scribed by simple scaling laws, one of which has been s
cessfully applied to collisions of NH2(Ã 2A1) with H-atoms,7

while others gave an excellent description in a variety
collisions between atoms and diatomic molecules. Althou
only approximate information about the collision process c
be obtained from scaling laws, they are, however, sometim
applied to simulate collision and relaxation processes w
state-to-state rate constants can not be measured direc
is, therefore, instructive to investigate which scaling laws
pertinent. Regarding the interpretation of our results, we w
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discuss the collision dynamics in a visual picture and w
respect to an estimate of the anisotropic part of the inte
tion potential. Finally we will explore how our results com
pare with the observations obtained by Donget al.9 under
completely different experimental conditions.

As in our previous work,10 NH2(X̃ 2B1) is produced by
193 nm photodissociation of NH3

14–17 and excited with a
pulsed dye laser to the excited stateÃ 2A1 as indicated with
the upward pointing arrow in the energy level diagram F
1. Upon collisions with NH3, new levels of electronically
excited NH2(Ã 2A1) are populated~filled circles in Fig. 1!,
i.e.,

NH2~Ã 2A1 ,v1v20,NKa ,Kc
!1NH3

→NH2~Ã 2A1 ,v1v20,NK
a* ,K

c*
* !1NH3* , ~1!

where v1 and v2 are vibrational quantum numbers in th
bent-molecule notation,15 N is the total angular momentum
~without spin! and Ka (Kc) are its projections on the axi
with the smallest~largest! moment of inertia. The fluores
cence of the initially excited level~downward pointing ar-
rows in Fig. 1! and those populated by rotational ener
transfer~RET! is observed time and frequency resolved w
Fourier transform emission spectroscopy~FTES!. The
changes of NH2(Ã 2A1) internal energy in this experimen
vary from 2250 to1240 cm21.

II. RESULTS AND ANALYSIS

The experimental setup and conditions are identical w
those described previously.10,18 However, the delay betwee
photodissociation~193 nm, 40 mJ! and excitation pulse is
now 10ms instead of 20 ns as it was in our investigation
CET for high rotational quantum numbers.10 During this
time, the nascent NH2(X̃ 2B1) population~preferential in lev-
els with highN5Ka!15–17 following 193 nm photodissocia

FIG. 1. Energy level diagram of NH2 . In the ground~excited! stateX̃ 2B1

(Ã 2A1) rotational levels forv2950 (v254) are shown. Levels populated b
CET from 212 are labeled with filled circles.
loaded 13 Sep 2010 to 134.76.223.56. Redistribution subject to AIP licens
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tion of NH3 relaxes to low rotational quantum numbers.
has been verified with the observation of laser excitat
spectra between 17 200 and 18 200 cm21 with detection of
the total fluorescence and at time delays between 0.5 and
ms that this time delay is a good compromise betwee
complete relaxation~.50 ms! and a decreasing particle den
sity due to diffusion out of the observation region at long
time delays. However, diffusion within the 0.6ms observa-
tion time of the time-resolved FTES experiment can
neglected.10

A. State-to-state energy transfer and rate constants

CET in theÃ 2A1 state of NH2 is investigated inv254
for the rotational levels 212, 312, 313, 413, and 414 and in
v151, v252 for the level 321. Typical time-resolved dis-
persed fluorescence spectra are shown in Fig. 2. In Fig. 2~a!,
the spectrum is given for the first 50 ns after the excitation
NH2(Ã 2A1,040,212) ~compare Fig. 1!. Transitions are la-
beled with quantum numbers assigned from the work of R
et al.,19 and Dressler and Ramsay.20 The spectrum recorded
350 ns later in Fig. 2~b! shows that additional lines hav
gained in intensity when compared with the fluorescen
from the direct excitation. CET is observed only within th
same vibrational statev254 and forDKa50. Under these
conditions, time-dependent relative populations can be
tained after first correcting the spectra for the frequency
pendence of the detection system and that of the spontan
emission. Then the transition intensities are divided by
corresponding Ho¨nl–London factors~see below! and the de-
generacy of the upper level.5,21,22 For the investigation of
RET from the rotational level 212 the result of this procedure
is shown in Fig. 3. The initially excited level 212 decays

FIG. 2. Dispersed fluorescence observed for~a! 0–50 ns and~b! 350–400
ns after excitation of thev2542v2950, 212– 202 transition of the

NH2(Ã–X̃) system. Transitions originating from the initially excited lev
are assigned in~a!, and collision satellites in~b!. The transition 212– 220 is
overlapped by the collision satellite 312– 322 .
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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exponentially, as can be seen from the figure. From the r
tive populations calculated from the three fluorescence li
shown in Fig. 2~a!, two out of three are almost undistinguis
able on top of each other. The relative population obtain
from the transition 212– 220 differs from that of the other two
lines at time delays larger than 200 ns due to the overlap w
the collision satellite 312– 322 @compare Fig. 2~a! with 2~b!#.
In Fig. 3, the time-dependent populations of the levels 110,
312, 414, and 514 populated by RET first grow with time an
then decay slowly. From the temporal shape of the pop
tions and the single collision conditions in our apparatus,10 it
can be concluded that all collision satellites originate fro
primary collisions. Again, Fig. 3 illustrates that the two rel
tive populations obtained from the two fluorescence lin
@Fig. 2~b!# for each of the levels 110, 312, 414, and 514

populated by RET are almost the same. For the level14

deviations originate from the small relative populations, i
weak intensity of the corresponding transitions. The sm
difference visible in the populations for the level 414 origi-
nates from an overlapping line as is verified when 414 is the
primary excited level.

The Hönl–London factors~HLF! are calculated with a
computer program. Eigenvalues and Eigenvectors are
tained from diagonalization of a Hamiltonian matrix whic
considers centrifugal distortions up to the sixth-order.23 For
the Ã state, rotational constants for a rigid rotator are cal
lated with the formulas given by Zare~p. 295!.24 The average
HNH binding angle forKa51 and v254 and the corre-
sponding bond length are determined from the work
Dixon et al.15 and Jungenet al.25 For the ground state, rota
tional constants are taken from Burkholderet al.26 HLF are
calculated with the formula reported by Donget al.9,27 and
do not depend critically on a variation of theÃ state binding
angle within 65 degrees. As discussed above, the rela
populations obtained from the individual fluorescence lin
with the same upper level are in good agreement with e
other. This demonstrates, that despite Renner–Teller pe
bations in theÃ state of NH2,15,28 the description of the

FIG. 3. Time dependent relative populations obtained from the three fl
rescence lines of the initially excited levelÃ 2A1 , v254, 212 @closed circles,
compare Fig. 2~a!# and two lines from fluorescence of each of the levels~see
legend! populated by RET@Fig. 2 ~b!#. The relative populations obtained fo
the level 312 have been multiplied by a factor of two for clarity.
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relative line intensities with the calculated HLF is quite a
curate. The agreement in our investigation is mostly be
than 10%. Finally, our computer program calculates tran
tion frequencies as well when given energies of theÃ state
are applied.19,20

As described before,10 state-to-state rate constants a
now obtained from the slopes of straight lines fitted to t
time-dependent population ratio between collision satell
and the primary excited level~typically 12 data points!.29

The results are given in Table I together with the correspo
ing energy gaps. We did not observe any collisions chang
the nuclear spin, i.e., transitions from ortho to para NH2 or
reverse. In addition, it can be seen from the table that w
one exception~413– 111, due to overlapping lines!, all colli-
sions to final levels energetically below the excited one co
be recorded. For CET to those final levels energetica
above the excitation whose rotational quantum numbe
would be larger by at least one than the last one obser
kinetic energies of at least 300 cm21 are required. This value
is close to the available average kinetic energy in this exp
ment~see below!. Together with a qualitative tendency~veri-
fied with the fitting laws applied in Sec. III D! for decreasing
state-to-state rate constants with increasingDN, this explains
why CET to these levels is difficult to observe.

B. Rate constants for total collisional removal

Radiative lifetimes in theÃ state exceed 10ms,2,3 which
is large when compared with collision induced lifetimes
several 100 ns in our experimental conditions. Therefo
approximate rate constants for total collisional removal c
be obtained from the lifetime of the primary excited lev
~compare Fig. 3!. The results are given in the far right co
umn of Table I. Our results are 10% smaller than those
tained by Halpernet al.2 for Ka50, v254 and about 40%
larger than the rate constants obtained by Donnellyet al.3 for
v251 and 2. Only minor dependences on energy and ro
brational quantum numbers are observed. For each initi
excited level, the observed rate for total collisional remo
is several times higher than the sum of the state-to-state
constants for RET within theÃ state. Therefore, energ
transfer out of this level is dominated by electronic quen
ing and RET is only a minor contribution. The lack of th
dependence of the total removal rate constants on the in
level, therefore, refers to electronic quenching.

C. Identification of the collision partner

As described in our previous work,10 it has been verified
that NH3 is the dominant collision partner responsible for t
observed collision satellites. As also outlined before,10 the
gas ensemble contains the photodissociation products N2 ,
NH, and H atoms besides the precursor NH3. The concen-
trations of the three products depend linearly, quadratic
or in between on the pulse energy of the dissociation la
respectively. The particle density of NH2 ~NH! is expected
and was verified experimentally at pulse energies betwee
and 40 mJ to depend linearly~quadratically! on the power of
the dissociation laser. For the initially excited level 414, RET
was observed for pulse energies 10 and 40 mJ of the di

o-
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TABLE I. State-to-state and total collisional removal rate constants in 10211 cm3/(molec* s) and energy gaps
between final level and excitation~in brackets! in cm21. Errors of the rate constants are in parentheses in u
of the last digit. Further rate constants for total collisional removal from levels 515 and 818 are 76.4~76! and
97.8~98! in 10211 cm3/(molec* s), respectively.

NH2(Ã 2A1,040), ortho nuclear spin symmetry

Excitation

Final levels

110 212 312 414 514 616

Total
removal

212 2.99~29! 7.65~77! 5.6~11! 2.68~60! 86.9~87!
@233# @63# @121# @237#

312 3.39~70! 6.1~13! 3.25~65! 4.72~95! 87.5~87!
@297# @263# @58# @174#

414 , 40 mJ 0.65~13! 4.14~41! 2.63~22! 5.08~34! 2.7~11! 76.4~77!
@2154# @2121# @258# @116# @193#

414 , 10 mJ 0.53~14! 4.53~45! 2.54~25! 4.80~34! 1.7~10! 84.5~84!
716 3.69~73! 5.79a 80.0~80!

@2254# @2174#

NH2(Ã 2A1,040), para nuclear spin symmetry

Excitation

Final levels

111 211 313 413 515

Total
removal

31,3 3.41~34! 3.47~42! 6.46~64! 5.50~55! 80.0~80!
@287# @246# @88# @156#

41,3 5.6~26!b 5.8~12! 3.90a 80.9~81!
@2134# @288# @68#

NH2(Ã 2A1,120), ortho nuclear spin symmetry

Excitation

Final levels

221 423 523

Total
removal

v151, v252, 321 4.35~83! 8.2~17! 6.7~14! 91.9~92!

@254# @92# @168#

aCalculated from scaling law with Eqs.~3! and~4!, but in agreement with the observation from an overlapp
line from simultaneous excitation of 413 and 716 .

bLarger error because of overlapping lines.
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ciation laser. The resulting state-to-state rate constants
given in Table I for both pulse energies. As can be seen fr
the table, the results agree within error bars of roughly 10
The rather large deviation for the rate constants for R
from level 414 to 616 originates from the poor signal-to-nois
~S/N! ratio in the observation of this transition.

An investigation of the conditions in our experiment fu
ther supports NH3 as the dominant collision partner. Fro
known pulse energies of the dissociation laser, the flux in
observation regime is calculated under consideration of
flection and absorption losses of the cylindrical lens and
window of the vacuum apparatus~both made from Quartz!
and the absorption of the laser beam by NH3 inside the
vacuum chamber. The cross sections for 193 nm light
sorption in NH3 have been reported by Thompsonet al.30

and Suto and Lee31 and the emission profile of an ArF exc
mer laser by Burnham and Djeu.32 The simulation includes
focusing of the excimer laser to a stripe of 2 to 3 mm heig
dissociation of NH3 by absorption of laser light in the pat
between window and observation volume33 and diffusion out
of the observation region within the 10ms between dissocia
 to 134.76.223.56. Redistribution subject to AIP licens
re
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e
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t,

tion and excitation laser. It neglects subsequent dissocia
of NH2 into NH-molecules and H-atoms. For a dissociati
laser pulse energy of 40 mJ~10 mJ! the concentration of
NH2 is about 12%~3%! of the initial one for NH3 (;7
31015 cm23). For NH2 and NH the influence of diffusion is
negligible while for H atoms it decreases the concentrat
by a factor of two, i.e., to 6%~1.5%! of the initial one for
NH3. The thermalization of the hot H-atoms in NH3 pro-
duced by photodissociation of NH3

16,17 has been assumed t
be similar to that in N2 .34 Summarized, the concentration o
NH3 in the observation region exceeds that of all other s
cies by at least a factor of 7.

The experiment and simulation presented above excl
any other dominant collision partner apart from NH3. The
state-to-state rate constants for RET out of 414 ~Table I! leave
a possibility for a 10% increase when the pulse energy of
dissociation laser is quadrupled. This small increase co
indicate collisions with NH2, NH, or H atoms or originate
from the elevated temperature in our experiment, as will
pointed out in the Discussion.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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TABLE II. Parameters obtained from fit of the scaling expression Eq.~3! with kN̄,K̄c→0,0
taken from Eqs.~4!

~angular momentum power law, AMP! and~5! ~a over n law, AON! and for the fixed vector~FV! model from
Eq. ~2! only. All models include detailed balance.

Fit to a, a, orh kBT @cm21#
k0F10211 cm3

molec•s G s

ECS1AMP, Eqs.~3!, ~4! a51.3560.2 4122150
1400 12.324.0

15.5 1.40
ECS1AON, Eqs.~3!, ~5! a58.0022.1

15.0 4452160
1500 0.45520.30

10.55 1.37
FV, Eq. ~2! h50.9260.2 430a 2628

118 1.70

aFixed, see Sec. II D.
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D. Scaling laws for rotational energy transfer

To extract information about the collision dynamics, w
have applied statistical and dynamical scaling laws to
results~without collisions starting fromv151, v252, 321!.
Fitting laws for rotationally inelastic collisions have bee
reviewed by Brunner and Pritchard.35 Models for RET in
polyatomic molecules were developed by DePristoet al.,36

Whitaker and Brechignac,37 and Alwahabiet al.7,38

Statistical scaling laws, which depend only on the ene
differenceDE between final and initial level of the collisio
with no restriction in the change of the magnetic quant
number MN or for DMN50 transitions35 result in poor
agreement between theory and observation. The norma
standard deviations is about 3.

Better agreement is obtained with the fixed vector~FV!
model from Alwahabiet al.,7 which is the first of severa
modifications proposed by Alwahabi and coworkers.38 Al-
though it is the easiest one to apply, the FV model has b
proven to be as successful as its derivations, which are
pected to be superior only for CET withDKaÞ0.38 Down-
ward rates are calculated from7

kN,Kc→N* ,K
c*
5k0 exp~2hu l u!, ~2!

wherel is the geometrical distance between vectors given
NKa ,Kc

andNK
a* ,K

c*
* @Eq. ~2! and Fig. 4 in Ref. 7#. h andk0

are fit parameters. Upward rate constants are calculated
detailed balance@e.g., Eq.~13! in Ref. 5#. The normalized
standard deviations of the fit is about 1.70 and the param
etersk0 , h, andkBT are given in Table II.kB is the Boltz-
mann constant andT the absolute temperature. WhenkBT is
varied in the fit, an unphysical value of 14 000 cm21 (s
51.43) is obtained, indicating that this fitting law cann
describe the dynamics of the collision process complet
Therefore,kBT has been fixed to the average value which
obtained from the two scaling laws described next.

Good results are obtained with a scaling law for ato
symmetric top collisions proposed by DePristoet al.36 From
calculated eigenvectors for the rotational wave functions
NH2(Ã), and as already indicated by Dagdigian,1 NH2(Ã)
can be approximated as a symmetric top. With no inform
tion available about the internal degrees of freedom of
collider NH3 and no obvious indications for resonant ener
transfer as in our previous work,10 NH3 is treated like the
above mentioned atom. State-to-state rate constants from
initially excited level ue&5uÃ, 040,N1,Kc

& to level ue* &

5uÃ, 040,N1,K*
* & populated by RET can be calculated with
 to 134.76.223.56. Redistribution subject to AIP licens
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general scaling expression within the energy correc
sudden ~ECS! approximation for atom-symmetric to
collisions36

kN,Kc→N* ,K
c*
5~2N* 11!(

N̄,K̄

~2N̄11!

3S N N* N̄

2Kc Kc* K̄
D 2

A~t!kN̄,K̄→0,0, ~3!

where the sum overN̄ extends fromuN2N* u to N1N* and
K̄5Kc2Kc* . In the present case, the adiabatic fact
A(t),36 is estimated and verified in fits to be approximate
1, i.e., the collision is approximately sudden, andkN̄,K̄→0,0 is
described with the angular momentum power~AMP! law35

k
N̄→0

AMP
5k0@N̄~N̄11!#2a, ~4!

k
N̄→0

AMP
does not contain anyKc dependence and, therefore, th

corresponding index has been dropped. The above form
are valid only for energetic downward collisions.36 Upward
collisions are obtained from detailed balance as descri
above. The values of the parametersk0 , a, andkBT which fit
best to our experimental data are given in Table II. A co
parison between observation and fit is shown in Fig. 4 for

FIG. 4. Comparison of observed~filled symbols with error bars! and fitted
~open symbols! state-to-state rate constants for RET from the initially e

cited levels 212 , 312 , 414 , and 313 in Ã 2A1 , v254.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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primary excitations with more than three collision satellite
The figure shows clearly that there is no simple depende
of the observed state-to-state rate constants on the en
difference between final and initial level of the collision pr
cess. The observations are mostly described within the er
of measurement, as is expected for a standard deviatio
s51.40. The considerable error bar in temperature or
nates because the detailed balance factor exp(2DE/kBT) as-
ymptotically approaches 1 with increasingkBT, i.e., kBT is
calculated from small deviations from 1 of the ratios of sta
to-state rate constants for forward and backward collisio
We note that the quality of the fit cannot be increased
multiplying k

N̄→0

AMP
in Eq. ~4! with a factor exp(2bL(L11))

whereL is N̄ or K̄ as suggested by Brunner and Pritchar35

or applied by Abelet al.39

Fits with about the same standard deviation are also
tained with the so-called AON~a over n! fitting law devel-
oped by Whitaker and Brechignac.37,40,41In this case, state
to-state rate constants are obtained from Eq.~3! andkN̄,K̄→0,0

is replaced with

k
N̄→0

AON
5k0S a

n
lnS a

nD2
a

n
11D , ~5!

wheren5N̄/l, andl51, 2,... is associated with thel term
of the anisotropic part of the Legendre expansion of the
teraction potential.42 k0 and a are fitting parameters and t
results are given in Table II forl51 as well. Both param-
eters are highly correlated and can be varied in the vicinity
the minimum of the standard deviation as long as appro
mately a* k05const. All errors in the table correspond to
68% confidence interval in the three dimensional~two di-
mensional for the FV model! parameterspace, i.e., consid
variation of the remaining two~one! parameters to minimize
chi-square.29,43,44The calculated state-to-state rate consta
from the scaling law Eq.~3! in combination with the AON
are almost undistinguishable from those calculated with
AMP law. Figure 4, therefore, shows the agreement betw
observation and fit with the AON law as well.

III. DISCUSSION

In this section we shall interpret the results of our fi
with respect to the experimental conditions and the dynam
in our collision experiment. Next we shall relate our obs
vations to those obtained from experiments on CET in e
tronically excited NH2 investigated by Donget al.9 Finally
we will discuss the magnitude of the rates for total co
sional removal obtained here and in our earlier work on C
in highly rotationally excited NH2(Ã).10

A. Experimental conditions

A first glance on the fitting parameters given in Table
reveals a surprisingly high temperaturekBT around 430
cm21 in our experiment when compared with the corr
sponding value for room temperature (kB* 293 K
'200 cm21). The high temperature is obtained in fits to tw
models and is in agreement with that determined from
tailed balance,kBT5(5406200) cm21, of those three state
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to-state rate constants with an accuracy better than 2
where forward and backward collisions are observed. T
value ofkBT from Table II also fits to the energy dissipatio
of the excess energy released in the 193 nm photodisso
tion of NH3 to the NH3 bath: From the energy of an 193 nm
photon of the dissociation laser and the dissociation ene
of NH3,16 the excess energy is calculated to 1.78 eV. Fo
slightly different dissociation wavelength, Biesneret al.17 re-
ported, that about 20%, 54%, and 26% of the excess en
are released as translational, internal energy in the gro
and internal energy in the excited state, respectively. Wit
the 10ms delay between photodissociation of NH3 and exci-
tation of NH2, the translational and excited state energies
dissipated to the NH3 bath. From an analysis of the abov
mentioned~begin of Sec. II! laser excitation spectra, we es
timate that about 2/3 of the ground-state internal energ
transferred to the NH3 bath as well; altogether about 1.4 e
from each NH2 molecule. This energy is distributed amon
translational and rotational degrees of freedom of the b
molecules. With the above mentioned~Sec. II C! fraction of
12% NH2 molecules of the initial NH3 concentration for 40
mJ pulse energy of the dissociation laser, and a heat cap
of 38 J/(K* mol) for NH3,45 a temperature increase corr
sponding toDkBT5400 cm21 is obtained. This estimation
neglects that part of theÃ state internal energy is irradiate
as fluorescence and a fraction of hot H atoms leave the
citation volume by diffusion. Given the considerable err
bars for the temperature in our fits~compare Table II! and
that obtained from detailed balance, and the remaining
certainties in the simulation of the conditions in our expe
ment, the estimated temperature increase of 400 cm21 is in
fair agreement with our observation of'230 cm21, i.e.,
kBT'430 cm21. For a dissociation laser pulse energy of
mJ, the calculated value forDkBT is about 100 cm21 and we
expect about 60 cm21 in our experiment, i.e.,kBT
'260 cm21. Because the calculated temperature is hig
than the observed one, this might indicate that a smaller f
tion of NH3 molecules is photodissociated in the observat
region than estimated in Sec. II C.

The elevation of the temperature with pulse energy
the dissociation laser has consequences for the interpret
of the remaining deviations between the state-to-state
constants for 10 and 40 mJ given in Table I. Assuming
ergy independent cross sections, the different temperat
associated with both pulse energies result in an increas
the state-to-state rate constants proportional to the sq
root of the ratio of the temperatures.46 On the other hand,
when collisions with other species can be neglected, an
creasing laser pulse energy results in a decrease of the3
concentration due to a higher fraction of NH2, NH, and H
and, therefore, lowers the state-to-state rate constants. A
gether an increase by 15% of the state-to-state rate from
to 40 mJ is expected, which is on the same order as the e
bars.

B. Evaluation of the fitting laws

We now focus on the dynamics of the collision proce
We first mention that the conservation of the proton nucl
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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spins restricts the levels in the quantum numberKc* which
can be populated for a givenN* during the collision. For
example a collision from an initial level 414 in ortho NH2 to
a final level 313 in para NH2 is theoretically and from othe
experiments not expected47,48and is not observed here~com-
pare Table II!, although energetically possible. Therefor
given the projectionKa of the rotational quantum numberN
on thea axis and either ortho or para NH2, there is a unique
relation betweenN and its projectionKc on thec axis.

As outlined above, simple statistically based scal
laws do not give a reasonable description of our obse
tions. This can readily be understood from Fig. 4, which do
not show a simple dependence of the state-to-state rate
stants on the energy difference as it is typically for the
ergy or power gap law.35 Such behavior has been observ

before, e.g., CET of NH2(Ã) with H atoms,7 and is discussed
for this system by McCafferyet al.49 and Alwahabiet al.38

As pointed out by McCaffery,49 CET is not only controlled
by the energy difference between initial and final level b
also by the difference in angular momentum. If, as in
present case, exponential or power gap laws fail, the c
sion dynamics is most likely controlled by the difference
angular momentum as well. This hypothesis is supported
an improved description of our observations with the F
model.

Despite its success in fitting the rates for CET

NH2(Ã) with H atoms, the FV model lacks a more speci
relation to the collision dynamics. This is achieved with t
scaling law proposed by DePristoet al.36 @Eqs. ~3! and ~4!#
which gives a good fit of our observations. The energy c
rected sudden approximation applied in this scaling law
lows rotational energies not to be small when compared
translational energies and possible rotation during the c
sion. It is superior to the infinite order sudden approximat
~IOSA!, which fails completely in describing our observ
tions and has the above mentioned restrictions. The IO
only holds for linear molecules and is a limiting form of th
scaling relationship derived with the ECS approximatio
The ECS approximation relates the state-to-state rate
stants between different levels with quantum numbersN and
Kc to rateskN,Kc→0,0 for collisions from a rotating molecule

to a nonrotating one, compare Eq.~4!. Brunner et al.35,50

have related the parameters in this angular momentum b
power law to the dynamics of the collision process, i.e.,
the anisotropic part of the interaction potential. Whitaker a
Brechignac accomplished this in a more general appro
when developing their AON fitting law@Eq. ~5!#,37,40 and
expressed the two fitting parametersa and k0 in terms of
range and strength of the anisotropic contribution of the
teraction potential. It can be shown numerically that in t
relevant interval forN, the parameters of either law can b
adjusted so that the difference between values obtained
Eq. ~4! with those from Eq.~5! is small when compared to
the absolute value.

Both the AMP and the AON law have been proven to
successful for describing the state-to-state rate constan
various collision processes of atoms with diatom
molecules,37,40,50,51 and a collision between two diatomi
loaded 13 Sep 2010 to 134.76.223.56. Redistribution subject to AIP licens
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molecules.41 In the derivation of the AON law, Whitaker an
Brechignac have assumed that the short-range repulsive
is responsible for the large quantum jumps inDN,37 while
following Brunner et al. the rotational energy transfer i
dominated by the long-range part of the interaction poten
only.50 In our experiment, we have observed cross secti
for RET between 0.5 and 6 Å2 with an average value of 3.5
Å2. This value is about half of the hard-sphere collision cro
section estimated from typical N-H binding lengths in NH2

and NH3, and H-atom ‘‘diameters’’ and from viscosity
measurements45 and indicates that the RET is dominated
short-range interactions.

When applying the AON fitting law, it seems surprisin
that a formalism for an atom–diatom collision works in th
present case. In the last section, the average collision en
has been determined to be 430 cm21. With rotational con-
stants of 9.4 and 6.2 cm21,28 NH3 is populated in a variety of
rotational levels and details about the nonspherical struc
of the molecule can not be resolved due to averaging. T
NH3 can be treated as a spherical particle, i.e., like an at
For NH2(Ã), all fits are performed for rotational levels in th
vibrational statev254 and with a projectionKa51 of the
rotational quantum number on thea axis. As can be seen, fo
example, from the work of Jungenet al.,25 the rotational en-
ergy corresponding to thisa axis rotation alone is;800
cm21. This value is much larger than the above mention
collision energy. Therefore, the molecule rotates seve
times around thea axis during the collision process and d
tails of the collision process originating from the bent stru
ture of the NH2(Ã) molecule cannot be probed. For the NH3

molecule, therefore, NH2(Ã) in Ka51 and v254 appears
like a linear molecule. In other words, the description of t
collision process regarding the rotation of NH2(Ã) is almost
in the adiabatic limit fora axis rotation and in the sudde
limit for c axis rotation.

C. Interpretation of the fit parameters

As mentioned above, the parameters obtained from
fit of our data to Eqs.~3!–~5! contain information about the
anisotropic partVl(r ) of the Legendre expansion of the in
teraction potential as a function of intermolecular distancr
and angleg42

V~r ,g!5 (
l50

Vl~r !Pl~cosg!, ~6!

Pl is a Legendre polynomial52 and usually only terms with
low l are considered.l50 belongs to the isotropic part o
the interaction potential. Under the assumption that the R
is dominated by one term in Eq.~6!, for the AON fitting law,
a potential can be calculated from parametersa andk0 ,37,40

Vl
AON~r !5Vc exp~2r /r 0!, r 05S ak0

2ū D 1/2

,

~7!

Vc5
\ū

2al
S ūa

k0
D 1/2

,

ū5(8kBT/pm)1/2 is the mean relative velocity,46 m the col-
lision reduced mass andal takes the value 1 for an aniso
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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ropy in P1 and 3/4 for one inP2 .40 The exponential form
of the anisotropic part of the interaction potential is theore
cally reasoned by Roberts53 and is also discussed b
Margenau and Kestner.54

Since NH2 is a heteronuclear molecule we first conce
trate on the potentialV1(r ). From the parameters given i
Table II we obtain

r 051.21 Å, Vc5151 cm21. ~8!

The error bars ofa andk0 result in about 10% uncertainty o
r 0 , while Vc is determined within a factor of 2 only. To
illuminate the underlying collision dynamics and to che
the consistency of the applied model, we calculated the p
ability function PN→N* (b) as a function of the impac
parameter b using straight line trajectories~SLT!.42,46

PN→N* (b) can be obtained from the following
equation:37,40,42,55

PN→N* ~b!5~2N* 11!~JuN2N* u/l~ql!!2,
~9!

ql5
al

\ E
2`

`

Vl@R~ t !#dt,

Jm is a Bessel function of the orderm.52 The cross-section
sN→0 is given by36,37,40,42,55

sN→052pE
0

`

PN→0~b!bdb, ~10!

and is related to the observed rateskN→0 via kN→0

5sN→0ū.40,46 The above formulas require the collisions
be sudden~as verified in Sec. II D! and the transferred energ
to be small when compared with the collision energy, i
kBT. Both conditions are roughly true for most of the o
served collisions~see Table I!. In addition, as pointed ou
above, the AON fitting law assumes that the collision
dominated by short-range interactions which cutoff at imp
parametersbmax5r0 ln(a/n), i.e., the upper limit in the inte-
gral of Eq. ~10! is replaced by this N-dependent value.37,40

The collision cross sections obtained from the AMP and
AON law and the cross section calculated from Eqs.~7! to
~10!, denoted as AON-SLT, are displayed in Fig. 5. Giv
several approximations in the derivation of the AON fittin

FIG. 5. Cross-sectionssN→0 obtained from the AMP and AON law and
from straight line trajectories~AON-SLT! as described in Sec. III C.
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law, there is reasonable consistency between the in
~AON! and the calculated cross section~AON-SLT!.

It can be seen from Fig. 5 that the cross-sectionssN→0

obtained from the AON and AMP fitting laws are similar fo
N between 1 and 5, but differ significantly forN>6. How-
ever, forN>6, the cross sections are already more than t
orders of magnitude smaller than forN51 and, therefore,
have only minor influence on the state-to-state rate const
calculated with the ECS approximation Eq.~3!. In this con-
text, it should be noted that the weighting factors, i.e.,
product of the degeneracy factor with the square of
three-J symbol in the sum in Eq.~3!, are generally largest fo
rotational quantum numbersN̄ betweenN andN* . Therefore
the state-to-state rate constants are mainly determ
through thosekN→05ū sN→0 with a small valueN. This
also explains why the introduction of the facto
exp(2bN̄(N̄11)) in Eq. ~4! ~see Sec. II D! does not improve
the quality of our fits.

A look on the probability functionPN→N* (b) shows,
that collisions withDN51 are most likely expected for im
pact parametersb of 2 Å, while the largest observed chang
in the rotational quantum number,DN53, corresponds to
b51 Å. As an example, this would be the case when
center-of-mass of the NH3 molecule hits one of the H-atom
of NH2(Ã 2A1) and the corresponding N–H bonding~;1.0
Å!15,25,45is almost perpendicular to the trajectory of the a
proaching NH3 molecule. We note that within the error o
Vc , these values could be up to 1 Å larger and RET with
DN55 would have its maximum probability forb51.3 Å.

Finally, in this section we illuminate whether it is just
fied to limit the anisotropic part of the interaction potential
one term in the expansion in Eq.~6!. As discussed in Sec
III B, NH 2(Ã) could be considered as a heads–tail symm
ric linear molecule for the collision process and the inter
tion potential Eq.~6! might, therefore, contain a term corre
sponding tol52. CET originating from this part of the
interaction potential would only effect collisions with eve
DN.35,42We have, therefore, fitted from the state-to-state r
constants given in Table I those with evenDN and oddDN
separately with the AON and the AMP in combination wi
the ECS approximation. We have also performed a combi
fit of these data with the AON1ECS fitting law, where RET
with all DN is described with parametersa1 andk01 as in Eq.
~5!, and in addition, RET for evenDN with parametersa2

andk02. As described in Sec. II D, only energetic downwa
collisions are calculated, and energetic upward collisions
obtained from detailed balance with a fit parameterkBT.
However, none of the fits resulted in an improved descript
of our data. We, therefore, conclude that the anisotropic p
of the interaction potential for collisions between NH2(Ã)
and NH3 is dominated by the first term in the Legendre e
pansion Eq.~6!, i.e., V1(r ).

D. Comparison with investigations in beam-gas
conditions

So far, two investigations have been performed on sta
to-state energy transfer in electronically excited NH2 with
NH3.9,10 The work of Donget al. is closely related to this
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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one with respect to the rovibrational levels in which CE
transfer is observed, but differs strongly in its experimen
realization.

Dong et al.9 have given relative populations. Becau
the authors claim that their investigation is in the single c
lision limit as well, we have converted relative populatio
to relative rate constants by dividing the final populations
the initial ones.10 As compared to Dong and co-workers, w
did not observe CET forDKaÞ0. Therefore, only RET
within Ka51, v254 is compared with an equivalent subs
of the data set of Dong~same relative errors as in Table I!,
and all values obtained by Donget al. in v254, Ka51 ~20%
relative error!. When fitted with the FV model, for the
equivalent data set of Donget al., the standard deviation i
1.4 and all values inKa51, v254 can be described with
s52.2. The coefficientsh distinguish with values of
0.5320.15

10.20 and 0.3560.07 significantly from our result~com-
pare Table II!. Fitted temperatureskBT are about 100
610 cm21. The quality of these fits is better than for tho
performed with the AMP law in combination with the EC
approximation. The observations of the equivalent data s
set of Donget al. can be fitted with Eqs.~3! and ~4! only
with a standard deviation of 2.2 witha50.9260.30 and
kBT586610 cm21, while a50.6160.30 and kBT5105
66 cm21, s52.4, are obtained for all observations inKa

51 andv254. We note here that Donget al. could not fit
their data satisfactorily with the turning point model.38

From the fitted temperatures in this experiment, it see
that CET is not due to translational to rotational collisio
between NH2(Ã) and the remnant NH3 in the vacuum cham-
ber. In this case a translational energy of 360 cm21 is
expected9 and estimated from the conditions in th
experiment.56 However, such an experimental realization r
quires distances of at least 5 cm between nozzle and ob
vation zone, where the beam would be disturbed due to
lisions with the remaining gas~;4 Pa! in the main chamber
Below this distance, collisions within the molecular bea
are likely to dominate the collision process and low tempe
tures, as obtained from the above mentioned fits,
expected.56

When compared to our work, a further difference orig
nates from the observation of CET withDKa562 through
Donget al.,9 which in the bent molecule notation are alwa
related to a change of the vibrational quantum numberv2 by
Dv2571.15,25Based on calculated HLF as described in S
II A, transition moments25 which relate the intensity of the
fluorescence from levels withKa51 to that withKa53, and
populations given by Donget al. ~Table II!,9 we conclude
that we should be able to detect these collisions within
S/N ratio as well. However, no such collisions could be o
served. We attribute this lack to the difference in both exp
ments. Besides those outlined in the previous paragraph
five times excess of Ar concentration over that of NH3 in
Dong’s experiment might be an explanation.

E. Rate constants for total collisional removal

Rate constants for total collisional removal observ
in the present investigation and earlier10 are about
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80310211 cm3/(molec s). Roughly a fraction of 20
310211 cm3/(molec s) originates from CET within the ex

cited Ã 2A1 state of NH2. Therefore, the rate constant fo
electronic quenching is about 60310211 cm3/(molec s). As
can be seen in Table I and as discussed in Sec. II A,
influence of the pulse energy of the dissociation laser on
total removal rate constant is small. The above given rate
electronic quenching is, therefore, close to that at room te
perature which is assumed for conversion of cross sect
into rate constants within this section.

Models to describe electronic quenching have been p
posed by several authors and the earlier work is review
by Yardley.46 Here we focus on an approach presented
Holtermannet al.,57 which is based on the collision comple
model and allows the determination of an upper limit f
absolute cross sections. According to this model, the e

tronic energy of NH2 in the Ã 2A1 state is partitioned over a
NH2– NH3 complex, which is formed through the attractiv
long-range interactions dipole–dipole, dipole–quadrupo
dipole–induced dipole and dispersion.58,59 For these interac-
tions, Hoyermannet al.have given the corresponding contr
butions to the total cross section for the complex format
as a function of dipole and quadrupole moments, polariza
ity and ionization potential of the collision partners.57 The
probability for a nonradiative decay of the complex depen
on the intramolecular dynamics, which are not known. Ho
ever, an upper limit of the cross section for electron
quenching can be calculated, if this probability is assumed
be one.

For NH3, dipole moment and polarizability are obtaine
from Thayer and Yardley60 and the quadrupole moment from
Kukolich.61 For NH2, to our knowledge, none of the men
tioned values has been measured. However, the dipole

ment in the electronicÃ state has been calculated by Brow
and Williams,62 and Bell and Schaefer III,63 to almost iden-
tical values of 0.82 Debye. We assume the polarizability
be similar to that of NH3 and the quadrupole moment to be
The ionization potentials of both molecules are taken fr
Radzig and Smirnov.64 With the formulas~in cgs units! given
by Holtermannet al. and under consideration of therm
averaging of the dipole orientations, as described
the authors,57 a cross section for electronic quenching
170 Å2, corresponding to a rate constant of 14
310211 cm3/(molec s) is obtained. This value is about
factor 2.4 larger than the observed one. For the other co
ers, for which rate constants for total collisional remov
~assumed to be dominated by electronic quenching! have
been measured by Halpernet al.2 the ratios between the ca
culated~apply Refs. 57, 60, and 64! and the observed one
are between 1.6 and 3. Given the rough estimations outli
above and that the model calculates only upper values of
cross sections for electronic quenching, a fair agreement w
observation is obtained. The deviation can be explaine

less than half of the NH2(Ã) – NH3 complexes decay nonra
diative.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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IV. CONCLUSIONS

In this work, state-to-state rate constants for RET with
NH2(Ã 2A1), v254, Ka51 originating from collisions with
NH3 have been determined. NH2 is obtained from photodis
sociation of NH3. Although two other additional species a
produced in this process, it is an easier experiment to con
than the generation of NH2 in discharges, where rare gas
and possibly other ingredients contribute to the variety
possible collision partners.5,6,9 The introduction of a delay
between the photolysis of NH3 and the excitation of NH2
allows one to access low rotational quantum numbers as
as highly rotationally excited levels, which were investigat
previously.10 In principle, it seems possible, although ve
tedious, to explore the relaxation of highly rotationally e
cited NH2 in its electronic ground state by recording vario
laser excitation spectra as a function of the delay.

The observed state-to-state rate constants for RET in
Ã state can reasonably well be described with the AMP
AON fitting laws in combination with the ECS approxima
tion. Following the interpretation provided with the AO
fitting law, the collision is dominated by repulsive sho
range forces of the anisotropic part of the interaction pot
tial. The most probable impact parameters are in accorda
with the classical picture where NH3 directly hits NH2. RET
with DN51 occurs at impact parameters where both m
ecules ‘‘touch each other.’’ RET withDN53 might be asso-
ciated with a picture where the center-of-mass of the N3

molecule hits the H-atom of NH2 with the N–H bonding
perpendicular to the velocity vector of the approaching NH3.
Higher changes in the rotational quantum number would
attributed to smaller impact parameters. This model sho
not be stressed too much, but it visualizes our observati

The present investigation can only cover a small par
possible experiments on the NH2(Ã 2A1) – NH3 collision sys-
tem. First, different vibrational states and other quant
numbersKa can be selected to study the influence on
collision process. Dependencies are expected, becaus
state-to-state rate constants measured for RET from the
tial level v151, v252, 321 ~compare Table I! cannot be suc-
essfully included in our fits. An investigation ofKa50 might
be appealing, especially to investigate the influence of
barrier in theÃ state potential of NH2 on the collision pro-
cess. A variation of the vibrational quantum numbers is
quired to probe RET from levels below and above the b
rier. However, when compared to the present conditions,
available pulse energy of the exciting dye laser in our exp
ment is significantly reduced in the spectral region requi
for exciting the corresponding levels. This would mean
times increased averaging time for the time-resolved spe

The discussion of the rates for electronic quenching
NH2 in its Ã state in Sec. III E indicates that the collisio
complex model is a reasonable approach. It also shows
interplay between investigations of CET and determinat
of dipole and quadrupole moments. More experimental
formation on these molecular properties needs to be
tracted. In theÃ state potential forKa50, NH2 provides the
possibility to switch between levels with vanishing and no
vanishing dipole moment by exciting above and below
loaded 13 Sep 2010 to 134.76.223.56. Redistribution subject to AIP licens
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barrier. By observing the electronic quenching of these l
els, the contribution of specific interactions could be studi
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