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CHAPTER I: 

INTRODUCTION. 



Introduction 

1. COLLISIONS OF RARE GAS ATOMS. 

Atomic and molecular physicists and chemists a.re concerned with the 

microscopic collision processes that determine the behavior of macroscopic 

systems. The static and dynamic properties of gases in the atmosphere and 

interstellar media, the operation of laser systems and the rates of chemical 

reactions are governed by the mutual interactions of atoms, ions, molecules, 

electrons and photons. In a wider sense, collisions of such particles play a role 

in liquid and solid state processes, and the chemistry of biological sytems. A 

study of their interactions on the microscopic level aids in understanding the 

dynamics of bulk systems for both scientific and technological purposes. In 

most studies undertaken, however, this goal is present only in the background 

and the forwarding of fundamental insight into the relevant collision processes 

is the primary aim. 

Rare gas atoms in the ground state (R) and in the excited states (R*C*>) 

are suitable probes for a wide range of intermolecular interactions [1-3J. Due to 

the inactivity of the rare gases in their ground state, they provide the simplest 

probes of elastic scattering, 

R+ XY-> R+ XY, (1) 

and are suitable perturbers of the internal degrees of freedom of atoms (X) and 

molecules (XY) [4-7J, 

R + X(i) __. R + X(j) 

R + XY(i) __. R + XY(j). (2) 

Also, rare gas atoms can easily be excited into long-lived excited states, 

which in turn a.re easy to detect. These metastable states arise from the 

promotion of one electron from the outermost occupied shell, (ls) for helium 

and (np) for neon (n = 2) through xenon (n = 6), to the first unoccupied 

s-orbital., (2s) for helium to (7s) for xenon. The available excitation energy E* 

in these states and its change with rare gas (E* = 20.616 eV for He*(2s1S) and 

E* = 8.315 eV for Xe*(6s3P 2) [8]) provide a means for studying a broad range 

of inelastic processes in addition to elastic scattering, such as Penning 

2 



ionization (PI) and associative ionization (AI) [9,10), excitation transfer (ET} 

[11] and collisional dissociation (CD) [12), 

PI: 

AI: 

ET: 

CD: 

R* + XY -+ R + (XY)+ + e· + t.E, 

R* + XY-+ (RXY)+ + e· + t.E, 

R* + XY -+ R + XY* + t.E, 

R* + XY -+ R + X + Y + t.E. 

(3) 

Furthermore, because rare gas atoms in their metastable states are. the 

chemical analogs of ground-state alkali metal atoms [2,13], both with respect to 

their valence electron configuration and ionization potential, they participate in 

laboratory chemical reactions, 

R* + XY-+ RX + Y + t.E, (4) 

and thus provide a link to the even broader field of beam chemistry [14]. Stable 

products occur, however, only in exceptional cases and usually the formation of 

RX in reaction (4) is followed by photon emission and dissociation. 

For each of the metastable rare gas atoms, strong optical transitions exist 

through which short-lived excited states can be accessed by excitation with 

suitable lasers. Finally, the differences observed in the sequence He through Xe 

in the coupling of the spin and orbital angular momenta of the valence electron 

with those of the remaining core, allow for the systematic study of the influence 

of angular momentum coupling on the dynamics of the collision process [3-5]. 

2. TIDS THESIS. 

As a consequence of the considerable amount of work devoted to collisions 

with atomic targets, a high degree of perfection has been obtained both 

experimentally and theoretically. Crossed-beam studies using polarized rare gas 

atoms in short-lived states [5,10) lead to good agreement with semiclassical or 

quantum-mechanical coupled channels calculations using potential energy 

surfaces and couplings derived with ab-initio or model potential methods 

[15,16). 

The aim of this thesis is, however, to investigate those mechanisms which 

are specific to collisions of excited rare gas atoms with molecular targets. The 

detail of understanding in this field of research is in general not as satisfactory, 
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even for relatively simple molecules such as N 2• Because of the added degrees of 

freedom compared to collisions with atomic targets, many more product 
channels become available which in addition compete with each other. For 
example, rotational and vibrational excitation of the products of the processes 
(3) and (4) is always observed, and chemical reaction may. compete with 
excitation transfer and dissociation; Calculations of potential energy surfaces 
and scattering cross sections are hampered by the increased number of 
electronic and spatial coordinates and by the large energy supplied by the 
metastable rare gas atoms. Consequently, the interpretation of experimental 
results is more often semi-quantitative and based on simplified models. The 

aim of these models is then to describe the prominent features of the data .. This 
course is also followed in the present work, which surveys several aspects of 

metastable rare gas atom-molecule collisions, namely rotational excitation 
(chapter 2) [6], electronic and vibrational excitation (chapter 3) [11], and 
chemical reaction (chapter 4) [13,14]. As the excitation energy of He* and Ne• 

is larger than the ionization potential of most molecules, collisions with these 
atoms usually lead to Penning ionization, which is not studied here. In 

experiments we have therefore used only the heavier rare gases Ar, Kr and Xe. 
The increase in the number of product channels is accompanied by a 

corresponding decrease in signal when each product state is to be detected 
separately. Therefore, careful optimization of the experiment is required to 
yield maximum information about the collision dynamics. In the present work, 

we have used two different experimental setups, offering a different kind of 
information and optimized for that purpose. They share as common 

characteristics the use of molecular beam techniques to ascertain 
single-collision conditions and final state-selection through dispersion of 
fluorescence of the products. The first setup allows for the measurement of the 

collision energy dependence of inelastic cross sections through time of flight 

analysis, which requires a relatively large distance between the metastable 
atom source and the scattering center of about one meter. As the flux of 
metastable atoms in the scattering center depends inversely on the square of 
this distance, final state-selection is limited· to the vibrational states of a 
product molecule. In the second setup this distance is shortened to 36 mm, 
resulting in a factor of 1000 larger fluorescence yield, almost allowing for the 
resolution of individual rotational states, but without time of flight analysis. 

This "minibeam" setup is at the limit of convential molecular beam 

spectroscopy, but it still proved insufficient for a detailed rotational state 
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analysis of the kind required for comparison with the theoretical study in 

chapter 2 of this thesis. 

Such information has been obtained in bulk experiments, employing static 
cells or flowing afterglow setups [17,18]. These, however, have as limitations 

the occurrence of secondary collisions and the impossibility to prepare the 

collision partners in a well-defined asymptotic geometry. In the near future, 
new. directions are expected from laser techniques. Metastable rare gas atoms 
are ideal candidates for laser cooling [19] of their velocity distribution by virtue 
of the two-level transition (ns)3P2 <1---+ (np)3D3 ((2s)3S <1---+ (2p)3P2 for 
helium). For all atoms He• through Xe•, the wavelength of this transition is in 
the right range for use with dye- or solid state lasers. By cooling the transverse 
components of the velocity distribution combined with manipulation of their 
spatial distribution an extremely bright, well-collimated beam of metastable 
atoms can be obtained. A factor of 102 gain in metastable atom flux is 

considered practical on the short term, with a limit on the order of 104 

achievable in the future [20]. The corresponding increase of products of inelastic 
and reactive collisions will allow for analysis of product internal distributions 
with sofar unattainable detail. Additional manipulation of the longitudinal 
velocity distribution will extend the available range of collision energies to the 
mK regime. Here, quantum effects must be anticipated due to comparable 
magnitudes of the wavelength associated with translational motion and the 

molecular dimensions [21]. Ultimately, these developments can extend the 
scope of possible research to collisions of excited species in a single quantum 
state with other excited species, both from beams brightened with laser cooling 
techniques. 

3. CONTENTS OF THE THESIS. 

This thesis is based upon four papers, constituting chapters 2 through 5. 
They are linked together by a common subject, namely excited atom-molecule 
collisions. As, however, each chapter deals with a different aspect, they show 
only little overlap. Also, each chapter has its own numbering of equations, 
tables and figures, as well as its own set of references. 

In chapter 2 we discuss the influence of an energy release on the product 

rotational distribution of exothermic collisions and reactions. Using the 

classical, rigid sphere model [22] that was succesful in explaining product 

distributions in rotationally inelastic scattering measured at fixed scattering 
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angle, we show that for exothermic collisions the integral rotational 

distribution of the product is strongly influenced by the rotational rainbow 

effect. A specific anisotropy of the potential energy surface of the system 

Ar( 1S) + N2(C 3IIu,v'=0) may explain the rotational distribution of the product 

N2(C,v'=0) of the excitation transfer collision Ar*(3P) + N2(X) reported by 

Nguyen and Sadeghi [18]. Chapter 3 describes an experimental study of the 

collision energy dependence of electronic a.nd vibrational excitation of N 2 by 

metastable Ar•, Kr• and Xe* atoms. The results are interpretated with a model 

based on the Landau-Zener theory [23], which points to the influence of an 

intermediate charge-transfer state for the case of Ar•. In chapter 4 we 

investigate the reactions of metastable Kr• and Xe* with bromine-containing 

molecules, yielding KrBr and XeBr excimer molecules as products. Simulations 

of the observed bound-free emission spectra lead to the assignment of potential 

energy curves, and electronic and vibrational state distributions for these 

molecules. The initial fine-structure state 3P 0 a.nd 3P 2 of Kr• is shown to have 

a large influence on the outcome of the reactions, due to preferential 

conservation of the core configuration of the Kr• atom when stripped of its 

valence electron. The design of part of a crossed beam apparatus so as to give a 

ma.:ximum fluorescence yield under the condition of a well-defined detection 

efficiency is discussed in chapter 5. Chapter 4 also briefly touches on the use of 
solid state diode lasers for optical excitation of the heavY metastable rare gas 
atoms Ar* through Xe*. In this work, effort was devoted to developing the 

expertise required for frequency stabilization a.nd operation of these cheap and 

easy-to-handle lasers. Apart from their application to the study of chapter 4, 

they have now been used for further investigation of the processes described in 

chapter 3. Finally, chapter 6 is used to review some of the conclusions from the 

work descibed in chapters 2 through 5, and new information, obtained after 

these studies were concluded. For a large part, this amounts to a discussion of a 

possible future course. 
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PHYSICAL REVIEW A VOLUME 39, NUMBER. 11 

Multiple rainbow singularities in product rotational distributions 
of exothermic collisions: A probe for the P 4 anisotropy of the system 

Ar(1S 0 )+ N2(C3Il.,) 

E. ]. D. Vredenbregt, M. R. van den Bogaard,0 and H. C. W. Beijerinck 
Department of Ph)ISU:s, Eindlwven Univemt:y of Technology, P.O. Box. JI3, J600 MB Eindlwven, The Netherlands 

(Received 19 January 1988; revised manuscript received 10 February 1989) 

The effect on product rotational distributions of the energy released during exothermic processes 
is investigated with the model of collisions with a rigid. anisotropic shell. With increasing exother· 
micity, rotational-rainbow maxima become apparent in model integral cross sections for rotational 
eJtCitation, due to the increasing importance of the final-stale repulsion with respect to that in the 
initial state. Such rainbow maxima are expected to occur in product distributions of excitation 
transfer, chemical reactions, and dissociation processes. Two different rotational-rainbow maxima 
can appear even for homonuclear product molecules when the interaction potential contains sub
stantial anbotropy described by a foutth-order Legendre polynomial P 4 • This type of anisotropy 
can explain the bimOdal rotational distribution of the product N2( C) of the exothermic eJtCitation· 
transfer collision Ar•t 1Po.1l+N2(X), with an energy release t.E =701 and 521 meV lbr the 1P0 and 
'Pi states, respectively, as measured by Nguyen and Sadeghi at a temperature of 90 K ("'II meV). 
The scaling of the rainbow positions with the exothermicity is reproduced. The best agreement 
with the experimental data is obtained with a ratio of anisotropy parameters c,1c,-1.s. Such an· 
isotropy may be caused by the promotion of a 2a • electron to a 211'1 orbital when going from the X 
to the CstateofN,. 

I. INTRODUCUON 

The dramatic effect of rotational·rainbow singularities 
on product rotational distributions was first clearly 
demonstrated by Beck, Schepper, and Ross in energy.Joss 
spectra of K atoms colliding with CO and N 2• 1 Since 
then, experimental data on rotational state·to-rotational 
state differential cross sections collected by several 
groups; noticeably that of Bergmann,2-• have shown the 
importance of the concept of rotational rainbows for un· 
derstandin1 rotational energy transfer in ion·,' atom-,6 

molecule-, and even electron· 4 molecule collisions. 
GeneraUy,8 final rotational state j' selected differential 

cross sections auCD,j'l/aD display a maximum at the 
rainbow angle D 11 (j' l followed by secondary ma.:tima at 
larger values of D if sufficient resolution is available. M 
Conversely, at fixed scattering angle, the product rota· 
tional state of the molecule or, equivalently, the energy 
loss of the primary colliding species, shows maximum 
probability near the maximum transferred angular· 
momentum quantum .6j= j'-j, 8 with j' the final and j 
the initial rotational angular momentum. 

As shown by Beck and co-workers, 1·9 the appearance 
of these maxima can be understood on the basis of classi· 
cal scattering of a structureless particle from a rigid, an· 
isotropic potential shell. The muima are the result of 
roots of the Jacobian lil!D,j')/(llb,y)I for fixed scattering 
angle D or fixed rotational state j' as a function of the im· 
pact parameter band orientation angle r. 

The predictions of this model are conilrmed by semi· 
classical and quanta! calculations. A model study by 
Korsch and Schinke, 1° mimicking the scattering of.He by 

Na2 at a collision energy E = 100 me V, shows that not 
only the classical treatment of the collision, but .also the 
replacement of the full potential by a rigid shell, still 
leaves the model of Beck and co-workers in qualitative 
agreement with semiclassical and quanta! calculations for 
the system. In other theoretical studies as well, 
rotational-rainbow maxima are apparent in dilferential 
cross sections.3•a, 11•12 The interpretation of such maxima 
in terms of rotational·rainbow maxima is therefore now 
well established. 

While rotational rainbows are common in dilferential 
cross sections, for systems without ei.iergy release they do 
not show up as pronounced features in product rotational 
distributions, i.e., in the integral cross section u(j'). 10.u 
This is due to the strong dependence of the rainbow state 
iii on the scattering angle D, as is predicted by the ap· 
proximate relationa, 12 

(I) 

Integration of the differential cross section with respect 
to D to obtain the integral cross section, thus largely 
averages out the marked rainbow features. All that 
remains is a shoulder for large j'. Therefore, a rainbow 
analysis of integral rotational distributions for collisions 
without energy release does not seem useful. 

In this paper we show that this averaging works out 
very differently for collisions having a large energy 
release on the exit-channel potential and a fairly flat 
entrance-channel liOtential. A limiting case is formed by 
half collisions, e.g., the photodissociation of molecules, 
where the entrance channel is entirely missing. For such 
cases, we expect always to find marked rainbow maxima 

12 SS97 © 1989 The American Physical Society 
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in integral product rotational distributions at large 
angular-momentum transfer. For photodissociation, this 
has already been identified by Schinke for 
H2CO-H2+CO,i4 by Sato et al. for the van der Waals 
molecules Ar··· NO and Ne· • ·NO (Ref. ISi and possi· 
bly by Cline et al. for He • • · Cl2• 16 This rainbow e!fect is 
probably responsible for high}' maxima in rotational dis
tributions of various chemical reactions as well. Rainbow 
maxima show up in integral cross sections for such cases 
because the rotational excitation is mainly determined by 
the repulsion on the exit-channel potential. The entrance 
channel plays a minor role because of the energy release 
in the second half of the collision. In the extreme case 
that AE/E»l, with AE the exothermicity and Ethe 
collision energy, the rainbow position iit(6) will no 
longer depend on the scattering angle, and thus give rise 
to a sharp peak even after integration of (ou /06)(1',j'). 
For values of AE IE"" 1, the sharp peak will be 
broadened but still apparent. 

An even more interesting feature is the appearance of 
two rainbow maxima for systems with additional P1 or 
P 4 anisotropy in the interaction potential. For P1 anisot
ropy, this is a well-known feature in differential cross sec
tions for collisions involving heteronuclear mole
cules.1·8~ 1' For homonuclear molecules with P4 anisotro
py, this has not yet been identified in experimental cross 
sections, differential nor integral. In this paper we show 
that the Ar( 1S0 )+N2(C) excited-state system is the first 
likely candidate of this kind, as derived from the bimodal 
product rotational distribution for the exothermic excita· 
tion transfer process Ar 0

(
3P0,2 )+ N2tX), measured by 

Nguyen and Sadeghi.17 
Our discussion is based on classical hard-shell scatter· 

ing, and will therefore be subject to the usual assumptions 
and limitations of such a model.1•9•1°'u In Sec. II, we de
velop the basic tools required to obtain classical cross 
sections for rotationally inelastic scattering, with special 
emphasis on exothermic collisions. In Sec. III we then 
show that rotational-rainbow maxima are indeed ap· 
parent in calculated model cross sections, and discuss 
their existence in experimental cross sections. In Sec. IV 
we propose the existence of a double rainbow for 
homonuclear molecules, an e!fect caused by potential an· 
isotropy described by a P 4 Legendre polynomial. Section 
V contains the application of the results of Secs. III and 
IV to collisions of metastable Ar• atoms with Ni<X). Fi· 
nally, in the discussion in Sec.. VI, we comment on the 
qualitative and quantitative value of the.model. 

IL HARD.sHELL SCAlTERING 
FOR EXOTHERMIC COLLISIONS 

The hard-shell scattering model developed by Beck and 
co·workers1•9 is a classical approximation to atom· 
molecule scattering. In this model the following approxi· 
mations are made. First, obviously any quanta! interfer· 
ence is neglected. Second, the treatment of rotational ex· 
citation by classical mechanics is valid only in the limit of 
strong coupling, i.e., when a large number of final rota· 
tional states are accessible. This is conveniently ex· 
pressed by ihe condition IE +AEllB, »I, with B, the 

rotational constant of the molecule. Third, the molecule 
is treated as a rigid rotor so any interaction with vibra· 
tional states other than the initial state is neglected. 
Fourth, the full interaction potential is replaced by the 
equipotential contour for potential energy equal to the 
collision energy. This last assumption is a high· (radial) 
velocity approximation, only valid for collisions dominat· 
ed by short-range repulsion, and with a negligible poten· 
tial well. 

For exothermic collisions, the choice of the equipoten· 
tial contour is not unambiguous because at least two po
tentful curves are involved, that of the entrance and that 
of the exit channel. For collisions with a large ratio of 
exothermicity to collision energy, t = aE IE » I, the 
choice can be made by considering that the repulsive ac
tion in the exit channel dominates over that in the en· 
trance channel. Therefore, the rotational excitation is 
mainly due to the final-state interaction, and the hard 
shell represents an equipotential contour of the repulsive 
core of the 'ffnal interaction potential, denoted by V( R). 

This equipotential contour can be calculated by invert· 
ing the equation 

V!Rl=E+AE, 

with R the distance vector from the center of mass of the 
molecule to the colliding particle. For linear molecules 
the potential can be expanded in a series of Legendre po· 
lynomials P1 according to 

V(R)=V0(Rl 11 + i a1P1(cosq>) I · (3) l l•I 

with R and <p polar coordinates in the plane through the 
intramolecular axis and a1 the anisotropy parameters. 
Here, V0(R) is the leading term of the repulsive poten· 
tial. Solving Eq. 12), the equipotential contoilr is given by 

R =r0 {1+ i c1P1(cosq>)] • (4) 
l•I 

with the scaling length r0 determined by 

Vo['o[l+ 1;1 c,]]= 1~~:, • IS) 

For small anisotropy, la,!« I, the coefticients c1 are 
closely related to the anisotropy parameters a1• 

The prescription for calculating a classical cross sec
tion is discussed at length by Beck et al. 9 In general, the 
m·fold differential cross section l:!A.11 for excitation of a 
system described by a set of n initial variables A.1 to a 
state described by a set of m final variables is found by 
determining all sets of initial variables A.1 that lead to the 
desired A.,, 

l:IA.1)= J d•A., .S!A.1-J(A.1 )) (m ~n), (6) 

where J ( A.1 ) is the excitation function of the system. 
In the reduced collision system, we choose as initial 

variables the momentum p, the impact parameter b, and 
a unit vector X describing the orientation of the inter-

l l 
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molecular axis of the molecule. A body-fixed coordinate 
system is defined by choosing the z axis along p, and arbi· 
trary x and y axes perpendicular to it. The impact pa· 
tameter b is then the xy plane; we denote its angle with 
the x axis by X. The direction of X is defined by polar 
and azimuthal angles a: and y, respectively: 

p=p(0,0,1). 

b=b(cosx, sinx, Ol, (7) 

X•(sinycosa, sinysina:, cosy). 

The coordinate system is shown in Fig. l. For initially 
rotating molecules, an initial rotational angular momen
tum j exists perpendicular to X; its orientation is de· 
scribed by an angle fJ with the Z axis of a coordinate sys
tem fixed to the rigid shell, with the X axis along X. 

As final variables, we are only interested in the length 
]'of the final rotational angular momentum j'.· From Eq. 
(6) we find that the cross section for rotational excitation 
of the molecule to all states having rotational angular 
momentum]' is 

alJ'-J>• f dfJ 2~ f dlx-a:l f b db f siny dylll]'-JlfJ.x-a:,b,yll. (8) 

Using standard algebra, Eq. (81 can be rewritten in vari· 
ous equivalent ways, always involving the integral of a 
Jacobian determinant.9 A useful expression is 

a!J'-J)= f dfJ 2~ f dlx-a:> f siny dy 

x~ [ laJ~~blb, ] • 

(9) 

where the summation Is over all impact parameters b1 
that lead to the same final state j' for fixed fJ, x-a:, and 
r. The Jacobian is to be evaluated for fixed fJ, x-a:, and 
Y• 

All that remains to be defined now is the excitation 
function J of the hard-shell system. As usual, this is done 

x 

by evaluating the laws of conservation of angular momen
tum and total energy at the moment of impact on the 
shell: 

j+rXp=j'+rXp', (10) 

J!. + £. + AE = J.£.t + JJt.f_ . 
21 2µ 21, 2µ 

(11) 

In these equations p' is the momentum after collision, µ 
the reduced mass of the system, and I the moment of in· 
ertia of the product molecule. The quantity r, the point 
of impact on the shell, can be evaluated by defining r to 
be on the straight-line trajectory r==b+$p, and choosing 
s such that r is on the shell. This has to be done numeri· 
cally, in general. 

We note that the essential difference with previous 
work on the hard-shell model Is all contained in the addi· 

FIG. I. Visualization or hard-shell scatterinir. Shown are the figure axis X or the shell, the Initial momentum p. and the impact 
parameter b, with their directions with respect to the body-fixed coordinate system, xyz. Also shown are the shell-fixed coordinate 
SYlJlem XYZ', the point or impact on the shell r, the normal n on the shell at the point or im~ and the initial rotational angular 
momentumj. 
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tion of the energy release AE on the left-hand side of Eq. 
(1 Jl. This paper is largely dedicated to the inlluence of 
this exothermiclty on product rotational distributions. In 
the following sections, we show that its inlluence is con· 
siderable, eventually leading to the appearance of a classi
cal rotational-rainbow singularity in cr(j'-j) for large 
values of the energy release AE. This result is very 
dilferent from integral rotational distributions obtained 
for collisions without an extra energy release, i.e., with 
AE=O. 

Using p'=p+Apn in Eqs. 110) and (JI), with n the 
wtlt vector perpendicular to the shell at the position of 
impact, we obtain the expression 

.. _: ., [ pr. I I 
J - J.,.. I +p2r; (I +tl1n 

x [p. +[p;+£1p2r!+ n11n1 • (12) 

with the quantitiesJ;...,p,and '•• andp. given by 

i;,, .. =[2I!E+AE>)1n, 

p=(µ/!)1n,0 , 

r -..LlrXnl 
n 'o ' 

p. =Cn·pl/lpl . 

We point out that j' depends on initial variables only 
through p., the direction of the impact on the shell, and 
through r •, the reduced impact lever. This well-known 
result1•9 will prove important in Sec. III, where we inves
tigate the dependence on the exothermicity to collision 
energy-ratio &. 

ID. ROTATIONAL-RAINBOW MAXIMA 
IN EXOnmRMIC COWSIONS 

Equation (8) is ideally suited for Monte Carlo calcula
tions. The components of b along the space-fixed x and y 
axes, the three components of a vector describing the 
orientation of the rotor·tb.ed X. Y. and Z axes, and the 
components of the initial angular momentum j along the 
Y and Z axes are all arbitrarily chosen, and the resulting 
value of }' calculated. The number of shots with a final 
state j' in the interval [nAj, (n +I )Aj} is accumulated in 
a histogram representing the cross section u<j' ). Ap· 
propriate weights are used to represent, e.g., an initial ro
tational distribution. 

We investigate the influence of the energy release AE 
by calculating integral cross sections for a model system 
with parameters as in Table I. The initial rotational state 
is jeO, and we will denote the resulting cross section by 
u(j' ). The important parameter now is the ratio of ex· 

with 
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FIG. l. Integral cross sections for rotational excitation of an 
initially nonrotating molecule as a function of the scaled linal 
angular momentum j', for various values of the ratio £ or exo
thermicity to collision energy. They were calculated with the 
hard-shell scattering model through a Monte Carlo method, and 
normalized such that the total cross section J u(j')dj' is the 

same for each curve. They illustrate that as the exothermicity 
increases compared to the collision energy, a rotational-rainbow 
maximum develops at high j', eventually becoming a true, clas
sical singularity for £ = "'. The parameters of the hard shell are 
given in Table I. 

othermicity to collision energy, 

t= t:.E =_g_ 
E pl/2µ 

(14) 

For t=O, 2, 10, and infinity, cross sections are shown 
in Fig. 2. For t=O, i.e., no energy release in the second 
half of the collision, u(j') shows little structure. Already 

FIG. 3. Visualization of two-dimensional hard-shell scatter
ing for initially nonrotating molecules. The only initial vari
ables are the impact parameter b and the orientation angle r of 
the figure axis X of the bard shell with respect to the initial 
momentum p. Also shown are the point of impact r and the 
normal to the shell at the point of Im~ 11. The length of the 
impact lever '•• defined in Eq. 03), ls determined by the angle¢ 
between r and the figure axis X via the shell shape R ( + ). 
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for e=2, however, a maximum develops which grows 
into a sharp peak at the highest attained state at £ = "' . 
This sharp peak resembles the rotational-rainbow singu
larity encountered in rotationally inelastic cross sections 
of collisions without energy release at fixed scattering an
gle. 

For very high energy release, Le., e >> l, we can easily 
show that the high j' maximum will indeed be a classical 
rotational-rainbow singularity. Expanding Eq. (12) in 
e- 1 for fixed total energy, i.e., fixed r ..... we find 

L=b.. [1+te-1 f-2L-1 j+o1e-lll1] 
i'max i~.. I 1 +p2r; ' 

(IS) 

with the asymptotic value given by 

•• [ 2 2 l 112 J ~ p '• 
i~ = l+p2,.; 

(16) 

In the limiting case e » I, the final state j' no longer de
pends on the direction of impact Ip. I, but only on the im· 
pact lever'·· The 1acobian lar tablr,r-a in Eq. (9) can 
then be written as 

!!L =p2(l+p2r;i-lll -· • I a" I 1 a,. I 
ob r.:-a ab r.x-a 

(17) 

and will have a root at extreme values of the impact lever 
'•. These extremal values are, of course, not determined 
by the initial variables b, <x-al, or y, but only by the 
shape of the hard shell. The rainbow state iii thus does 
not depend on initial variables. Of course, then the in
tegration of lat tab 1-1 over all initial variables to deter
mine the cross section as in Eq. (9) will leave u(j'') singu· 
lar at rainbow states iii, corresponding to extreme values 
of the impact lever'•. 

This is analogous to the rotational-rainbow singularity 
in dift'erential cross sections for fixed scattering angle and 
no energy release (e=Ol. Beck et al. 9 show that both the 
scattering angle lt and the final state j' depend on the ini· 
tial variables only through the direction of impact p. and 
the impact lever '•. Keeping '1 fixed, the direction of im
pact p. becomes a function of the lever '•, so the final 
state j' becomes a function of '• only. Thus, for fixed 
scattering angle a rainbow occurs for values of j' corre
sponding to extreme values of the impact lever r •. In this 
case, however. for each " the final state j' is a dilferent 
function of the lever'•• so that the rainbow state iii de
pends on the scattering angle. 

For moderate energy release, i.e., e ~ l, the integral 
cross section u(j' l is no longer singular at the highest at· 
tainable state j' because now the rainbow state does de· 
pend on the direction of impact p.. From Eq. (I SJ it fol· 
lows, however, that this dependence will still be weak. 
Therefore, large contributions to u(j') exist for states 
near the asymptotic rainbow state Jit .... where the r .. dis
tribution has its maximum. Conseqµently, for e ~ I, the 
cross section has a maximum near the asymptotic rain· 
bow state. This is clearly shown in Fig. 2. 

The weak dependence of the rainbow state on initial 

14 

conditions can easily be demonstrated when we consider 
the special case of two-dimensional scattering, where the 
figure uis X is in the plane through p and b. Now, the 
only initial variableli are the impact parameter b and the 
orientation of the figure axis with respect to the initial 
momentum, defined by the orientation angle r. (see Fig. 
3). Again, we use the model parameters of Table I. 

For e=O the final rotational angular momentum j' is 
plotted as a function of the impact parameter b in Fig. 
4(al for various orientation angles r. We observe that the 
rainbow states jj,,, defined by laj' tabl 7 =0, are in the 
range from zero to the maximum attainable j'. This 

(al 

'"et91 reiou E • 0 

•1.0 •0.5 o.s 1.(1 

!bl 

anttgy rettasa E • 0 

-· -1112 1t/2 
crientatic>A ang\t 'Y 

FIG. 4. Dependence of the scaled, final rotational angular 
momentum r on the scaled impact parameter b for various 
orientation angles r !al and dependence of the scaled, rainbow· 
rotational angular momentum Ji. on the orientation angle (bl for 
two-dimensional scattering with vanishing exothermicity 
( e =Ol. Both figures were calculated with the hard-shell model 
and the parameters given in Table L Positive and negative 
values of j' indicate clockwise and counterclockwise rotation in 
Fig. 3. Extremal values of j' occur anywhere in the range from 
zero to the maximum attainable state, depending on the orienta
tion angle y [Fig. 4lal), i.e., the rainbow state depends strongly 
on y [Fig. 4lbl]. This smears out marked rainbow features, 
present in the cross sections for fixed orientation angle, when 
averaging over y to obtain the integral cross section. 
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strong dependence of the rainbow state on the orientation 
angle is more fully shown in Fig. 4(b). Therefore, with no 
energy release, averaging over all orientation angles 
smears out the rainbow features present in the cross sec· 
tions for fixed r. 

Fort= 10, however, Fig. 5(a) shows that all orientation 
angles lead to nearly the same extreme value of j' as a 
filnction of the impact parameter b. In Fig. 5(b) where Jii 
is plotted as a function of the orientation angle r, we ob· 
serve that now the rainbow states are in a narrow range 
near the asymptotic state JR. • .,. Therefore, for large ener· 
gy release, the rainbow features in the cross sections for 
fixed orientation angle shine through in the r·averaged, 
integral cross section. 

Rotational rainbows in the product rotational distribu
tion of strongly exothermal processes have already been 
found by Schinke,14 by Sato et al., u and possibly by 
Cline et al. 16 Cline et al. did a quantum-mechanical cal· 
culation of the vij)rational predissociation of He • • • CI2 

(al 
orientation 

y ., 
Ml I 

-o.~ 1.0 

(bl 

---------
.,, 

" -totion11111ley 

PIG. S. Same as Pig. 4, but for scattering with large exother· 
micity compared tQ collision energy (£= 10). See caption or 
Fig. 4 for further details. For each orientation angle y, ex· 
tremal values or}' occur exclusively in a narrow range around 
the maximum attainable state [Fig. Slal], I.e., the rainbow state 
depends little on y [Fig. S(b)]. This makes marted rainbow 
features, present in the cross sections for fixed orientation angle, 
shine through in the y-av~.i:aged. integral cross section. 

van der Waals molecules to explain the experimental ro
tational distributions of the product Cl2(Bl. Both the 
calculated and the experimental distnoutions show a 
peak near the highest excited }'. Analogous results were 
obtained for the case of Ne· · · Cl2• 18 Classical trajectory 
calculations showed that this peak can be caused by a ro· 
tational rainbow, but the rainbow state does not depend 
as strongly on exothermicity as would be _expected. 

A clear case is that of the direct photodissoc:iation of 
H 2CO into H2+CO, studied by Schinke.14 With a semi· 
classical model he calculated the rotational distribution 
of CO, which showed very good agreement with experi• 
mental data of Bamford et al. 19 Again, both in the cal· 
culated and in the experimental distribution, a maximum 
at high j' is found. The analysis by Schinke shows that 
this maximum is deli.nltely caused by a rotational rain· 
bow. 

There are also experimental data on rotational distri
butions of groduc:ts of exothermic: chemical reactions. 
Billy et al. 2 studied the reaction F+I2-IF+l at a col
lision energy of 110 meV. This is much smaller than the 
exothermicity of the process, AE==J.23 eV. Rotational 
distributions obtained for various vibrational levels of the 
product IF all show a maximum at values of}' near the 

. maximum attainable rotational level. Data by Bras et al. 
for the system Hg+ H 2, 21 and by Breckenridge et al. for 
the system Mg+ H2, 22 also show rotational distributions 
very much resembling those of Fig. 2. Considering the 
analysis given above, these distributions may well be due 
to the rotational-rainbow phenomenon, although large al· 

. lowanc:e has to be made for the specific reaction mecha· 
nisms involved. 

IV. DOUBLE-RAINBOW DISI'RIBUTIONS 
FOR HETERO. AND HOMONUCLEAR MOLECULES 

In Sec. 111 we showed that rainbow maxima in integral 
distributions are due to extreme values of the impact lev· 
er'• =(l /r0 llrXnl, just as in the case of rotational dis
tributions of collisions without energy release. measured 
at fixed scattering angle: Some algebra shows that ex· 
treme values of r • occur when the equation 

1. a2R + [l.filt ]4 =O ()8) 
R 0qi2 .R 1l<p 

is satisfied. For practical purposes, the second term on 
the left·hand side of this equation can be neglected, be· 
cause its magnitude is smaller by the third power of the 
strength of the anisotropy, compared to the first term. 
Thus, in classical hard-shell scattering, rotational rain· 
bows approximatell correspond to a vanishing second 
derivative 32.R /Oqi • as is exactly true for semiclassical 
hard-shell scattering. s 

For an interaction potential with P 0 and P 2 anisotro
py, there are two roots tp1=v/4 and 'P2=-3v/4 of this 
equation forO::!:tp<v. Since 

()9) 

for tp=v 14 and all integer values of n, only one extreme 
impact lever r • exists, and thus only one rainbow state. 

15 
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For heteronuclear molecules, additional P 1 anisotropy 
may exist. Now, Eq. (18) becomes quadratic in cos(~) 
and has two different roots for OS~<.,,.. Consequently, 
two different extreme impact levers exist, leading to two 
rainbow states iii, 1 and ib· This is a well-known result 
for collisions with heteronuclear molecules, and was for 
instance detected by Beck and co-workers 1 in differential 
energy-loss spectra of K. atoms colliding with CO. It has 
recently been detected by Sato et al. is in integral distri· 
butions of NO atoms following photodissociation of 
Ar·· ·NO and Ne· ··NO van der Waals molecules. 
These authors find iwo conspicuous peaks near the max
imum rotational state. From the variation of their posi
tions with reduced mass and exothermicity, obtained 
from experiment as well as quanta! calculations, Sato 
et al. conclude that both peaks are due to rotational rain
bows. Two peaks might also have been observed in the 
pbotodissociation of H1CO mentioned in Sec. III, but the 
analysis by Schinke shows that the second maximum is 
wiped out due to the distribution of bending angles before 
the dissociation.1., 19 

Although double rainbows are thus a common 
phenomenon for heteronuclear molecules, they have not 
been detected for homonuclear molecules. We point out 
that this is very well possible, however, if higher-order 
anisotropy of the potential exists. For a homonuclear 

J o::==::::====:====::=::::::::: 
~ 
~ 1.0r--o:::::::----

1 o.s 

l 
j o~: ===::===::==::::=::::===:::::::: 
·~ 1.-i---=:::::---.:...----::::::::::=:l 

0. 

anisotropy ratio c4ic2 

FIG. 6. Dependence of the two scaled rainbow aogular
momeotum states, Jit.1 and Jir.> for a two-dimensional system 
with P,,P, anisotropy, on the ratio of anisotropies c4/c2, for 
various values of c2• The ratio of exothennicity to collision en
ergy Is £>>I, and the hard-shell parameter p•4. In the range 
0.3 <c,/c2 <I, the two rainbows states are well separated. 
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molecule described by 

R (~)=r0{1 +c2P2(cosq>l+c4P4(co~)] , (20) 

the second derivative 31 R /3qi2 will be quadratic in 
cos1( ~ ). In analogy with the heteronuclear case, now two 
different values of cos2' will make 31 R /3qi2 singular. 
Consequently, two extreme impact levers exist, again 
leading to two rainbow states. The resulting equation is 

31R 
--2 =c2r0{70cos4~+(6-.!f!-6)cos1~+(-3+ lf.Sl], 
a~ . 

(21) 

with 6'=c4/c2• This equation is singular for two diJferent 
values of cos2~ for any value of c4 /c1• 

In Fig. 6 we give the variation of the rainbow states 
iR,I and iii.1 as a function of 8=c4/c1 for various values 
of c2, calculated for a model system with a=4 and large 
energy release a= 10. We note that for 8=0.3 the second 
rainbow state appears at small j', moves toward the main 
rainbow state for increasing 6, and eventually coincides 
for I)>>!. In the intermediate region, the rainbow states 
are well separated. 

In Fig. 7, we present Monte Carlo calculations of in-

lO P1 anisotropy 
Cl •-0.2 
er Q.2 

P4 anisotropy 
c2 • 0.2 
C4 •0.2 

(a) 

• 

(bl 

FIG. 7. Integral cross sections for rotational excitation show· 
ing · two rotational rainbows fmdieated by the arrows), for a 
heteronuclear molecule with P1,P2 anisotropy (upper figure), 
and for a homo nuclear. molecule with P,.P, anisotropy <lower 
figure). Both were calculated for a very large ratio of exother
micity to collision energy ( £ » I ). The anisotropy parameters 
are indicated lo the figure; all hard-shell parameters are listed in 
Table II. lo both cases, the two rainbows are well separated 
and of comparable Intensity. 
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TABLE II. Model parameters for the bard·shell shapes with 
P,.P1 anisotropy, representing a heteronuclear molecule, and 
with P,.P, anisotropy, representing a homonuelear molecule. 
These shapes were used to calculate the doubJ .. rainbow cross 
sections shown in Fig. 7. 

P.,P, P,.P, 
anisatropy anisotropy 

p 4 4 

"• -0.2 0 
c, 0.2 0.2 

"• 0 0.2 

tegral cross sections for the model system under investi· 
gation, for both !P1,P2 land1Pi,P4 l anisotropy. The pa· 
rameters are given in Table II. We note that in the 
beteronuclear as well as in the bomonuclear case, the two 
rainbows are well separated and of comparable intensity. 

Of course, adding even bigber·anisotropy terms such 
as P3 and Ps we can create any number of classical rota
tional rainbows for suitable choices of the parameters. 
However, quantum mechanically, rotational-rainbow 
maxima are much broader than the sharp, classical singu
larities. Therefore only a limited number of rainbows can 
be seen, even if interference between the various rainbow 
states is neglected. Systems with many· rainbows may be 
classically feasible, but these rainbows are probably not 
real. 

To our knowledge, a double-rainbow maximum in the 
rotational distribution of a homonuclear molecule bas not 
yet been identified, neither in a differential nor in an in· 
tegral distribution. For ground·State molecules, probably 
P2 anisotropy is always dominant, but for excited mole
cules this is not a priori true. In Sec. V we investigate the 
possibility that the excited system Ar( 1S0 l+ N 21C) shows 
the double·rainbow feature just established. 

V. HIGHER-ORDER ANISOTROPY FOR 
n1EEXCITEDSYSTEMM'Sol+N2!Cl 

We now turn to the process 

Ar•!3P0,2)+N2!Xl--+Ar< 1S0 l+N2(C,v'l+AE, (22) 

which has become a prototype of exotbermal excitation 
transfer collisions. The exothermicity is t:.E =701 meV 
for Ar'! 3P0 l and final vibrational state v'==O, and 
AE =526 meV for Ar'<3P2 ). Various aspects of this pro
cess received extensive attention, both experimentally 
and tbeoretically.17•23 - 27 In this paper we focus on the 
rotational distribution of the product molecule N2!CJ and 
investigate the possibility that it shows the double· 
rainbow effect pointed out in Sec. IV. 

There are two recent sources of information about this 
distnbution. The first is a bulk experiment performed by 
Nguyen and Sadeghi17 at temperatures of 90 and 300 K 
(collision energy E • 11 and 39 meV, respectively). For 
the vibrational state u' =O, they resolved the rotational 
structure in the spectrum of the decay N 2( CJ--+ N 2(B) as 
well as state-selected the Ar'! 3 P 0,2 ). metastable atoms. 

For initial state Ar•( 3P 2J and a temperature of90 K, the 
cross section calculated from the experimental spectrum 
extends to rotational level j' = 48, the highest rotational 
level that can be reached on the grounds of energy con· 
servation. Surprisingly, the cross section has maxima at 
two different values of the final rotational angular 
momentum, denoted as Ji =22 and 12 =37. For 
Ar• ( 3 P 0 ), the rotational distribution is similar but shifted 
to higher values of j' by an amount t:.j' ""6. For both 
states the maximum at high j' is less clear at 300 than at 
90 K. In their paper, Nguyen and Sadeghi show that 
these "bimodal" rotational distributions cannot be ex· 
plained by common, statistical models of rotational exci· 
tation.17 · 

The second and more qualitative source of information 
is the rotationally unresolved spectrum of the decal; 
N 21Cl--+N2(B) reported by van Vliembergen et al. 3 

Their experimental spectrum can be reasonably simulated 
by assuming Boltzmann distributions for the rotational 
populations of the vibrational levels u'•0-3, with 
eft'ective "temperatures" up to as high as 2000 K for 
v'=O. However, deviations from these distributions, 
denoted "humps" by van Vliembergen et al., are ap· 
parent in the spectrum. These "humps" represent high 
rotational levels more populated than follows from the 
calculated Boltzmann distribution, and their presence 
confirms the observation of two maxima in the rotational 
distributions mentioned. above. Furthermore, the posi· 
tion }'=37 of the "bump" in the spectrum originating 
from the v'==O level agrees with the position of the max· 
ilnum of the high·}' component in the rotational distnbu
tion obtained by Nguyen and Sadeghi.17 
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FIG. 8. Semi-empirical potential curves for the exothetmlc 
excitation transfer process Ar•l'Po.,J+N2<X) ..... Ar( 1$ 0 ) 

+N,!C,v'=O), proposed by van Vliembergen et al. <Ref. 23). 
The initial and final states are connected via two curve crossings 
with the ionic intermediate potential of the system 
Ar+( 2Pl+Ni(Xl. Of this potential, only the Coulomb part is 
shown. The curve crossing of the initial state Ar'! 1 P, l+ N2(X) 
with the intermediate potential occurs at an unrealistically high 
energy (see text), indicating a much flatter entrance potential 
than thown in the figure. 
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The interaction potentials for the system are not well 
known. However, realistic semiempirical potential 
curves were proposed by van Yliembergen et al. 23 and 
are reproduced in Fig. 8. They show initial and final 
states connected through two curve crossings with the 
ionic Ar++ N1 - potential as an intermediate. Of the 
ionic potential, only the Coulomb part is shown. Because 
of short·range repulsion, this curve must bend upward to· 
ward smaller internuclear distance, which will make the 
curve crossing with the final state occur on the repulsive 
part of the final.state potential. For the potentials 
shown, the curve crossing with the initial state occurs at 
an energy E = 22S me V with respect to the initial asymp
tote. This value is unrealistic. Recent measurements 
from our own laboratory11 point towards a threshold of 
6S meV. Measurements of Parr and Martin26 lead to an 
even lower value of 8 meV, while Sanders et al. 27 ftnd a 
threshold of about SO meV. These differences may be due 
to dUferent Ar( 3P0 l:Ar<3P2 l beam compositions, which 
were unknown for all experiments. All data sets do point 
to a substantially lower threshold, however, than given by 
the potential curves of van Yliembergen et al. This indi· 
cates a much ftatter entrance potential than shown in Fig. 
8. Our measurements are further consistent with a 
second curve crossing located on the repulsive branch of 
the final-state potential, such that at least 60% of the ex· 
othermic ener~y is released after the second curve cross· 
ing is reached. 1 

These two facts, a low threshold and a large repulsive. 
energy release, indicate that the system Ar•+ N2 behaves 
as the half-collisions analyzed in Sec. III. We therefore 
expect at least one rainbow maximum in the rotational 
distribution of the product N2( C). In view of the result 
of Sec. IV, the bimodal distribution measured by Nguyen 
and Sadeghi can be explained as a double-rainbow distri· 
bution caused by a substantial P 4 anisotropy. 

In Fig. 9 we compare the experimental cross section 
obtained by Nguyen and Sadeghi17 for the initial state 
Ar•( 3P 2 ) and a temperature of90 K with a "best lit" ofa 
model cross section including P4 anisotropy. The param· 
eters are given in Table III. The positions of the rainbow 
peaks can easily be made to coincide with the experimen· 
ta! data. Also shown is a cross section obtained with the 
same model, but extended to include a 90-K initial rota
tional distribution. The latter cross section was obtained 
from that for zero initial rotation using the factori:i::ation 
formula of Parker and Pack, 8.JO 

q(j'+-jl= "2, (jOAjOlj'OJ2q(Aj'-Ol , (23) ,., 
with (jOAjOlj'Ol a Clebsch-Oordan coefficient. Summing 
over all initial rotational states we get 

q(j'l="2,"2,g(})(j0AjOl)'Ol2"<J'-OI, (24) 
I 4.J 

with 

g(j)=(2j /1H I 1e-J2Aukn (2S) 

a Boltzmann distribution for a temperature T =90 K. 
We could equally well include the initial·Boltzmann dis· 
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FIO. 9. Comparison of experimental and calculated Integral 
cross sections for rotational excitation of N2 In the excitation 
transfer process Ar•(lP2l+N2(Xl-Arl 1S0 l+N21C,o'=Ol, vs 
final rotational angular momentum. The points indicate experi· 
mental data taken from the rotational distribution given by 
Nguyen and Sadeghi (Ref. 17), identifying the rotational quan· 
tum number with j' /fr. The solid curves show cro.. sections 
calculated with the hard-shell model and the parametm in 
Table III. The lower curve corresponds to initially nonrotating 
molecules, while the upper curve incorporates initial rotation 
given by a 9Q.K Boltzmann distribution. Oiven the simplicity 
of the model, the degree of agreement with the experimental 
data points is somewhat fortuitous. 

tribution in the Monte Carlo calculation, as indicated in 
Sec. 11. We find, however, that the result is close to that 
obtained with Eq. (24). 

With the inclusion of an initial rotational distribution, 
we ftnd that the rainbow peaks are. broadened in such a 
way that now the calculated cross section gives a fair 
overall tepresentation of the experimental data. Consid
ering the simplicity of the model, the degree of agreement 
is somewhat fortuitous. With an initial rotational tem· 

TABLE III. Co1111tants and model parameten for the process 
Ar•t'P2 l+N21Xl-Arl 1Sol+N2CC,u'•Ol. The hard·shell pa
rameters were used to calculate the double-rainbow cross sec
tion shown in Fig. 9. 

Constants 

E(meVl 
t:.E (meVJ 
<µ11>•11 <A.-11 

II' 
m 

1.33• 

Hard-shell parameters 

1• tli> ~ 
E 51 
r0 (Al 3.0 
p 4.0 
Cz 0.1)6 
c, 0.11 

'Correspondins to a bulk temperature of 90 K. 
'Calculated using the rotational constant given by Herzberg 
!Ref.291. 
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TABLE IV. Experimental and calculated positions Ji andj\ (in units of Ill of the two rainbow maxi· 
ma in the integrnl cross section for rotational excitation of N2( C) following the excitation process 
Ar•c'P0.;l+ N2!X), for both metastable states Ar•('P0 J and Ar•('p,) and for the temperature of90 IC. 
The parameters of the hard-shell model are given in Table III. The experimental positions were taken 
from the rotational distribution shown by Nguyen and Sadeghi (Ref. 17), identifying the rotaliooal 
ouantum number by}' /Ii. 

E CmeVl t:.E CmeVl 

Ar•( 1P2 l+N,!Xl II 521 
Ar•!'P0 l+N2!Xl II 701 

perature of 300 K, the model cross section becomes 
broadened too much to describe the data of Nguyen and 
Sadeghi for this temperature. In Table IV we comtiare 
the positions of the rainbow maxima calculated with the 
model parameters of Table III for both initial states 
Ar• ( 3 P 0 ) and Ar• c3 P 2 ), with the experimental positions. 
We find that the shift f!t.j'<=6, in going from Ar*( 3P1 ) to 
Ar•c3P0 l, is adequately descn'bed by the model. 

VI. DISCUSSION AND CONCLUSIONS 

In this paper we showed that for exothermic collisions 
rotational·rainbow maxima should be a common feature 
in product rotational distributions. Our discussion is 
based on the classical rigid-shell scattering model 
developed by Beck and co-workers, 1·9 adapted to the situ· 
ation. We expect our conclusions to have definite quali
tative value, because the hard-shell model has been prov
en to be qualitatively correct for product rotational dis
tributions of collisions without energy release, obtained at 
fixed scattering angle: rotational rainbows have been 
detected for a number of such processes. s The quantita• 
tive value of this model depends on the quantity studied, 
however. Anisotropy parameters, determined from ex· 
perimental rainbow positions with the classical rainbow 
curve iitl.g), given by Bosanac31 and Bosanac and Buck32 

for ellipsoidal and off-center ellipsoidal potential shells, 
respectively, show fair agreement with the anisotropy of 
the full potentials.33 Also, the dependence of the rainbow 
position on the scattering angle, reduced mass, and col· 
lision energy are adequately predicted by the modeJ.8 

On the other hand, Kersch and Schinke demonstrated 
that the model greatly underestimates the cross section 
for transitions with a small value of j' - j and for small· 
angle scattering.1° For integral cross sections, Alexander 
and Dagdigian13 as well as Korsch and Schinke10 find 
that the model utterly fails when compared to quanta! 
and semiclassical calculations. Korsch and Schinke ar
gue that both these failures are due to tfie approximation 
of a hard shell. Because of the unrealistic radial depen· 
dence of the "potential,'' the contributions of large im· 
pact parameters, which are responsfble for most of the 
low r-j transitions and lead to small scattering angles, 
are not included. 

This probably does not invalidate rotational popula
tions calculated with the model for exothermic collisions, 
however. First, the large energy release, in comparison 
to the collision energy, ensures that exothermic collisions 
are always strongly repulsive in nature. Therefore, small 

Experimental Hard-shell mOdel 
Ji 12 Ji Ji 
ll 37 ll 37 
26 45 25 43 

r-1 transitions are not likely, and the scattering is most
ly backward. Second, large impact parameters do not 
contribute strongly to exothermic collisions because, for 
nonadiabatic collisions, a curve crossing must be reached, 
and for reactive collisions, a transition state must be 
reached. Both will be located at smaller internuclear dis· 
tances, because an amount of energy must be released 
through repulsive interaction. 

In Sec. 11 we limited ourselves to collisions with little 
repulsive or attractive action in the entrance channel. 
We now point out that this restriction can be somewhat 
released. Non-negligible interaction in the entrance 
channel causes deviations of the straight line trajectories 
inherent in the hard·shell model. This changes the point 
of impact on the shell and has to be taken into account 
on the right-hand side of Eq. (10) from which j' is calcu-

. lated. However, this does not change the Jeft·hand sides 
of Eqs. (I 0) and n I l because these represent the total an· 
gular momentum and the total energy at the start of the 
collision. Therefore, the dependence of the final rotation· 
al angular momentum on the initial variables may 
change, in turn changing the rotational distribution but 

Ar11SI • NiCl 
this work 

FJG. 10. Angular dependence R C'l/r0 of hard-shell shapes. 
The dashed curve indicates the shape used by Beck et al. (Ref. 
91 to explain experimental data on rotational excitation of 
N2!Xl by collisions with ground-state K! 2Pl atoms. The solid 
curve represents the P2,P, anisotropic shape used in th.is work 
to explain the rotational distribution of the product N2<Cl of 
the excitation transfer process Ar•(3Po,2 l+N2(Xl, measured by 
Nguyen and Sadeghi (Ref. 17!. The bulge of the latter shape, lo
cated perpendicular to the figure axis. may indicate a shift of the 
electron density to the plane perpendicular to the N·N axis, 
caused by the promolion of an N 2!2a, l electron to al,,., orbit· 
al. 
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not cbangfug the position of the rainbow state, since this 
only depends on the shape of the shell, the total angular 
momentum, and the total energy. Thus, strong contribu· 
tions to the rotational distribution will still exist for 
values of j' close to the rainbow state iii. Unleu the 
initial-state interaction completely changes the trajec· 
tories in such a way that the rainbow rotational transition 
can never be excited, at least a small peak will be visible 
in the product rotational distribution. 

In our application of the double-rainbow model to the 
rotational distribution of N 1< Cl obtained by Nguyen and 
Sade!hl 11 for the excitation transfer process 
ru•( Po.1l+N1{XI fair agreement is obtained between 
experimental and calculated results for a temperature of 
90 K. For 300 K, the calculated distribution is broader 
than the experimental. The value of the parameters in 
the model cannot be readily 8.!ISeSSed, however. A com
parison with the ~eters of Beck et al. 9 for the sys
tem K+N1, r0 =2.S A, and c1=0.078 only shows that 
our values are not unreasonable. For the strength of the 
P 4 term, there is no material to compare with. It is not 
unlikely that a contribution of such a potential term ex· 
ists for the excited molecule N1( Cl. The excitation of 
N1CXl to N1! Cl during the collision of Eq. !22l requires 
an antibonding N 1< 2u • l orbital to be promoted to a 
N1!21T

1
) orbital; this can be described as a two-step pro

cess. 24 The result is that the charge density of the anti· 
bonding orbital is shifted to the plane perpendicular to 
the N-N axis of N2( Cl. Such a shift of the electron densi-

•Present address: Oce Nederland B.V ~P.O. Box IOI, 5900 MA 
Venlo, The Netherlands. 
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In Fig. 10 we show the equipotential contour described 
by the model parameters. We note that the P 4 term has 
caused a bulge in the direction perpendicular to the N-N 
axis, which can be interpreted as a shift of the electron 
density to this plane. 

More experimental . data are needed to krefutably as
sign the bimodal distribution of N2(C,u'=Ol to the 
double-rainbow etrect. For instance, the dependence of 
the rotational distn'bution on collision energy and on ex· 
othermicity, i.e., final vt'brational level u', can be mea
sured. Also, it would be interesting to investigate the 
etrect of P 4 anisotropy through more quantitative calcu
lations. For complicated systems such as Ar*+ N2, prob
ably only classical trajectory calculations are feasible. 
The work by Schinke on the "rotational reflection princi
ple"34 shows that these can have qW1.11titative value, how
ever. Such work could also explain exactly why no dou
ble rainbow is encountered in the dift'erential cross see· 
lions for the scattering of He by Na20 calculated by 
Schinke, llibl though the expansion of the interaction po
tential in Legendre polynomials shows a strong contn'bu· 
tion of P 4 · anisotropy at small intermolecular distances. 
~ost likely, this is due to the simultaneous rise of even 
higher-order anisotropic terms, accompanying the rise of 
the P 4 term. This will lead to very dift'erent equipotential 
contours than the IP2,P 4 l shape we used for the system 
Ar! 1S0 l+N1!Cl. 
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CHAPTER ID: 

EXCITATION TRANSFER COLLISIONS OF METASTABLE 

Ar*,Kr* AND Xe* ATOMS WITH N2(X): 

COLLISION ENERGY DEPENDENCE OF EXCITATION CROSS 

SECTIONS AND PRODUCT VIBRATIONAL DISTRIBUTION 

OF N:z(C3Ilm v'=0,1,2,3). 
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Excitation transfer collisions of metastable Ar*,Kr* and Xe* atoms with N2(X): 

collision energy dependence of excitation cross sections and 

product vibrational distribution of N2(C3Ilu, v'=0,1,2,3). 

E.J.D. Vredenbregt, W. Boom, R.J.F. van Gerwen and ll.C.W. Beijerinck. 

Department of Physics, Eindhoven University of Technology 

P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

ABSTRACT. 

We report the collision energy dependence of the cross sections for 

excitation of N2(c3nu) to individual vibrational levels in collisions of 

N2(X,v=O) with Ar* and Kr* obtained in crossed beam experiments. The range 

of collision energies covered is 0.08 < E [eV] < 3 for Ar* and 0.4 < E [eV] < 3 

for Kr*. With Ar* the vibrational distribution is almost independent of collision 

energy and decreases with increasing vibrational quantum number. The 

vibrational distribution of N 2(C) excited in collisions with Kr*( 3P 0) and 

Kr*( 3P 2) shows similar behaviour. The results are compared to simple models 

for excitation transfer through a single curve crossing between the initial and 

final states and through two curve crossings including an intermediate ionic 

state with distorted Franck-Condon factors to account for vibrational 

excitation. The cross sections obtained for Ar* are in general agreement with an 

intermediate state model but cannot be explained by a single curve crossing 

model. For Kr* the results are compatible with both. The intermediate state is 

identified as Ar+,Kr•+N2-(x2ng)· For Ar* the model predicts a threshold 

ti.E = 63 meV of the initial state curve crossing for the excitation process, 

independent of the final vibrational level. This value is outside the energy range 

covered in this work, and larger than the threshold ti.E $ 8 meV observed by 

Parr and Martin and by Winicur and Fraites. The difference is tentatively 

assigned to the 3P 0: 3P 2 beam composition or the initial rotational temperature 

of the N2• Also, excitation of N2(C) by Xe*( 3P 0) at collision energies 

E > 1.5 eV is observed. The resulting cross section indicates that the excitation 

probability for N2{C) by Xe*(3P 0) is comparable to that for Ar• and Kr•. 

24 



1. INTRODUCTION. 

The complexity of excited atom-heavy molecule systems is still almost 

prohibitive £or large-scale calculations of the interaction potentials, couplings 

and scattering cross sections. The metastable rare gas-N 2 and CO systems are 
good examples 0£ this situation, because almost no theoretical information 

exists while detailed experimental information is available. Only recently have 

semi-quantitative estimates appeared £or the initial and a few 0£ the final 

states of the excitation transfer processes Xe*(3P2)+CO(X,v'=0) and 
Xe*( 3P 2)+N2(X,v=O), but still no coupling between them could be determined 

from first principles [1,2]. Effort is being made now to give the potentials £or 
the system Xe*+N2 a more solid basis [3]. No theoretical information is 

available for He*,Ne*,Ar*,Kr*+CO(X) and He*,Ne*+N2(X), and only 
semi-empirical potentials exist for Ar*,Kr*+N2(X) [4,5]. 

Considering the amount of experimental data, however, the metastable 
rare gas-N 2 and CO systems are developing into benchmark systems for future 
ab-initio theoretical treatments. Available data include electron energy 
distributions [6] and state-selected integral cross sections [7] for Penning and 
associative ionization, differential and integral elastic cross sections [5,8] for 

selected systems, and electronic, vibrational, rotational and fine-structure state 
distributions of final states involved in excitation transfer [1,2,4,5,9-26]. 

For this latter type of process, i.e. the redistribution of the internal energy 

of the excited atom among the degrees of freedom of the target molecule, the 
system Ar*+N2 is of special interest a.nd serves as a prototype. Martin and 
co-workers determined the total cross section for excitation of N2(C) [9] as well 

as the rotational alignment [10] for the range of collision energies 

0.01 < E {eV) < 0.8. The vibrational, rotational and fine-structure populations 

have all been measured at isolated collision energies [4,10-16]. Cutshall and 
Muschlitz have further obtained the population ratio n(v'=l)/n(v'=O) for the 
vibrational states v'=O and 1 for 0.05 < E (eV) < 0.5 [17]. Some of these data 
were extended by previous measurements from our laboratory [4,5,18]. 

It .has been suggested that an excitation mechanism involving an 
intermediate state is capable of explaining many of the experimental findings 

for this system [4,5,10,12,14,27-29], as was most recently discussed in a paper 
by Tyndall et al. [10]. The main product N2(C3IIu,v'=0) is 520 meV exoergic 
with respect to the initial electronic energy. This points to the influence of a 

strongly attractive intermediate state in view of the different product 
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vibrational distributions encountered for other systems. For Kr*+CO(X) [19], 

Xe*+CO(X) [1,20,22] and Xe*+N2(X) [1,20,21] at thermal collision energies, 

the main exit channels are vibronic levels slightly endoergic with respect to the 

excitation energy of the metastable atom, and for Ar*(3P 2)+CO the main 

product C(3P)+0(3P) is probably formed by predissociation of endoergic 

vibronic levels [23]. In these cases, the excitation is expected to proceed 
through a single avoided crossing between the initial and final states. 

To investigate this further, we have studied the dependence on collision 

energy of the cross sections for excitation of single vibrational levels of N 2( C) in 
collisions with Ar" and Kr*. For Xe*, the total cross section for excitation of 

N 2( C) has been determined at collision energies near threshold. In the 
experiments we use a crossed molecular beam apparatus with time of flight 

·analysis of the primary beam. The dependence of the cross sections on the final 

vibrational level is obtained with a method that eliminates the influence of 

rotational excitation and overlap of different transitions that could affect 

previous results (4,17] as outlined by Van Vliembergen et a.I. [4]. Because this 

method is also more sensitive it allows us to study exit channels associated with 

smaller cross sections. In section 2 we first present details of the experimental 
apparatus and method, while section 3 describes the new optical system of the 
setup. In section 4 we present our most detailed experimental results, for Ar*, 

and discuss the different possible excitation mechanisms. We compare these to 

the data by means of simple model calculations. This comparison confirms the 

idea that an intermediate ionic state is involved in excitation of N 2(C) by Ar*1 

as opposed to excitation of N2(B) by Xe* and to excitation transfer for Ar*,Kr* 

and Xe•+CO(X). In section 5 we present the results for Kr*+N2• These can be 

understood with the same model as used for Ar*. Section 6 describes the data 

obtained for Xe*. The conclusions drawn from this work are summarized and 

discussed in section 7. 
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2. EXPERIMENTAL. 

2.1 Crossed beam apparatus. 

The experimental apparatus has been described in detail recently by Van 

Vliembergen et al. [4] and by Van Gerwen et al. [5], so we only briefly describe 

it here. Figure 1 presents a schematic view of the apparatus. Since the last 

report, the detection system and the geometry of the beams have been modified 

to increase the photon signal, so these are described in separate (sub)sections. 

In short, a differentially pumped beam of metastable rare gas atoms, 

originating from sources described in section 2.2, is crossed at right angles with 

a. supersonic secondary beam of N 2 molecules. Fluorescence, produced in the 

scattering center, is collected at right angles to both beams with a. newly 

designed optical system, described in section 3. The light is dispersed by 

bandpass interference filters, and subsequently detected by a photomultiplier. 

At a distance l6c= 938 mm upstream of the scattering center, the primary 

beam is chopped by a mechanical chopper in order to resolve the collision 

energy dependence of the :fluorescence signal with the single-burst time of :flight 

(TOF) method. The velocity distribution in the primary beam is measured 

with a metastable atom detector consisting of a stainless steel plate and an 

electron multiplier, which is situated downstream of the scattering centre at a 

distance lm = 2139 mm from the chopper wheel. Theuws [30] found that the 

efficiency of the detector is '11m = 0.10 and 0.064 for metastable Ar* and Kr* 

atoms, respectively. 

Both the photomultiplier and metastable atom detector are operated in 

pulse-mode. The pulses are fed into a multichannel counting device which is 

interfaced to a computer that controls most of the experiment. The raw data is 

stored on a permanent storage device for further analysis on a separate 

microcomputer. 

2.2 Molecular beams. 

Two types of sources are used to produce the metastable rare gas atoms. 

The thermal metastable atom source (TMS) [31], a discharge-excited, 

supersonic expansion source, supplies atoms with translational energies in the 

range 0.05 <Et [eV] < 0.2 when operated with pure Ar, Kr or Xe. By seeding 

these gases in He, higher energies, 0.2 < Et [eV] < 0.6 for mixtures of 103 Ar, 
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Figure 1: Schematic view ofthe crossed beam apparatus 11Kist II". 

1) metastable atom source 2) differential pumping stage 9) chopper wheel 4) 
secondary beam 5) wedge-shaped skimmer (maintained at 900 .K) with fused 
silica observation window ti) 20 K ergo e:i;pansion chamber 7j primary beam 
defining slits 8) diaphragm ip 0.25 mm. 9a) optical system 9b) 9-cavity 
interference filter 9c) photomultiplier 10) metastable atom detector 

Table 1: Operating conditions and metastable atom intensities for the hollow 

cathode arc (HCA) and thermal metastable source (TMS). 

Operating conditions 

Source Rare Gas Discharge Discharge Intensity 
gas flow current voltafe (1013 

(Torrls·l) (A) (V s·isr·l) 

Ar 0.3 2 55 20 
HCA Kr 0.3 2 45 8 

Xe 0.3 2 45 0.1 

Ar 0.09 a 0.010 350 3 
TMS 103AM 0.3 a 0.010 350 9 

I 903 e 

a) stagnation pressure 30 Torr, nozzle diameter 150 µ.m 
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Kr or Xe in 90% He, can be attained. The superthermal energy range, 

1 <Et [eV] < 10, is covered by a second, arc-heated beam source (HCA) [32]. 

Typical operating conditions and intensities for these sources are listed in table 
1. The cross section of the primary beam is defined by a slit diaphragm, 
3 x 7 mm2 wide, positioned 1060 mm downstream of the source. 

The secondary beam is a skimmed, supersonic expansion from a nozzle 
80 µm in diameter and at room temperature. Because of the high pumping 
speed of about 104 1/s offered by surrounding 20 K cryo screens, the expansion 
is almost undisturbed up to stagnation pressures of 1500 Torr for N2• The 

skimmer opening is of a rectangular shape, 2.5 x 2.9 mm2 wide, and at a 
distance of 17 mm from the nozzle. The intersection with the primary beam is 

at 41 mm from the nozzle. The velocity spread of the target beam and the 
length of the scattering centre both contribute negligibly to the spread of the 

relative collision velocity. 
The geometry of the molecular beams leads to a scattering volume of 

150 mm3, which is spatially fully accepted by the optical system. The product 

of target number density n and interaction length 1 of primary. and secondary 
beams has a calculated average value <nl>= 6.4 101& m·2 for 1000 Torr N2 

stagnation pressure and 300 K nozzle temperature [33]. 

Typical background pressures with secondary beam on and off are 
1.0 10-1 Torr and 0.7 10-1 Torr, respectively. 

2.3. Method. 

The object of this study was to determine the cross sections for excitation 

of ground-state N2(X1I:•g, v=O) to the separate vibrational levels v'=O to 3 of 
N2(C3IIu) in collisions with meta.stable Ar*, Kr* and Xe* a.toms. These cross 
sections can be found by monitoring the intensity of the decay 
N2(C,v') -1 N2(B 3IIg1v11

), referred to as the second positive system [34]. 
Since the vibrational frequencies of the B- and C-sta.tes of N 2, 

we= 2047 cm·1 and Wn= 2359 cm-1 [34], differ only by a small amount, 
transitions originating from different vibrational levels v' and terminating on 
vibrational levels v11=v'-Av, all nearly coincide for a constant value of Av. The 
experimental spectrum of fig. 2, ta.ken with a different setup [35] than the one 
described in sections 2.1 and 2.2, illustrates that these transitions cannot be 
separated spectrally when the rotational structure is taken into account. It is 
therefore impossible to obtain the inelastic cross section for individual product 
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Figure 2: Survey spectrum of the decay N2(C,v') -> N2(B,v11
) initiated by 

collisions of metastable Ar*( 3P 0,2) atoms with ground state N2• The initial (v') 

and final ( v11
) vibrational levels a.re indicated in the figure, as well as the 

sequence number av= v•-v11
• While transitions from different vibrational 

levels in the same av sequence overlap due to the rotational structure, good 
spectral separation exists between the sequences. For av S 0, the ma.in 

contribution to a sequence is always due to vibrational level v' = 0. 
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vibrational levels Qv• directly by monitoring the emission originating from any 

vibrational level separately. In earlier studies of the collision energy dependence 

of the cross sections Qv•=O•t [4,17], the emission from v'=l in the sequence 

Av = 1 was separated from that of v'=2 and 3 with a monochromator that 

observed mainly the band-head of the v'=l -+ v11=0 transition. The cross 
section Qv•=t and the ratio Qv••1/Qv••O then inevitably depend on the rotational 

distribution of the excited N 2 as outlined by Van Vliem bergen et al. [4). In this 
work we use a different method that avoids this problem and, because it leads 

to a larger fluorescence signal, also allows the study of higher vibrational levels 

with both Ar* and Kr*. 
Because good spectral separation does exist between the Av sequences, 

their integral intensities can be determined in a straightforward way. The 

effective cross sections Qav• evaluated from these intensities, are linear 

combinations of the inelastic cross sections Qv•, 

v' 
QA v = E Mv, vu Q • 

' . . 
v 

(1) 

with v11 =v'-Av. In this equation, the coefficients Mv' ,v" are the optical 
branching ratio's for the decay N2(C,v•)-'! N2(B,v11), calculated from the 

Einstein coefficients tabulated by Lofthus and Krupenie [34). The sum runs 

over all vibrational levels with v' ~ Av if Av > O, and with v• ~ 0 if Av~ 0. If 
effective cross sections Qav are determined for a sufficient number of Av 
sequences, the set of linear equations (1) may be solved to give the cross 

sections Qv• for excitation to the vibrational levels v'=O to 3. 

The accuracy to which the Qv• can be determined by this method depends 

on the set of Av sequences selected. For Av~ 0, the largest contribution to the 

signal is always due to vibrational level v• = O, so it is hard to determine cross 

sections for the other levels. For Av~ 0, however, where emission from the 

levels with v' < Av is missing, the main contribution stems from the 

vibrational level v• =-Av as seen in fig. 2. Thus, it is intuitively clear that the 

most direct information on the fluorescence from individual vibrational levels is 

found from the set of bands with Av~ 0, which can also be proven by 

investigating the stability of the solution of eq. (1). 

In this work, the required separation of the Av sequences is achieved with 

custom-made, bandpass interference filters for the sequences Av= 0 to 3. 

Compared to a monochromator, UV filters in general have lower transmittance, 
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but this is more than compensated for by their much larger spatial acceptance. 

The transmittance of each filter, a vital pa.rt of information to get accurate 

relative values for the effective cross sections QAv• was experimentally 
determined. Also, a careful investigation of the transmission profiles of the 

filters was necessary due to a manufacturers tolerance t..X = 2nm for the 

bandwidth and for the central wavelength. This is described in section 3.2. 

2.4. Measuring routine and data analysis. 

To obtain the full set of cross sections Qv• presented in this paper, a large 

number of measurements was performed. The measurements consisted of up to 

50 cycles. In each cycle, 4000 to 50000 TOF-spectra of the fluorescence were 
accumulated for a subset of the .:iv sequences covered by the interference 

filters, the number of accumulations depending on the strength of the signal. 

Typical countrates are given in table 2. The filters could be rapidly 
interchanged by the rotating filterholder [36] mentioned in section 3.1. For each 
filter, the measurement of the photon TOF-spectrum was sandwiched between 
two measurements of the TOF-spectrum of the metastable atoms to 
compensate for drift. The TOF spectra of the metastable atoms were taken 
with secondary beam off. As the change in background pressure with secondary 
beam on and off is only 3 10-s Torr, the flux of metastable atoms at the 

scattering center during the photon measurements differs from that at the 
metastable atom detector during the metastable atom measurements by less 
than 0.5 %. Drift was further eliminated by reversing the order of the filter 
measurements halfway through each cycle to make it symmetric with respect to 
time inversion. A full measurement might take up to 16 hours to complete. In 
all cases; measurements were repeated one or more times to obtain sufficient 

statistical accuracy. These equivalent data sets were analyzed separately, and 

afterwards averaged according to their statistical weight. 
The analysis performed to convert fluorescence and metastable atom TOF 

spectra into inelastic cross sections for the product channel studied, has also 
been described in detail by Van Vliembergen et al. [4]. Again, we only give a 

brief description. First, the TOF spectrum of the metastable rare gas atoms at 

the detector is converted to a velocity distribution by least-squares adjustment 
of a suitable trial function. The effect of a finite velocity resolution due to the 

width of the chopper gate function is included in the process. This velocity 

distribution is then converted to a TOF distribution for metastable atoms at 
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Table 2: Typical countrates of photons produced by the decay of N2(C), excited 

in collisions of N2(X) with Ar*,Kr* and Xe*. The numbers given correspond to 

the maximum in the :fluorescence TOF-spectra, measured with .or without 

interference filters for the various l:J.v sequences, and for different metastable 

atom sources (see section 2.2). Typical metastable atom intensities are given in 

table 1. The N2 stagnation pressure is 1000 Torr. 

Countrate (cps) 

Rare gas Ar Kr Xe 

Source TMS TMS HCA HCA HCA 
type seeded 

Filter 

none 50000 150000 55000 5000 1800 a 
D.v= 0 5000 16000 6000 500 <5 
D.v= 1 1100 3700 1600 160 
D.v= 2 60 190 100 10 

a) Due to excitation of N2(B). 
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the position of the scattering center. From this and the measured TOF 

spectrum of the fluorescence, the inelastic cross section Qav is determined, 

Here, E(ti) is the collision energy, calculated from the velocity of metastable 

atoms v1 arriving at time ti at the scattering center and the velocity v2 of the 

target molecules. The quantity g is the relative velocity and <nl> is the mean 

value of the density-length product as mentioned in the previous subsection. 

Both v2 and <nl> can be calculated accurately from the theory of supersonic 

expansions [33]. The solid angles in which rare gas atoms reach the metastable 

atom detector and the scattering centre are denoted as Om and Osei 

respectively; 1'/m and 1'/ph are the detection efficiencies for metastable atoms and 

photons. Finally, Qe1 = 200 A2 is the integral elastic cross section excluding 

small angle scattering, which is taken notably smaller than the full total elastic 

cross section Q~1 = 500 A2 [5,8b]. The inelastic cross section Qav is insensitive 

to the exact value of Qe1: to first order, Qav is independent of Qel· 

The cross sections Qav determined in multiple measurements are now 

averaged. Then, for each collision energy, the set of equations (1) is solved by 

least squares analysis to give the cross sections Qv• for excitation of individual 

vibrational levels of N2(C). For both Ar* and Kr*, it was found that the sum of 

the resulting Qv• for v' = 0 to 2 agreed with the experimental total cross 

section Qtot for excitation of the C-state, i.e. without differentiation to 
vibrational levels, apart from an unexpected, energy-independent scale factor. 

The latter cross section is calculated in the same manner as the Qav from the 

fluorescence signal measured without filters in the lightpath. Only a small part 

of the scale factor is explained by a contribution of N2(B)-+ N2(A) cascade 

radiation to Qtot• because this occurs m.ainly at wavelengths larger than 1 µm, 

where the photomultiplier is very insensitive. To obtain a check on the 

consistency of the collision energy dependence of the Qav and an estimate of 

the accuracy of the calculated Qv•, we extended the set (1) with an equivalent 

equation for Qtot• empirically corrected by multiplying Qtot with 0.86 for both 
Ar* and Kr*. The cross sections Qv• that result from a least-squares analysis of 

this extended set are the final results presented in this paper, and their error 

bars, determined by the least-squares procedure, reflect the consistency of the 
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set of equations. These errors are generally of the same order of magnitude as 

the statistical errors. 

Attention was paid to the relative scaling of cross sections determined with 

different metastable atom sources. It was found that the curves in the different 

energy ranges properly connect without any need for relative adjustments, and 

independent of source conditions. Also, comparison of the total cross section for 

Ar*+N2 to one determined before the geometry of the beams and the optical 

system were changed, showed good agreement in the full range of collision 

energies. 

3. OPTICAL SYSTEM. 

3.1 Overview. 

As mentioned already in section 2, the optical system of the experimental 

setup was redesigned to enhance .the fluorescence signal and accomodate the 

interference filters used. The rules by which the system was designed are quite 

general in nature, and will be described in a separate paper [37]. A drawing of 

the complete detection system is shown in fig. 3. It employs three fused silica 

lenses, chosen to provide a mapping of the scattering center on the entrance slit 

of an (optional) 0.25 m Ebert monochromator (not shown in fig. 3) that makes 

the detection efficiency insensitive to the spatial· distribution of fluorescence 

emitted from the scattering region. Between the lenses and the monochromator 

two rotatable filter disks are placed, each with five positions for up to 2 filters 

per position [36]. The photons are detected by an EMI 9635 QB 

photomultiplier. Pulses are fed into a computer that also controls the 

wavelength drive of the monochromator and the drives of the rotatable filter 

disks. 

The solid angle acceptance of the system versus position in the scattering 

center was determined by numerical ray tracing simulations [38]. The variation 

of the solid angle efficiency '17n over the scattering center is only 33 when 

interference filters are used to disperse the fluorescence, and 18 3 for a 

monochromator with 15 nm wavelength resolution. This shows that the 

scattering center is spatially fully accepted by the detection system. At a 

wavelength of 335 nm, the total detection efficiency, besides solid angle 

acceptance also incorporating the transmission '17t = 0.41 of the lenses and the 

quantum efficiency '17qe = 0.28 of the photomultiplier, has a calculated value of 
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Figure 3: Schematic view of the optical system of the experimental setup 
described in section 2. 1) secondary beam axis 2) wedgershaped skimmer 
(maintained at 300 K'J with fesed silica observation window 3) 20 K cryo 
ezpansion chamber 4) large diameter ( 50-15 mm) fesed silica lenses 5) length 
adjustments 6) walls of main vacuum chamber 7) two-disk rotatable filter holder 
(described in Ref. [30]) 8) stepper motors rotating the filter disks 9) 
photomultiplier. 
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'1/opt = '1/t'T/qe'T/o = 3.6 10-3 without and '1/opt = 1.2 10-4 with monochromator, 

which both compare well with the value '1/opt = 10·3 for a dedicated setup 

reported by Manders et al. [36] employing a parabolic mirror with a smaller 

scattering center of 1 mm.3 and narrow-band interference filters with 70 3 
transmission efficiency. 

3.2 Filter Calibration. 

As explained in section 2, bandpass interference filters are used to separate 

the second positive system of N 2 into the several sequences characterized by a 

constant value of '1v= v'-v11
• From the intensities obtained in this way, the 

cross sections for exciting individual vibrational levels of N 2(C) can be 

calculated. Accurate data on the transmission of the interference filters as well 

as good separation of the /1 v-sequences are required for this method to work. 

Therefore, it was necessary to assess these two properties. 

First, in a different apparatus [35] as that described in section 2, offering a 

larger countrate, we measured the wavelength dependence of the filters• 

transmission by taking spectra of the decay of N 2' C) following the process 

Ar•+N2(X) with and without :filters in the light path. We used this process for 

a light source because of the convenience that a setup was readily available, but 

also because of the ease this offers in identifying the various /1v-sequences and 

desired cut-off wavelengths. The transmission curves obtained in this way, 

shown in fig. 4, show that adequate separation is indeed provided by the filters 

for '1v=O, 1 and 2. That of the /1v;:.; 3 filter proved not adequate, however (see 

section 4.1). Also, the different transitions within one '1v-sequence are all 

transmitted with fairly equal efficiency. 

The wavelength dependence of the transmission of an interference filter 

shifts with the angle . of incidence of a light ray, analogous to that of a 

Fabry-Perot. It was therefore necessary to further calibrate them in exactly the 

same apparatus as used for the cross section measurements. The blocking of 

light from outside the selected /1 v-sequence was checked by comparing the 

countrates for two filters stacked on top of each other to that with only one 

filter. The results shown in table 3 indicate satisfactory blocking in all cases, 

with the possible exception of the /1v = 3 filter against fluorescence from 

/1v = 2. Then, a monochromator was fitted onto the optical system and its 

central wavelength and resolution were set to match those of each filter in turn. 

Now, by comparing the countrates with and without filter in the light path, the 
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Figure 4: Experimental transmission profiles of the custom-made, bandpass 

intecl'erence filters used to separate emission from different t:.. v sequences 

(upper part). These were determined by measuring the spectrum of the second 

positive system of N2 (lower part) excited in collisions of N2(X) with Ar*, with 

and without filters in the light path. The solid curves give the transmission 

profiles determined by the manufacturer. 

Table 3: Experimentally determined transmission of the interference filters used 

to separate emission from different t:.. v sequences of the second positive system 

of N2, and blocking against emission from other sequences. The blocking 

efficiency is defined as the ratio of the countrate with a single filter to that with 

two :filters in the light path, corrected for the transmission of the added filter. 

rans mission BlockinK efficiency 
(3) t:..v=-1 Av= 0 v= 1 Av= 2 Av= 3 

0 28.3t2j 160 400 1300 2600 
1 29.4 3 4000 100 36 430 
2 17(3) 400 57 6.5(8) 14 
3 13 al 40 30 10 2(1) 

a) Determined from the transmission curve in fig. 4 

38 



effective transmission for all filters was determined. These values, also given in 

table 3, are slightly smaller than found from the transmission curves in fig. 4, 

showing the influence of the distribution of incident angles in the light beam. 

These transmissions were also determined from the signal arising from the 

process Kr*+N2, which gave identical results. This shows that the rotational 

distribution of N2(C), which is probably very different for the processes with 

Ar* and Kr*, does not play a role in the cross section measurements. 

4. SYSTEM Ar* + N 2• 

4.1 Experimental results. 

Figure 5 shows the cross sections Qllv for the sequences 6 v= 0,1 and 2 

along with the total cross section obtained from the experimental signals. Due 

to the broad range of collision energies covered, 0.08 < E [eV] < 3, the 
information about the kinetic energy dependence of the cross sections is almost 

complete. The most striking observation is that th.e general behaviour as a 

function of collision energy is the same for all sequences 6v = 0 to 2 as well as 

for the total cross section. For each sequence we observe a steep rise from an 

extrapolated threshold of E = 63 meV, a maximum near E = 200 meV and 

then a descent up to the highest collision energy covered. This likeness is even 

more obvious from fig. 6, where we plotted the ratio's of the Qllv to the total 

cross section. Since in all cases, the most prominent contribution to Qllv is from 
the vibrational level v'=6 v (see section 2.3 ), the likeness of behaviour in figs. 5 

and 6 shows that the cross sections QV• all behave the same as well. 

In fig. 5, at higher energies E > 0.2 eV the cross section for 6v=2 starts to 

deviate from the general behaviour encountered for the other sequences. This is 

caused by an increasfo.g contribution of fluorescence originating from v'=3, 

since this is the only vibrational level that is endothermic with respect to 

Ar*( 3P 2), with 6E = 0.186 meV. If the cross section for v'=3 is smaller by 

about a factor of 3 compared to v'=2, and taking into account the branching 

ratio's 0.176 and 0.326 for v'=2 and 3 to v"=O and 1, respectively [34], at 

energies above threshold for excitation to v'=3, about 353 of the fluorescence 

in the 6v=2 sequence is due to v'=3. In principle, the cross section for v'=3 

can be determined directly from QAv for 6v=3 because higher levels are not 

observed [4,10-12] and thus cannot contribute to this sequence. It proved 

impossible however to obtain a curve for Qllv=3 in this way that would be 
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Figure 5: Experimental cross sections Qav for the sequences !:::.. v = 0 to 2, a.nd 
total cross section Qtot versus collision energy for excitation of N :i(C) in 
collisions of Ar• with N2(X) (not corrected for the transmission of the 
respective interference filters). Note the broad range of collision energies and 
the similar behaviour of the different data sets. At collision energies 

E > 0.2 eV, the cross section for 6.v = 2 decreases more slowly than the others, 
due to increasing excitation of N2(C,v'=3) by Ar*(3P 2). 
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Figure 6: Ratio of the cross sections QAv to the total cross section Qtot for 

Ar*+ N 2(X) as a. function of collision energy for fl v = 0 to 2, illustrating their 

similar behaviour. Also note the rise of QAv/Qtot for flv = 2 at collision 

energies E > 0.2 eV due to increasing excitation of N2(C,v'=3) by Ar*(3P2). 
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Figure 7: Absolute cross section for excitation of vibrational level v'=3 of 

N2(C) in collisions of N2(X) with Ar*( 3P 2), computed by subtracting QAv for 

fl v = 0 from that for Av = 2 after scaling to the thermal energy range 

E < 0.2 eV. A threshold appears at a collision energy of E ~ 0.20 eV, 

corresponding to the endothermicity AE(3P 2) of the process for Ar*(SP 2). 
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consistent with the other data, probably due to emission from Llv=2 leaking 

through the Llv=3 filter. To correct for this missing datum in the set (1), we 

subtract from Qe.v=2 a cross section with the general shape observed in fig. 5, 

after scaling to the thermal energy range where v'=3 is not accessible to 

Ar•( 3P 2). The remaining cross section now shows a threshold near E = 0.2eV as 

expected for v'=3. This cross section is shown fig. 7, where Qe.v=o was 

substracted after scaling because this is virtually only v'=O. We therefore 

assign the cross section obtained by this procedure to excitation of v'=3 by 

Ar•(3P2), and take this as an additional datum when solving the set of 

equations (1) for the individual cross sections Qv•. The addition of this 

equation influences Qv,•2 only in the superthermal energy range by at most 

35 3 and has a minor effect on the cross sections for v'=O and 1. 

The result is shown in fig. 8, while fig. 9 shows the calculated branching to 

the various vibrational levels as a function of the collision energy. The general 

conclusions based on figs. 5 and 6, remain untouched by the indirect procedure 

of obtaining qv••3. For the vibrational levels v' = O to 2, the cross section 

behaves almost identically. No serious changes in the vibrational distribution 

are observed over the full energy range. Vibrational level v'=O is always the 

strongest populated with about 803 of the products going into this channel, 

and the cross sections always decrease rapidly with increasing v'. This shows 

that the excitation mechanism is largely independent of the final vibrational 

level. Instead, the probability of formation of N2(C) is completely determined 

by the electronic transition probability induced by the collision. 

The absolute value of our cross section can be compared to very recent 

values for the rate constants a.t 300 K bulk temperature determined by Sadeghi 

et al. [11]. We calculated a. rate constant k from our total cross section by 

extrapolating it to threshold linearly as a function of the relative velocity g and 

subsequent numerical averaging over a 300 K bulk distribution f(g) according 

to 

00 

k = J g Q(g) f(g) dg. (3) 

0 

The value we obtain, k = 3.2 10·11 m3s·1, is identical to that of Sadeghi et al. 

[11] when their values for the two metastable states 3p 0 and 3p2 are weighed 

according to a supposed beam fraction of 1/6 for Ar•(3P0). This agreement is 

42 



0.1 0.5 

collision energy E teVl 

Figure 8: Absolute cross sections qvi for excitation of N 2( C) to individual 

vibrational levels v'=O to 2 in collisions of Ar• with N 2(X), along with the total 
cross section. The solid curves represent model cross sections for the 

intermediate state model described in section 4.3, with the parameters given in 
tables 5 and 6. 
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Figure 9: Experimental vibrational distribution of N2(C) excited by Ar•(3P 0, 2) 

as a. function of collision energy. Little change is found over the full energy 
range. The distribution always decreases strongly with increasing vibrational 
quantum number. About 80 3 of the excited molecules a.re produced in 
vibrational level v' = 0 at any collision energy. 
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fortuitous to some degree, because the values we use for the detection 

efficiencies for metastable atoms and photons may not be fully correct. Also, 

our averaging procedure cannot include the effect of a 300 K rotational 

distribution, which may be important in promoting the reaction [10]. It must 

also be noted that in calculating the rate constant an important part of the 

cross section for E < SO meV was extrapolated (fig. 10). 
The general shape of the total cross section does not agree with beam data 

reported by Martin and coworkers [9,10] (fig. 10). Also, Parr and Martin [9] as 

well as Winicur and Fraites [Sa] found that the threshold to excitation of N2(C) 

is at most S meV, while a Landau-Zener model based on our data and discussed 

in section 4.3 extrapolates to a threshold of 63 meV. The disagreement in 

threshold value with the cross section reported by Parr and Martin can not be 

removed by taking into account the velocity spread of the SOK effusive 

secondary beam in their experiment. Although obviously a smaller threshold 

would be observed in this case, numerical averaging of our total cross section 

according to such a distribution shows that the threshold shifts by at most 

10 meV. On the other hand, data by Sanders et al. [24], though not as complete 

in :he low energy range as that of Martin and co-workers, suggest a threshold 

near 50 meV, consistent with our result. These differences may be caused by 

the 3P 0: 3P 2 composition of the metastable atom beam, which is unknown for 

these four beam experiments, through different cross sections for the two 

metastable states. These states are 175 meV apart, which is much larger than 

the difference between the observed thresholds. In a previous study of the 

excitation transfer process Kr*+N2, Van Gerwen et al. showed that the 3P0:3P 2 

beam composition was indeed the source of conflicting data for that system 
[5,15]. Another possibility is that the differences are due to an influence of the 

initial rotational distribution of N2(X) on the threshold to excitation. Tyndall 

et al. [10] have argued, based on their experimental results on the product 

alignment of N 2( C), that the initial rotation of the molecule is important in 

promoting the reaction at low collision energy by facilitating a change in 

geometry of the complex during the collision. The rotational temperature of 

N2{X) in our experiment, estimated at Trot= 10 K [33], is probably 

comparable to that of Sanders et al. [24] who also used a supersonic secondary 

beam, but much lower than in the experiments of Parr and Martin (9} and of 

Winicur and Fraites [Sa], Trot= SOK and 300 K, respectively. On the other 

hand, using a supersonic secondary beam, Cutshall and Muschlitz {17] observed 

fluorescence from N2(C) already at a collision energy of 50 meV. An 
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Figure 10: Comparison of the total cross section for excitation of Nz(C) in 

collisions with Ar•(3P) determined in this work (solid curve; dash-dot curve is 

extrapolation to observed threshold) with that of Parr and Martin [9) (dashed 

curve). The dotted curve gives the cross section determined by Tabayashi and 

Shobatake [25) in the high energy range. 
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explanation involving the rotational temperature would also call for rather 

tentative arguments. Presently, both possibilities are under investigation 

through state selection of the metastable atom beam and by varying the 

rotational temperature of the secondary beam. We are convinced, however, that 

the problem is not due to the method of data collection or data analysis; these 

were adequately tested. The method, at least, is standard practice in the 

laboratory and has proven to provide good agreement with available data from 

other laboratories, e.g. for the systems He*,Ne*+Ar [7]. 

In a bulk experiment, Nguyen and Sadeghi [12] observed excitation of 

N 2( C) already at a temperature of 90K. A temperature of 90K corresponds to 

an average collision energy of 12 meV, which is also below the apparent 

threshold of this work. Since they state-selected the Ar* atoms, an unknown 

ap 0: ap 2 composition does not explain this observation. However, this average 

energy is also smaller than the endothermicity 6.E =29 meV for excitation of 

v'=3 by Ar*( 3P 0), while v'=3 was found to be populated as strongly as v'=O for 

collisions with Ar*( 3P 0) in their experiment. This shows that, to an unknown 

degree, the 90K spectrum is initiated by collisions at energies far above the 

average of the bulk distribution. Since rate constants were not reported for the 

90K experiment, no quantitative comparison with our cross sections can be 

made. 

In the range 0.5 < E [eV] < 2.5, our total cross section is comparable to 

that reported by Tabayshi and Shobatake [25] (fig. 10). In the present result 

some additional structure is observed, which has already been discussed by Van 

Vliembergen et al. [4]. 

In table 4 we compare vibrational distributions determined from our cross 

sections to those reported by other authors. The agreement of our data with 

previous beam-gas and beam-beam data from our laboratory by Van 

Vliembergen et al. [4] is quite good, both for thermal and superthermal collision 

energies. For the beam-gas experiment, Van Vliembergen et al. used a very 

different experimental setup and method of analysis involving spectral 

simulations. The gradual rise in the ratio qv•=l/Qv•=O with collision energy 

observed in their beam-beam data is not confirmed by the present results. The 

vibrational distributions obtained in bulk experiments also agree quite well, 

notably also the recent values determined by Sadeghi et al. [11]. The average 

value of the population of v'=l determined by Cutshall and Muschlitz [17] in 

the thermal energy range is somewhat larger, possibly due to a contribution of 

v'=2 to the population of v'=l. The high-energy results of Tabayashi and 
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Table 4: Comparison of experimental vibrational distributions of N2(C,v,), 

excited in collisions of N 2(X) with Ar•, as reported by various authors. 

Authors Collision Vibrational. level v' 
Ener'y 
(eV 0 1 2 

This work 0.082 100 17 5.3 
0.20 100 19 5.3 
1.0 100 18 5.3 

Van Vliembergen b 0.065 100 16 3.0 
et al. [4] c 0.1 100 18 

c 1.0 100 22 

Tabayashi and 1.2 100 28 8 
Shobatake [25] 

Nguyen and 0.040 d 100 24 8.7 
Sadeghi [12] 0.012 e 100· 20 6.0 

Sadeghi et al. f 0.040 d 100 37 28 
[11] g 0.040 d 100 20.7 3.4 

h 0.040 d 100 21.5 4.6 

Krenos and 0.040 d 100 26 4.3 
Bel Bruno [15] 

Cutshall and i 100 29 
Muschlitz [17] 

Gislason et al. j 100 29 5.5 
[29] 

a) Value for Ar•(3P 2) at.collision energies E > 0.3eV. 

Beam-gas experiment. 

Beam-beam experiment. 

Average collision energy for a bulk temperature of 300 K. 

Average collision energy for a bulk temperature of 90 K. 

Values for excitation by Ar•(3P 0) only. 

Values for excitation by Ar•'(3P2) only. 

3 

2 a 

0.3 

0.9 
1.8 

21 
-

1.0 

<0.8 

1.1 

b) 
c) 
d) 
e) 
f) 
g) 
h) 
i) 
j) 

Averaged values for a supposed composition Ar*( 3P 0):Ar•(3P2)=1:5. 

Average value for 0.05 < E [eV] < 0.4. 

Values calculated with the bondstretching model. 
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Shobatake [25] give populations for v'=l and 2 that agree within 35 % with 

ours. Thus, most of the experimental data agree rather well in trend with 

vibrational level and collision energy. In view of the insensitivity to collision 

energy of the vibrational distribution as found above, the general agreement 
among the different results is not surprising. 

4.2. Excitation mechanism. 

For ionizing collisions, which occur mostly with He* and Ne*, theoretical 

considerations [39,40] suggest that for pure triplet states the dominant 
ionization mechanism involves the exchange of an electron between the excited 

rare gas atom and the target. Here, an electron of the target penetrates into the 

empty core orbital of the rare gas atom, which subsequently releases its now 

unbound outer electron. Similar mechanisms have been proposed for the 

interaction in non-ionizing collisions [2,4,5,10,12,14,23,28,41-47], including 

collisions of the heavier metastable rare gases with molecular targets. For these 

systems in general two electrons are exchanged. This suggests either the 

occurrence of a direct curve crossing between the initial and final states 

corresponding to simultaneous exchange, or a connecting ionic intermediate 

state. An intermediate state would seem most appropriate when the products 

are formed with a large endo- or exothermicity, because in such a case a direct 

curve crossing will be high up on the repulsive branches of the potentials. 

A direct coupling of initial and final states favours as exit channels 

vibronic levels slightly endothermic with respect to the initial kinetic energy 

because the orbital overlap required to fill the core hole of the rare gas atom 

exists only near the repulsive branches of the potentials. This is illustrated by 

the fact that large contributions to Penning ionization arise mainly from these 

small distances, due to the dependence of the autoionization width on the 

internuclear separation. Ab-initio calculations of the ionization widths for 

Ne*[(2p) 53s]-Ar and Ne**[(2p) 53p]-Ar by Driessen et al. [40] show that in 

essence the ionization widths a.re given by the overlap of the empty core-orbital 

of the metastable atoms with the orbital of the molecule involved. As 

mentioned already in .the introduction, for Ar*,Kr*,Xe*+CO(X) and 

Xe*+N 2(X) at thermal energies this strong selectivity for endothermic channels 

is clearly observed [1,19:-23]. For the final states N2(B,v'=5) and CO(a',v'=6,7) 

of the processes Xe*( 3P 2)+N2(X) and Xe*( 3P 2)+CO(X), respectively, Ottinger 

et al. [1] explicitly demonstrated that the selectivity is due to a direct curve 
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crossing. For these processes, exothermic levels are also excited, but only as 

minor channels. Also, with increasing collision energy the excitation tends to 

shift to the next endothermic level, as observed, e.g. for Xe*+CO(X) [1]. 

The excitation of N2(C) by Ar* is an obvious exception to this picture. For 

N2(C), resonant excitation is found only for the vibrational level v'=3 and 

initial .state Ar*( 3P 0) [11,13] and is by far not as pronounced as for excitation of 

N2(B,v'=5) by Xe*( 3P 2). For Ar*( 3P 2) resonant excitation of N2(C) is not 

observed [10,11,13]. Instead, here the most important exit channel at any 

collision energy, N2(C,v'=0), is also the most exothermic, and no shift toward 

higher vibrational levels occurs as we have shown in the preceding subsection. 

As resonant excitation is a mark of direct coupling, these differences strongly 

indicate an excitation mechanism involving an intermediate state. This state 
must have an attractive, i.e. io:Iric nature, to explain the excitation of 

exothermic product levels. Moreover, for Ar*+N2 the orbital overlap 
requirements that result from two separate electron exchanges can explain the 

preference of the excited electron of N2(C) to reside in an orbital perpendicular 

to the product rotational angular momentum of N2, as found and discussed by 

Derouard et al. [10,13] and by Setser et al. [10,14]. Also, this explains the 

residual alignment of N 2( C) in the limit of low collision energy as discussed by 

Tyndall et al. [10]. Gislason et al. [29] further used an intermediate state, in 
which the bondlength of N 2 was stretched towards that of N 2-, to explain the 

vibrational distribution n(v') of N2(C,v') as well as an oscillatory structure in 

n(v'=l)/n(v'=O) observed by Cutshall and Muschlitz [17]. 

Such ionic inte7mediate states are generally invoked to explain the 

interactions of excited alkali atoms with N2 [42-47]. For the quenching of 

Na*((3p) 3P) by N2(X,v=0), leading to vibrational but not electronic excitation 

of N2, an intermediate state Na+(1S)+N2"(X2Ilg) was originally suggested [42]. 

This idea was later modified when ab-initio calculations [48] showed that the 

proximity of the Na* atom caused an increase of the N-N bond length. The 

increase in bond length lowers the energy of the system so that a curve crossing 

with the product states occurs. However, the stretching of the bond and 

lowering of the energy can be traced to a partial shift of the excited Na(3p) 

electron towards the N2 molecule [46,48], due to the admixing of the Na++N2" 

ionic state. Thus, an intermediate charge-transfer state is to some degree a 

realistic idea for this system. Furthermore, for target molecules with stable 

negative ions, ion pair formation has been observed at sufficiently high collision 

energies [49]. 
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For the quenching of the heavier rare gases by N 2, there is even more basis 

for influence of charge-tranfer states than for the alkali collisions because here 

both the excited atom and the N 2 change their electron configurations. A 

number of ionic potentials crosses both the initial and final states of the heavy 

rare ga.s-N2 systems. These correspond either to R+[(np)5,2P]+N2" or 

Ri(np)6((n+l)s)2P]+N2+. For N2, short-lived negative ion states are known to 

exist from electron scattering [34,50]. The lowest of these is 1.89 eV a.hove 

N 2(X, v=O) [50] and shows a. definite vibrational structure, indicating a. lifetime 

a.t lea.st equal to a vibrational period. The positions of the R·+N2+ potentials 

a.re not known accurately, due to lack of information a.bout the electron affinity 

of the metastable rare gas atoms. Stedman and Setser [28] mention a. value of 

a.bout -0.5 eV for the electron affinity of the ground state, as suggested by an 

extra.pola.ted value [51] for He[(ls)2]. This would indicate a. very large value for 

the electron affinity of the metastable states, slightly lower than their 

excitation energy. Though hardly realistic, this may serve as an upper limit. A 

graphical representation of estimates of these potentials is shown in fig. 11 for 

Ar*+N2• Only the Coulomb attraction is included for the ionic states, while, 

following the suggestion of Van Vliembergen et al. [4] the covalent states are 

represented by the meta.stable rare gas--ra.re ga.s IAMMSV potential of Gregor 

and Siska. [39] for Ne*+Ar. The asymptotic positions of all states involved in 

excitation transfer between the heavy ra.re gases and N 2(X) a.re indicated in fig. 

12. 

These potentials corroborate with an excitation mechanism proceeding 

through some intermediate state, but so fa.r its nature has not been fixed. 

However, the electron configurations of N 2 suggest that the state most likely 

involved is N 2 "(X21Ig) if no rea.rra.ngement of the configuration of the 

intermediate N 2 ion occurs. Then, if the outer s-electron of the ra.re gas atom is 

added to N2(X1Eg •) in the lowest unoccupied orbital, the lrg orbital in 

molecllla.r orbital terms [34], the lowest state X21Ig of N2 • is obtained. 

Subsequent removal of the inner 2uu electron to the core-hole of the ra.re gas 
ion leaves the molecule directly in the C3Ilu state. If, on the other hand, first 

the 2uu electron is removed and later on the 111'g electron added, the 

intermediate ion is N2•(B2Eu•), which is at lea.st 1.6 eV above Ar•+N2• and 

thus crosses the initial state at much smaller intermolecular distances. An 

intermediate state involving the lowest positive ion state X2l:g+ of N2, takes 

N2(X) only into the N2(B3IIg) state without rearrangement of the electron 

configuration. Thus, the natural precursor of N2(C) is N2"(X). Moreover, to the 
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best of our knowledge the ground states of the negative rare gas ions have never 

been observed, and thus may not have meaning as to binding an electron, even 

for very short times. Also, the formation of an R++N2·, as opposed to an 

R·+N 2 + intermediate provides an attractive potential curve through which the 

particles can reach the small internuclear distances required for sufficient 

orbital overlap for the transfer to the core hole, even at low collision energies. 

Thus, we conclude that excitation of N2(C) by Ar* proceeds most likely 

through the intermediate state Ar+(2P)+N2"(X). It must be noted that this 

intermediate also provides a path to N 2(B) by transfer of a 3ug electron from 

N2• to the rare gas ion [34]. However, surprisingly this state is not excited by 

Ar* [52]. For excitation of N2(B) by Xe*, the dominant excitation mechanism is 

resonant energy transfer [1,21,22] to vibrational level v'=5 (fig. 12), while for 

Kr* experimental information is not yet complete. Here the exothermic levels 

v' = 5 to 12 are clearly excited [21,26], but the ratio of the total rate constant 

for excitation of these levels to the quenching rate constant suggests that other, 

equally important 11dark" channels are excited [52]. T.hese may well be the 

resonant levels v' = 14 and 15 (fig. 12) of N2(B) which are known to 

predissociate [53]. Also, the results may be influenced by intrasystem cascade 

via the long-lived [34] N2(W3Ll) state. 

4.3. Model Analysis. 

In view of section 4.2, it is worthwhile to compare our data to simple 

model cross sections for single and double curve crossing problems. To this end 

we characterize each curve crossing with three parameters, the intermolecular 

distance Rx at which they occur, the energy Ex of the crossing point with 

respect to the initial asymptotic energy, and a reference velocity Vx [54]. This 

characteristic velocity determines the probability p to traverse a crossing 

diabatically through the Landau-Zener formula 

(4) 

with Vrad the radial velocity at the crossing point, 

(5) 
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Here, b is the impact parameter, E the initial collision energy and µ the 

reduced mass of the collision system. The reference velocity is related to the 

difference in slopes AF x of the intersecting diabatic potential curves and the 

diabatic coupling matrix element Hx as [54] 

2 11' I Hx I 2 

Vx = Ti. I AF x I (6) 

For the girect £Oupling model, we have the well known formula for the 

excitation probability at a fixed impact parameter, 

Pdc(b) = 2p (1-p) (7) 

while for the intermediate §.tate model 

(8) 

In this equation the superscripts i and f refer to the crossing of the intermediate 

state with the initial and final states, respectively. The main term 

2(1-pi)pf(l-pf) is the probability of an adiabatic passage at the initial state 

crossing, followed by one diabatic and one adiabatic passage at the final state 

curve crossing. The expansion in e corrects for the flux that stays on the ionic 

curve for an increasing number of passages, 

e= pi [1- pf (1-pf)] < 1. (9) 

This flux is reflected back and forth through the curve crossing grid because the 

ion-pair channel is closed asymptotically. 

For each model, the cross section for excitation of N 2( C) is calculated by 

integration of eqs. (7) and (8) over the impact parameter, 

bmax 

Q = J P(b) 21rb db, (10) 

where b is limited to a value bmax for which the curve crossings can be reached, 
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(11) 

For the single curve crossing model, this leads to an expression in closed form, 

(12) 

with vho the velocity for head-on collisions, 

(13) 

and P eff given by 

Peff(x) = 2e"X(l-x)- 2e·2x(l-2x) + 2x2[ ~(x) - 4 ~(2x)]. 

(14) 

In eq. (14), ~is the first exponential integral function [55]. 

With these ingredients the electronic excitation is described. The 

dependence on the vibrational levels may be disregarded for now because the 

experimental data show that vibrational excitation does not influence the 

electronic process. The parameters for the curve crossings were determined by 

least squares adjustment of the two different model cross sections to the 

experimental total cross section. The resulting curves are shown in fig. 13 while 

the parameters are listed in table 5. From the figure, but even more from the 

table, it follows that a direct coupling does not describe the experimental cross 

section properly, because it fails to describe its sharp change in slope near the 

maximum. This failure is most pronounced when we look at the numerical 

values obtained for the crossing radius, Rx= 25 A, and reference velocity, 

Vx = 4 m/s. The unrealistic value of Rx can be somewhat reduced by changing 

the scaling of the experimental cross section. However, for values Rx< 3 A the 

cross section must be lowered by a rather unlikely factor of 65. The reason that 

Rx comes out so large is that Vx has to be very small to describe the rapid 

change from increase to decrease of the experimental cross section with collision 

energy. 

The behaviour with collision energy is much better described by the 

intermediate state model as shown in fig. 13. Here, the rapid rise of the cross 

55 



zo 

"' o< 
.... 
.2 10 d 
c 
0 
:;:: .... 
QI 

"' 
"' "' 0 
'-.... 

collision energy E !eVI 

Figure 13: Comparison of the experimental total cross section for excitation of 

N2{C) by Ar•(3P 0, 2) to model results obtained by lea.st squares adjustment of 

the curve crossing parameters of the direct coupling and the intermediate state 

models. The parameters a.re listed in table 5. Only the intermediate state model 

describes the rapid change in slope of the cross section near the maximum. 

Table 5: Values for the crossing radius Rx, energy Ex and reference velocity Vx 

obtained by least-squares adjustment of the direct coupling and intermediate 

state models to the experimental total cross section for Ar*+N2• The resulting 

model cross sections are shown in fig. 13. Also given are the slope difference AF 

and corresponding values calculated from the semi-empirical potential curves 

shown in fig. 11 and described in the t~t. 

Model 
CA> 

Ex v AF 
(meV) (mls) (ev/A) 

Direct coupling 29(10) 79(10) 4(4) 

Intermediate state 
initial 4.6~0.3~ 63~16 l.5t0.9l 
final 2.5 0.6 -260 2 ) 1.0 0.4 

Potential curves 
initial 2.45 224 3.15 
final 2.30 -154 4.19 
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section at low collision energy is due to the increase of the maximum impact 

parameter bmax for which the initial state curve crossing can be reached. At the 

maximum of the cross section, this increase of bmax suddenly stops: trajectories 

with larger impact parameters can no longer reach the second erossing, which 
has a smaller radius than the first. Thus, at low collision energies, the cross 
section is determined by the threshold behaviour of the first curve crossing. At 
higher energies it decreases because the transition probability of the second 
curve crossing diminishes while the impact parameter range is fixed. This 
causes the rapid change in slope that is found in the experimental cross section. 

Thus the intermediate state model qualitatively explains the collision 
energy dependence of the total cross section. Taking into account the simplicity 

of the model, the parameters listed in table 5 have reasonable values. The 
radial position of the final state curve crossing compares well with the 
intersection of the semi-empirical curves of fig. 11 (table 5). The energetic 

positions of the two crossings are 100 meV lower than the values obtained from 
the potential curves, which can perhaps be explained by the omission of 

ion-induced dipole and dispersion terms for the ionic curve. The coupling 

matrix element Hi= (70±30) meV of the final curve crossing, which can be 

estimated from the reference velocity with the help ofeq. (6) and the slopes of 

the estimated potential curves, is rather small compared to the value 

Hx = 340 meV calculated for Rx= 2.5 A with the Olson-Smith-Bauer 
empirical correlation rule [56]. For the initial state curve crossing this 

correlation rule can not be applied because the electron affinity of the N 2(X) 
molecule is negative [34,50]. The combination of a threshold of 63 meV with a 

curve crossing radius of 4.6 A, as found for the final state, is not realistic, 

however. Again, this value for Rican be reduced by changing the scaling of the 
experimental cross section. Multiplying the experimental data by a factor of 

0.43 leads to the value Ri = 3 A. From the previous discussion it is clear, that 
the radius of the final state crossing must be reduced by the same factor to 

obtain a maximum cross section at the correct collision energy. This radius 

then becomes Ri = 1.7 A, which is now unreasonably small. Thus, compared to 
a direct coupling, the intermediate state model decribes the collision energy 
dependence better both qualitatively. and quantitatively, but it is not fully 

quantitative either. 
So far, the dependence of the cross secti.on on the final vibrational level is 

not incorporated. Taking into account the similarity of the cross sections Qv•, 
only one extra parameter must be included in the intermediate state model, a 
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constant that multiplies the overall electronic transition probability. This 

parameter was a.gain determined by lea.st;quares adjustment of the model 

result to the experimental cross sections for the individual vibrational levels, 

but with all curve crossing para.meters fixed to the values obtained for the total 

cross section. As illustrated in fig. 8, this suffices to describe the experimental 

data. for all vibrational levels. This is understood if the probability of electron 

exchange during the collision is largely independent of the vibra.tiona.l state of 

the N 2 molecule, a.nd the branching to the vibrational levels is due to overlap of 
the vibrational wavefunctions before and after the exchange. In tha.t ca.se, the 

multiplication factors can be interpreted a.s effective Franck-Condon factors for 

the initial to final state transition, distorted by the intermediate state. That 

this is a fruitful interpretation ha.s already been shown by Gislason et al. [29] 

a.nd by Cutshall and Muschlitz [17]. 
In fa.ct, the analysis by Gislason et al. allows us to interpret the effective 

Franck-Condon factors as due to the vibrational overlap of the intermediate N 2 

molecule with the product N 2( C) of the collision. They assumed that a small 
increase tu = 8 mA of the N-N bond occurred on the approach of the Ar* 

atom. This shift is so small tha.t hardly any vibrational excitation occurs, as 

ca.n be determined from the Franck-Condon factors for such a transition [57]. 

However, since the bond lengths of N2(X) and N2(C) differ by a larger amount, 

the Franck-Condon factors for the transition to the C-i!tate are more strongly 

influenced and change the product vibrational distribution. In essence, 

therefore, this model for Ar*+N 2 introduces an adiabatic transition to an 

intermediate state, and a subsequent non-adiabatic transition to the final state 

which determines the vibrational distribution. The result agrees much better 

with experiment than a distribution calculated from undistorted 

Franck-Condon factor for the X-+C transition [10,11,29] (table 4). The 

dynamical aspect of the model a.s presented by Gislason et al. to explain the 

energy dependence of the vibrational distribution of N2(C) is not realistic, 

however, because it assumes straight-line trajectories. For the 

impact-parameter range b < 3 A important for the excitation process, 

trajectories are influenced both by the strongly attractive and the repulsive 
pa.rt of the potentials. 

In the framework of the Landau-Zener theory, various approximations are 

possible to incorporate vibrational excitation [29,42,43,54,58], all in the spirit of 

the original Bauer-Fisher-Gilmore model. In this model, ea.ch of the vibrational 

levels is assigned its own potential curve by adding the vibrational energy to 
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the electronic potential energy, and the intersections of all cmves are treated as 

separate curve crossings. A grid of crossings now appears through which the 
probability flux diffuses before exiting on the elastic and inelastic channels. 

Obviously, such a formulation will not lead to agreement with our data for 

Ar*+N2• If we add the vibrational energy for vibrational level v'=2 to the 

electronic potential curve, the curve crossing with the final state will be about 

0.5 eY higher for v'=2 compared to v'=O, which has a pronounced effect on the 

behaviour of the cross section in the high energy range. In contrast, our analysis 

shows that the parameters of the final state curve crossing are independent of 
the product vibrational level. 

Table 6: Distorted Franck-Condon factors F v' determining the vibrational 
distribution of N2(C) in collisions with Ar•, for the intermediate state model. 
Further parameters are listed in table 5. The resulting curves are shown in 
fig. 8. 

Vibrational level Distorted F.-C. 
v' Factor Fv' 

0 0.801~2~ 
1 0.149 1 
2 0.042 (1) 
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5. SYSTEM Kr*+ N2(X). 

5.1 Experimental results. 

The same type of experiments was performed for Kr* as for Ar* in section 

4. In this case, the excitation to N2(C) is endothermic by 0.47 eV or more, 

depending on the initial state Kr*(3P 0) or Kr*( 3P2), and the final vibrational 

level. Thus, for excitation of N 2 to the C-state by Kr*, only the superthermal 

energy range is of interest. Total cross sections for this process have been 

reported by Tabayashi and Shobatake [25] and by Van Gerwen et al. [5]. At 

thermal energies, collisions of N2 with Kr* lead to formation of N2(B) [21,26]. 

We made no attempt to determine a cross section for this process. 

Figure 14 shows the total cross section and the cross sections for excitation 

of the individual vibrational levels v'=O through 2 of N2(C). For each curve, 
two thresholds are expected which correspond to excitation by Kr*(3P 0) and 

Kr*( 3P 2). As opposed to excitation by Ar*, the different contributions of the 
two states can be separated because of the large fine-structure splitting 
D.Ers = 0.648 eV of Kr*. For each final vibrational level, the thresholds are 

shifted due to the additional energy required for the vibrational excitation. The 

thresholds for Kr•(3P 0) are clearly obse~ed, while those for Kr*( 3P 2) show up 

as structure in the cross sections for v'=O and 1 and the total cross section. The 
absolute scaling of the cross sections in fig. 14 is determined by that of the 

Ar*+N 2 system and the ratio T/Kr* /TIJ.r* = 0.64 of the efficiencies of the 
metastable atom detector for Ar* and Kr* [30J. As this ratio may not be fully 

correct, this introduces an additional uncertainty. Apart from a scaling factor 

the total cross section agrees with that reported by Van Gerwen et al. [5]. 

In fig. 15 we plotted the vibrational distribution of N 2( C) as a function of 

collision energy. Of course, for Kr* this distribution does change when the 

collision energy crosses a threshold. But, as in the case of Ar*, this change is 

never dramatic in the sense that vibrational level v'=O is always dominant and 

the distribution always decreases with increasing v'. This is even true at 

E = 3 eV, which is above threshold for all vibrational levels observed. Thus, 

concerning the product vibrational dependence of the cross section, the 

excitation process is analogous for Kr* and Ar*. We can investigate this further 

by again applying the models used in section 4.3. 
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5.2 Model analysis. 

The endothermicity of the process reverses the asymptotic positions of the 

potential curves of the system compared to Ar*+N2• Estimates on the same 

basis as for Ar•, are now shown in fig. 16. The same excitation transfer 

mechanisms can be envisioned for Kr* as for Ar*. For the direct coupling 

model, a threshold higher than the endothermicity must be expected because if 

a curve crossing exists it will lie on the repulsive branch of the final state 

potential. No such shift is apparent, but since we have no information about its 
expected value this is not conclusive. For the intermediate state model, we note 

that now the final state curve crossing determines the behaviour at collision 

energies near threshold, while here the initial state curve crossing must be 

passed once diabatically and once adiabatically to reach the exit channel. Thus, 

the roles of the two connecting intersections are reversed when compared to 
Ar•. 

To account for the separate contributions for the two metastable state we 

write 

Qv•(E) = E Jc JQv•(E), (15) 
J•O 1 2 

with J=0,2 indicating the Kr•( 3PJ) state and Jc the corresponding beam 

fraction. Because of these two contributions and because we do not have the 

information about the collision energy dependence of the cross sections for Kr• 

as complete as for Ar•, the intermediate state model now has too many 

parameters compared to the number of experimental points. However, some of 

these parameters are not important to describe the post-threshold behaviour 

[5,25] observed in fig. 14 and can be left out of the model. Due to the large 

endothermicity, the initial state crossing is now always passed with a large 

relative velocity. Therefore, the positions of the initial state curve crossing with 

respect to energy and intermolecular distance, are no longer important, i.e. may 

be set to zero and infinity, respectively. Also, the final state curve crossing is 

passed adiabatically most of the time, because here the radial velocity has 

decreased strongly again due to the endothermicity. The position with respect 

to energy of the second curve crossing is further fixed by the asymptotic energy 

of the exit channels. This leads to a simple expression for the cross section 
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(16) 

' with J~,eff an effective crossing radius which combines the effect of the radius 

of the final state curve crossing Rx, the distorted Franck-Condon factors JF v' 

and the beam fraction Jc, through 

(17) 

The probability Jp for diabatic traversal of the initial crossing is simply 

Jp(E) =exp( .Jvx/[2E/µ]112 ), (18) 

with Vx the reference velocity of the initial state curve crossing. With these 

modifications, each experimental curve is represented by two parameters for 

the reference velocity of the initial state curve crossing and the effective radius 

of the second, for each of the two states 3P 0 and 3P 2• For the direct coupling 

model we have 

(19) 

where the effective crossing radius is again given by eq. (17). For energies not 

far from threshold this expression can be approximated by [55] 

, , 
Qv'(E) = J•~• 2 2Jp(l.Jp) 'll"(JR~•eff)2 2(1- JE~ /E)312(2JiE/v~)112, 

(20) 

with Jp again given by eq. (18). This expression is almost identical to the 

model function 

(21) 

used by Tabayashi and Shobatake [25] and by Van Gerwen et al. [5] to describe 

their total cross sections, if we set nJ = 1.5. From the effective crossing radii it 

is possible to obtain an estimate for the true crossing radius, 
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(22) 

because the sum of the distorted Franck-Condon factors must equal unity. 

Then, these factors are given by 

(23) 

The beam fractions Oc and 2c are not know accurately, but are probably close to 

their statistical values 0c = 1/6 and 2c = 5/6 as shown by Van Gerwen et al. 

[5]. 
The values of the parameters of both models resulting from a least squares 

adjustment of expressions (16) and (19) to the experimental data are listed in 

table 7. In both cases, the value of lvx was determined from the cross section 

for vibrational level v'=O, and held fixed for v'=l and 2. In this table we give 

the distorted Franck-Condon factors and true crossing radii rather than the , 
effective radii JR~,eff that were actually determined in the least-squares 

procedure. The solid curves in fig. 14 show the results for the intermediate state 

model. As was the case for Ar*, a good representation of our data is obtained. 

As opposed to Ar*, however, we find that for Kr* the experimental data are 

equally well described by the direct coupling model. The model parameters do 

not differ strongly either (table 7). Both models lead to a (final state) curve 

crossing radius 2Rx = 3.6 A for Kr*(3P 2). This value is rather large compared 

to the prediction Rx = 3 A of the semi-empirical potential curves of fig. 16. On 

the other hand, it is smaller . than the values of Rx = 3.9 A and 4.5 A 
determined by Ottinger et al. [1] for the ·curve crossing between 

Xe*( 3P 2)+N2(X,v=O) and Xe+N2(B,v'=5) in the perpendicular and collinear 

configurations, respectively. Both models predict a larger crossing radius for 

Kr*(3P 0) compared to Kr*( 3P 2). In the framework of the direct coupling model, 

a larger crossing radius for Kr•( 3P 0) is explained by the smaller endothermicity 

of the excitation transfer process for Kr"( 3P 0). It is not due to a beam fraction 
0c < 1/6 because this lowers the cross section for Kr*( 3P 0) and would thus 

require an even larger ratio ORxf2Rx· Interestingly, both models lead to a larger 
(initial state) reference velocity 2vx::: 3 Ovx for Kr*( 3P2), which is consistent 
with a curve crossing at a smaller internuclear distance for this state. The 
distorted Franck-Condon factors are identical for the two models and 

comparable to those determined for Ar*+N2 (table 6). 
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As indicated by the similarity of the model results, it is impossible to 

discern between the two models from our experimental data. This is due to the 

limited information present in the experimental cross sections, both because the 

collision energy is never far from threshold and because the contributions for 

Kr*( 3P 0) and Kr*( 3P 2) overlap. 

6. SYSTEM Xe" + N 2• 

The experimental result for Xe*+N2 is shown in fig. 17. At collision 

energies below threshold for excitation of N 2(C,v'=0), 6.E= 1.57 eV and 

2.70 eV for Xe*(3P0) and Xe•(3P 2), respectively, the cross section reflects 

excitation to N2{B). This process has been extensively studied by Ottinger and 

co-workers [1,2,22]. Above the threshold, for Xe•(3P 0), however, the rapid rise 

in cross section points to appreciable excitation of N2(C,v'=O) by Xe•( 3P 0). 

The absolute scale of the cross section is probably smaller than shown because 

we used 'l/m = 0.064 for the efficiency of the metastable atom detector as 

appropriate for Kr•, but it is mos~ likely smaller for Xe*. On the other hand, 

the Xe*( 3P 0) beam content is at most 1/6, and since in the range of collision 

energies of fig. 17 this is the only state that can excite N2(C,v'=0), the cross 

section must be multiplied by a factor of at least 6. The combined effect of 

these corrections will leave a large cross section for the process, comparable to 

the maximum values 19 A.2 and 10 A2 measured for Ar* and Kr*. Because of 

the small number of data points, it is not useful to compare the cross section 

for Xe* to model calculations. 

Figure 17: Experimental cross section for Xe•+N2(X). Above the threshold for 

excitation of N2(C,v'=0) by Xe•(3P0) at E= 1.5 eV, the cross section rises 

rapidly. Although the absolute scale of the cross section may not be fully 

correct, a maximum value Q > 10 A.2 for this process must be expected above 

the threshold for Xe*(3P 2). Below the threshold for Xe•(3P0), the cross section 

is due to excitation of N2(B). 
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Table 7: ·Curve crossing parameters for the intermediate state and direct 

coupling models adjusted to describe the experimental cross sections for 

excitation of N2(C,v') by Kr* for the vibrational levels v'=O to 2. The resulting 

curves are shown in fig. 14, while the model is explained in the text. 

Intermediate state bl Direct coupling 
v' 

Kr*( 3P 0) Kr*(3P 2) Kr*(3P 0) Kr*(3P 2) 

0 0.47 1.12 0.47 1.12 
Exv~> (eV) 1 0.72 1.36 0.72 1.36 

2 0.96 1.60 0.96 1.60 

Rx }A) 
Vxc>(m s) 

4.1(1) 
2200(300) 

3.7(1) 
7400(300) 

4.5(1) 
750(50) 

3.6(1) 
2300(50) 

0 
0.59!1l 0.64!1l 0.58!1 l 0.64!1l F' 1 0.23 1 0.19 1 0.24 1 0.18 1 v 

2 0.18 1 0.17 1 0.18 1 0.17 1 

a) Values fixed to the endothermicity of the process 

b) In the reduced model Exv• and Rx describe the final state curve crossing 

while Vx describes the initial state crossing 

c) Determined from the experimental data for vibrational level v'=O 
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7. CONCLUSION. 

The experiments reported on in this paper have produced new information 

regarding the dynamics of excitation of N2(C) by the heavy meta.stable rare 
gases Ar*,Kr* and Xe*. For both Ar* and Kr*, the vibrational distribution of 

the product N 2( C) is a decreasing function of the vibrational quantum number. 

About 80% for Ar* and 70% for Kr* of the molecules are produced in the lowest 

vibrational state v' = 0 even at 3 eV collision energy. Because in essence the 

distribution does not depend on collision energy, we conclude that for these 

systems vibrational excitation is a Franck-Condon process, that determines the 

distribution through overlap of some intermediate state with the C;tate as in 

the bond-stretching model [29]. We further find that excitation of N 2(C,v'=0) 

by Xe*( 3P 0) occurs with a probability comparable to that for Ar* and Kr*. 

The dependence of the cross sections on collision energy obtained for Ar* is 

most readily understood from an excitation mechanism proceeding through an 

intermediate state, identified as Ar•( 2P)+N2-(X), in concordance with Van 

Vliembergen et al. [4]. This conclusion is backed by simple model calculations 

for Ar*, treating the excitation as proceeding via two Landau-Zener type curve 

crossings with constant factors for the vibrational excitation. H we include an 

intermediate state, reasonable values of the curve crossing parameters result, a.s 

opposed to a model in which a direct curve crossing occurs between the initial 

and final state. For Kr*, the experimental results are compatible both with a. 

direct coupling and an intermediate state model. Here, data at higher collision 

energies and with state selection of the metastable atom beam are required to 

discern between the two. 
For the exothermic process with Ar* the model based on our data predicts 

a threshold of 63meV. Other experimental data, however, point to a lower 

value. To solve this discrepancy, it would be useful to compare the data. to the 

rate constants for the process at temperatures below 300 K, but so far these 

have not been determined. Here also, state selection of the atomic Ar* beam is 
needed to assess the influence of the 3p 0:3P 2 beam composition on the results. 

The influence of initial rotation on the threshold requires further study a.s well. 

As found from the model para.meters determined for Ar*, the model used 

in our calculations is too simple to be quantitative. It treats the colliding 

partners as atoms, and does not take into account any anisotropy of the 

interaction potentials. Such anisotropy leads to different trajectories for end-on 

and side-on attack, as well as additional rotational excitation, which modifies 
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the radial velocity during the collision. As long as the system is not strongly 

anisotropic, this is not serious. However, it is known that sometimes all 

available energy is channeled into rotation for Ar•+N2 [10,12,13,27]. Also, .and 

perhaps more seriously, we neglected any dependence of the coupling matrix 

elements on the geometry of the system. From symmetry considerations one 

can show that out of the three possible initial configurations (3Ab 3B1 and 3B2 

in C2v symmetry) only two may react when the angle of attack is kept fixed. 

Barker took this into account for the related system Na*(2P)+N 2 by 

multiplying the cal.culated cross section with 2/3 [43] while Gislason and Grobe 

Sachs used a different approach in which cross sections calculated for fixed 

angles of attack were averaged [58]. In general, due to the angular motion the 

configuration will change during a collision, and sometimes the system is even 

prepared in a preferred geometry due to the long-range anisotropy of the 

potentials [59]. Also, the orbital symmetry restrictions are not rigorous due to 

spin-orbit and rotational couplings. Thus, this effect is not easy to take into 

account. 

As a final note, it has to be mentioned that the influence of the ionic state 

may not be restricted to simply providing a connection between the initial and 

final states via curve crossings. Ab-initio calculations for Na*(2P)+N2 show 
that a system may gain ionic character over quite a large distance so a state is 

no longer purely covalent or ionic [46,48]. This is equivalent to the 
bond-stretching model [46]. In that case, the first curve crossing in our model is 

only an effective representation of such behaviour. 

It would be very interesting to. construct a potential surface for the system 

Ar*+N2 that takes these notions into account, and confront this with the 

available experimental data. The extensive study of this system in the last 20 

years warrants substantial theoretical input. Probably the most promising 

theoretical strategy right now is to add as many features as possible in a 

semi-quantitative way, as is being undertaken for the related system Xe*+N2 

[3]. 

69 



REFERENCES. 

1) T. Kriimpelmann and Ch. Ottinger, Chem. Phys. Lett. 140 (1987) 142 

2) L.-Y. Chow Chiu, Y.-N. Chiu, T. Kriimpelmann and Ch. Ottinger, Chem. 

Phys. Lett. (1988) 220 

3) V. Aquilanti, R. Candori, F. Pirani, T. Kriimpelmann and Ch. Ottinger, 

Chem. Phys. 142 (1990) 47 

4) E.J.W. van Vliembergen, E.J.D. Vredenbregt, G.H. Kaashoek, J.P.M.J. 

Jaspar, M.M.M. van Lanen, M.F.M. Janssens, M.J. Verheijen and H.C.W. 

Beijerinck, Chem. Phys. 114 (1987) 117 

5) R.J.F. van Gerwen, E.J.D. Vredenbregt, E.R.T. Kerstel and H.C.W. 

Beijerinck, Chem. Phys. ill (1987) 407 

6) F. Tuffin, A. le Nadan and J. Peresse, J. Physique 46 (1985) 181; Y. 

Harada, K. Ohno and H. Mutoh, J. Chem. Phys. 79 (1983) 3251; H. 

Hotop, J. Lorenzen and A. Zastrow, J. Electron Spectr. Related Phen. 2.a. 
(1981) 347. A. Niehaus, in: The Excited State in Chemical Physics, part 2, 

Adv. Chem. Phys. Vol. XLV, Ed. J.Wm. Mc.Gowan (John Wiley&; Sons, 

New York, 1982) p. 399 

7) J.P.C. Kroon, A. Cottaar and H.C.W. Beijerinck, Chem. Phys. 103 (1986) 

119; M.J. Verheijen and H.C.W. Beijerinck, Chem. Phys. 102 (1986) 255; 

L. Appoloni, B. Brunetti, F. Vecchiocattivi and G.G. Volpi, J. Phys. 

Chem.~ (1988) 918; F.T.M. van de Berg, J.H.M. Schonenberg and 

H.C.W. Beijerinck, Chem. Phys. 115 (1987) 359; J.P.J. Driessen, M.P.I. 

Manders, F.J.M. van de Weijer, G.J. Sandker, W. Boom, H.C.W. 

Beijerinck and B.J. Verhaar, to be published 

8) a)D.H. Winicur and J.L. Fraites, J. Chem. Phys. 61(1974)1548; b) 

E.R.Th. Kerstel, M.F.M. Janssens, K.A.H. van Leeuwen and H.C.W. 

Beijerinck, Chem. Phys. 121 (1988) 211 

9) T.P. Parr and R.M. Martin, J. Chem. Phys. 68 (1978) 1613; W. Lee and 

R.M. Martin, J. Chem. Phys. M (1975) 962 

10) G.W. Tyndall, M.S. de Vries, C.L. Cobb and R.M. Martin, J. Chem. 

Phys. 87 (1987) 5830 

11) N. Sadeghi, M. Cheiab and D.W. Setser, J. Chem. Phys. 90 (1989) 219 

12) T.D. Nguyen and N. Sadeghi, Chem. Phys. li, (1983) 41 

13) J. Derouard, T.D. Nguyen and N. Sadeghi, J. Chem. Phys. 72 (1980) 6698 

14) D.W. Setser, D.R. Stedman and J.A. Coxon, J. Chem. Phys. 53 (1970) 

1004 

70 



15) J. Krenos and J. Bel Bruno, Chem. Phys. Lett. !a (1977) 443 

16) A.N. Schweid, M.A.D. Fluendy and E.E. Muscblitz, Jr., Chem. Phys. 

Lett. 42 (1976) 103; C.R. Lishawa, W. Allison and E.E. Muscblitz, Jr., J. 

Chem. Phys. 77 (1982) 5855 

17) E.R. Cutshall and E.E. Muschlitz, Jr., J. Chem. Phys. 1Q (1979) 317 

18) E.J.D. Vredenbregt, M.J. Verheijen, E.J.W. van Vliembergen, J.P.M.J. 

Jaspar and H.C.W. Beijerinck, Book of Abstracts of the 2nd. European 

Conference on Atomic and Molecular Physics (Amsterdam, 1985) 280 

19) M. Tsuji, K. Yamaguchi, S. Yamaguchi and Y. Nishimura, Chem. Phys. 

Lett. 143 (1988) 482i M. Tsuji, K. Yamaguchi, H. Obase and Y. 

Nishimura, Chem. Phys. Lett. 161 (1989) 41; R. Sobczynski, R. Beaman, 

D.W. Setser and N. Sadeghi, Chem. Phys. Lett. 154 (1989) 349 

20) M. Tsuji, K. Yamaguchi and Y. Nishimura, Chem. Phys. 125 (1988) 337 

21) N. Sadeghi and D.W. Setser, Chem. Phys. Lett . .a2. (1981) 44; 

22) W. Bohle, H. Geisen, T. Kriimpelmann and Ch. Ottinger, Chem. Phys. 

,lM (1989) 313; T. Kriimpelmann and Ch. Ottinger, J. Chem. Phys. a.ii 
(1988) 5245 

23) M. Tsuji, K. Yamaguchi and Y. Nishimura, Chem. Phys. 123 (1988) 151; 

M. Tsuji, K. Yamaguchi, H. Odabase and Y. Nishimura, J. Chem. Phys. 

fill (1989) 5891; J. Balamuta and M.F. Golde, J. Chem. Phys. 12. (1982) 

2430 

24) R.A. Sanders, A.N. Schweid, M. Weiss and E.E. Muschlitz, Jr., J. Chem. 

Phys. 65 (1976) 2700 

25) K. Tabayashi and K. Shobatake, J. Chem. Phys. 84 (1986) 4919; . 

26) M. Tsuji, K. Yamaguchi and Y. Nishimura, J. Chem. Phys. fill (1988) 3391 

27) E.J.D. Vredenbregt, M.R. van den Bogaard and H.C.W. Beijerinck, Phys. 

Rev. A 39 (1989) 5597 

28) D.H. Stedman and D.W. Setser, in Progress in Reaction Kinetics Vol. 6, 

Eds. K.R. Jennings and R.B. Cundall (Pergamon, Oxford, 1971) p. 193 

29) E.A. Gislason, A.W. Kleyn and J. Los, Chem. Phys. Lett. 67 (1979) 252; 

E.A. Gislason, A.W. Kleyn and J. Los, Chem. Phys. 59 (1981) 91 

30) P.G.A. Theuws, Ph.D. Thesis, Eindhoven University of Technology (1981) 

31) M.J. Verheijen, H.C.W. Beijerinck, L.H.A.M. van Moll, J.P.J. Driessen 

and N.F. Verster, J. Phys. E 17 (1984) 904 

32) P.G.A. Theuws, H.C.W. Beijerinck, N.F. Verster and D.C. Schram, J. 

Phys. E15 (1982) 573 

33) H.C.W. Beijerinck and N.F. Verster, Physica 111 C (1981) 327 

71 



34) A. Lofthus and P.H. Krupenie, J. Phys. Chem. Ref. Data.~ (1977) 226 

35) E.J.D. Vredenbregt, M.P.M. va.n Besouw, M.J.J. Vra.kking, M. Mietus and 

H.C.W. Beijerinck, to be published 

36) M.P.I. Manders, W.M.J. Ruyten, F. v.d. Beucken, J.P.J. Driessen, W.J.T. 

Veugelers, P.H. Kramer, E.J.D. Vredenbregt, W.B.M. van Hoek, G.J. 

Sa.ndker, H.C.W. Beijerinck and B.J. Verhaar, J. Chem. Phys. Si (1988) 

4777 

37) E.J.D. Vredenbregt, R.J.F. van Gerwen, W. Boom and H.C.W. Beijerinck, 

to be published. 

38) W. Boom, Internal Report VDF /NO 88-16 (Eindhoven University of 

Technology, 1988) in Dutch 

39) R.W. Gregor and P.E. Siska, J. Chem. Phys. 74 (1981) 1078 

40) J.P.J. Driessen, S.S. op de Beek, L.M.T. Somers, H.C,W. Beijerinck and 

B.J. Verhaar, Phys. Rev. A (1990) submitted for publication 

41) R.F. Sperlein, M.F. Golde and K.D. Jordan, Chem. Phys. Lett. 142 (1987) 

359; K.T. Gillen and T.M. Miller, Phys. Rev. Lett. 45 {1980) 624 

42) E. Bauer, E.R. Fisher and F.R. Gilmore, J. Chem. Phys. 51(1969)4173 

43) J.R. Barker, Chem. Phys.!.§. (1976) 175 

44) H.S. Taylor, Chem. Phys. Lett. 64 (1979) 17 

45) I.V. Hertel, in: The Excited State in Chemical Physics, part 2, Ed. J.Wm. 

Mc. Gowan, Adv. Chem. Phys. Vol. XLV (Wiley & Sons, New York, 1981) 

p. 341 

46) I.V. Hertel, in: Dynamics oithe excited state, Ed. K.P. Lawley, Adv. 

Chem. Phys. Vol. L (Wiley & Sons, New York, 1982) p. 475 

47) G.W. Black, E.E.B. Campbell and M.A.D. Fluendy, Mol. Phys. 59 {1986) 

469 

48) P. Habitz, Chem. Phys. 54 (1980) 131; P. Archirel and P. Habitz, Chem. 

Phys. Is. (1983) 2956 

49) K. Lacma.n, in: Potential Energy Surfaces, Ed. K.P. Lawley, Adv. Chem. 

Phys. Vol. XLVII (Wiley & Sons, New York, 1980) p. 513 

50) G.J. Schultz, Rev. Mod. Phys. 45 (1973) 423; G.J. Schultz, Phys. Rev. 125 

(1962) 229; M.J. Brunger, P.J.O. Teubner, A.M. Weigold and S.J. 

Buckman, J. Phys. B ll (1989) 1443 

51) B.L. Moisiewitsch, in Adv. At. Mol. Phys. Vol. I, Eds. D.R. Bates and T. 

Estermann (Academic, New York, 1965) 61 

52) N. Sadeghi and D.W. Setser, Chem. Phys. Lett. 77 (1981) 304 

72 



53) H. Giesen, D. Neuscha.f'er and Ch. Ottinger, J. Chem. Phys.~ (1990) 104; 

P.K. Carrol and E.J. Croke, J. Phys. B 22 (1989) 2717 

54) E.E. Nikitin and S.Ya. Umanskii, Theory of Slow Atomic Collisions 

(Springer, Berlin, 1984) 

55) W. Gautschi and W.F. Cahill, in: Handbook of Mathematical Functions, 

Eds. M. Abramowitz and I.A. Stegun (Dover, New York, 1965) p. 227 

56) R.E. Olson, F.T. Smith and E. Bauer, Appl. Opt. 10 (1971) 1848. 

57) E.J.D. Vredenbregt, Internal Report VDF/NO 84-14 (Eindhoven 

University of Technology, 1984) in Dutch 

58) E.A. Gislason and J. Grobe Sachs, J. Chem. Phys. 62 (1975) 2678 

59) M.H.M. Janssen, D.H. Parker and S. Stolte, Book of Abstracts of the 

Meeting of the Atomic Physics and Quantum Electronics Section of the 

Dutch Physical Society (Lunteren, The Netherlands, 1989) 37 

73 



74 



CHAPTER IV: 

A BEAM EXPERIMENT ON EXCIMERFORMATlON IN COLLISIONS OF 

Kr*(3P 0), Kr*(3P 2) AND Xe* ATOMS WITH 

Br-CONTAINING MOLECULES. 
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ABSTRACT. 

The reactions of metastable Kr* and Xe* a.toms with several Br-containing 

molecules are studied with a. beam-gas experimental apparatus. For Kr*, state 

selection of the meta.stable a.tom beam is employed to investigate the influence 

of the initial :fine-structure state Kr*(3P 0) and Kr*(3P 2) on the reaction. 
Trial-and-error simulation of the observed emission spectra. results in modified 

potential energy curves for the X-, A(3/2)-, B-, and C- states of the KrBr and 
XeBr excimer products and corresponding transition moments. A strong 

propensity for conservation of the Kr•( 2P 112) ion core in the reactions of 

Kr*(3P 0) is observed, generally larger than found by Sadeghi, Cheaib and Setser 

for Ar•(3P 0). The reactive cross section is appreciably smaller for Kr*(3P 0) than 

for Kr*( 3P 2). Formation of KrBr(D) in reactions of Kr*( 3P 2) is also observed. 

For several reagents, the analysis leads to a preference for formation of KrBr 

and XeBr in the C--sta.te, different from results of flowing afterglow 

experiments. This points to incomplete correction for collisional relaxation and 

for overlap of B __. X and C __. A(3/2) emission in previous w()rk. For most 

reagents, the vibrational distributions a.re analogous for both XeBr and KrBr in 

both the C- and B-sta.tes. For XeBr(B), the results a.re generally in agreement 

with the work of Tamaga.ke, Setser and Kolts. 

1. INTRODUCTION. 

The rare gas-halide ex:cimers have been subject of considerable study due 

to their potential for genera.ting high-power laser radiation in the gaseous [1-3], 

liquid [4] and solid state [5]. Experimental [1,6-12] and theoretica.l studies 

(13,14] in the 1970's and 1980's have established the fundamental properties of 

these molecules and their optical transitions. Formation of rare-gas halides in 

collisions of meta.stable rare gas a.toms with halogen containing molecules 
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proceeds through the harpooning mechanism, as follows from the analogy with 

the alkali-halide reactions [15]. Observed differences between the reactions, 

such as the broader vibrational distributions of rare gas-halides compared to 

alkali-halides in reactions with the same reagent [12,16] are, however, not 

quantitatively understood. This is partly due to the large internal energy of the 

rare gas atoms, which leads to strong competition of other product channels 

with excimer formation [16,17]. Generally, the branching ratio for formation of 

rare gas excimers is considerably smaller than for alkali-halides for the same 

reagent. Also, due to the absence of a stable product rare gas-halide reactions 

are not amenable to such experimental techniques as differential scattering [18], 

but only to analysis of the bound-free emission [7,9-12,19-21]. The diffuse 

nature of the emission is another complication. 

A large part of the knowledge on these system is due to experiments in 

relatively high-pressure (p ;:: 0.2 Torr) rea.Ctors, such as the fl.owing afterglow 

reactor, notably by Setser and co-workers. These experiments have led to data 

on the thermal rate constants for the reactions [22-25], the spectroscopic 

properties [1,6-12], especially of the B 4 X transitions on which most excimer 

lasers operate, the disposal of the available energy in the products• vibration 

[6-12], and rate constants for relaxation of the initial electronic and vibrational 

distributions [6,26-29]. Molecular beam studies have reported the collision 

energy dependence of the reactive cross sections and the product rotational 
alignment for some systems [30-31]. Recent work demonstrated excimer 

formation in collisions with rare gas atoms in short-lived excited states [32-33] 
and with vibrationally and/or electronically excited molecules [34]. 

New experiments with a crossed beam apparatus by Vrakking, Tabayashi 

and Shobatake [35] on reactions of Kr* with Br-donors revealed a clear 

difference with previous results of Jones et al. [25] obtained with a flowing 

afterglow reactor. For Br2, a much larger contribution of KrBr(D - X) 

emission to the excimer emission was observed in the crossed beam spectra. 

Vrakking et al. attributed this difference to the small density of metastable 

R•( 3P 0) atoms in bulk experiments, due to the state-specificity of the 

excitation transfer reactions involved in producing the metastable states of the 

heavy rare gases Kr and Xe [22,36] in a discharge in Ar, and supposedly larger 

quenching rate constants of R *(3P 0) compared to R *(3P 2) [35]. As shown in a 

pioneering study by Golde and Poletti [36], and in greater detail by Sadeghi et 

al. [37] and by Sobczinski et al. [38], indeed the (np)5(n+l)s 3p 0 and 3p2 

fine-structure states of the rare gas atoms show a preference for formation of 
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rare gas-halide products in the D versus B and C states, respectively. This is 

due to a tendency of the ( np )5 2P 1121312 core of the rare gas atoms to be 

conserved during the reaction, leading to the ion-pairs 

R•( 2P112)X-( 1S) ~ RX(D) and n•(2P312)X"( 1S) ~ RX(B,C). 

The present work reinvestigates the reacLions of Kr*+BrY under single 

collision conditions with a beam-gas apparatus. State-selection of the 

metastable atom beam with a diode laser is used to study the propensity for 

ion-core conservation, and to resolve the difference mentioned above. 

Additional experiments with Xe* but without state selection are reported. 

Sufficient resolution and statistical accuracy permit trial-and-error simulations 

of the experimental spectra to obtain adjusted X-, A(3/2)-, B- and C-state 

potentials of the XeBr and KrBr molecules. Single collision conditions allow for 

the assignment of unrelaxed product electronic and vibrational distributions to 

be compared with the results of afterglow experiments, where, due the long 

lifetime re~ 100 ns of the C-state [1,6,14], the assignment of initial 

distributions usually involves extrapolation of the results to zero working 

pressure. 

2. EXPERIMENTAL. 

2.1 Molecular beam apparatus. 

The experimental apparatus is of the beam-gas type and is sketched in 

Fig. (1). Some modifications were made in between the Xe*+BrY and the 

Kr*+BrY experiments, which are all mentioned below. 

Metastable rare gas atoms are produced by a discharge excited supersonic 

expansion source situated in a separate source chamber which is pumped by a 

110 l/s turbomolecular pump. The expansion is skimmed by a conical skimmer 

1 mm in diameter at a distance of approximately 5 mm downstream of the 

nozzle. 

In the main vacuum vessel, the metastable atom beam passes a pair of 

deflection plates to eliminate charged particles and Rydberg atoms before 

entering a stainless steel reaction cell through a slit 1 x 5 mm.2 in dimension. In 

the Xe*+BrY experiments, the distance from the skimmer to the entrance slit 

was 96 mm. For the Kr*+BrY experiments, the distance was shortened to 

32 mm, resulting in a factor of 8 higher flux of metastable at.oms entering the 

cell. Target molecules are introduced into the 31 mm long chamber through a 
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3001/s 1101/s 

Figure 1: Schematic view of the beam-gas setup. 1) metastable atom source 
2) skimmer 9) deflection plates 4) scattering cell 5) observation window 
6) metastable atom detector 7) laser optics to match the divergence of the laser 
and atomic beams 8) laser diode housing. 
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separate gas inlet. Fluorescence from inelastic or reactive collisions is monitored 
through a window on top of the cell with an optical system described in section 

2.2. 

A second, exit slit allows for monitoring of the metastable atom beam 

when the target gas inlet is shut off, and also helps to maintain the composition 

of the target gas by constant flushing. A metastable atom detector is placed 

30 mm downstream of the exit slit. It consists of a 30 x 30 mm2 quartz plate, 

coated with a 50 A thin conducting film and kept at -250 V. The coated quartz 

plate is 80 3 transmittant for light in the wavelength range 

200 < A [nm] < 800, allowing a laser beam to be passed through, 

counterpropagating with the metastable atom beam as described in section 2.4. 

Auger electrons are collected on a stainless steel plate and the resulting current 

in the nA-range is measured with a picoammeter. 

High purity reagents were purchased and used without further purification. 

Gaseous reagents {HBr, CF 3Br) and liquid reagents {Br2, CHBr3, CF2Br2 and 

CH2Br2) were connected to the reaction chamber via glass capillaries with 

equal lengths (100 mm) but varying diameters {0.1--0.6 mm). Solid reagents 

{CBr4 and IBr) were connected directly to the cell. Both solid and liquid 

reagents were stored in pyrex tubes during the experiments. The pressure of the 

gaseous reagents was adjusted with a pressure regulator, and that of the others 

by controlling the temperature of the samples with a pettier cooler. In all cases, 

the reagent pressure was adjusted to a point where the fluorescence yield was 

maximum. 

The pressure in the reaction cell is approximately lo-a Torr, and the flow 

of molecules out of the cell is N ~ 10-3 Torr l/s. Thus, the target gas in the cell, 

with a volume of 6.6 104 mm3, is refreshed every 66 ms. This flushing leads to a 
background pressure of 5 10-a Torr in the main vacuum chamber, which is 

pumped by a 300 l/s oil diffusion pump. 

2.2 Optical system. 

In the Xe•+BrY experiments, fluorescence was focused with Suprasil II 

lenses onto the entrance slit of a 0.25m Yarrel-Ash 82-420 monochromator, 

equipped with a grating blazed at 300 nm. The reciprocal dispersion was 1.6 nm 

per millimeter slit width; An EMI 9635Q photomultiplier was placed directly 

behind the exit slit of the monochromator. The spectral response of this system 

was flat within 15 3 for the wavelength region 275 < A [nm] < 380 and within 
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35 3 over the full region 220 < >. [nm] < 380 where the spectra were taken, 

according to manufacturers' specifications. Though this system was not fully 

calibrated, a comparison of this system with that used for the Kr*+BrY 

experiments in. the range 270 < >. [nm] < 370 later on confirmed the response 

curve used to correct the spectra to within 10 3. 
For the Kr*+BrY experiments, the window on the reaction cell and the 

lenses of the imaging system were changed to UV-grade CaF 2 to extend the 

useful wavelength range to .A ~ 160 nm. Also, the photomultiplier was 

exchanged for a Hamamatsu R585 and the monochromator grating to one 

blazed at 180 nm, giving a reciprocal dispersion of 3.2 nm per. millimeter slit 

width. For these experiments, the full optical system including the 

monochromator and the photomultiplier, was placed in a separate vessel. This 

was evacuated to better than 10-3 Torr with a sorption pump to prevent 

absorption of the fluorescence by 0 2 and H20. 

Because a strong variation of the detection efficiency with wavelength was 

anticipated for this VUV detection system, calibration was performed by 

measuring the spectrum of a cascade arc in argon, operated at a temperature of 

1.2 104 K [39]. The spectrum of the cascade arc was calculated from the theory 

outlined in Ref [39]. The detection efficiency determined in this way was found, 

however, to be too low in the range ). < 200 nm. This response indicated 

vanishing detection efficiency for).< 180 nm, while for the Kr*+BrY reactions 
we generally observed :fluorescence already at >. = 170 nm, and could also 

identify the 164.2 nm line emission from atomic I* following the reaction of Kr* 

with 12• Thus, the measured detection efficiency was inadequate for 

wavelengths >. < 200 nm. In this range, the efficiency was therefore calculated 

by scaling the present KrBr spectrum from the reaction of Kr* with CBr4 to 

one taken by Vrakking et al. [35], while for>. > 200 nm the measured efficiency 

was used. The spectrum of Vrakking et al. is compared to ours, corrected for 

wavelength response, in Fig. (2), and is in agreement for wavelengths >. ~ 172 

nm. Below 175 nm, however, the response is not reliable. Also, the scaling 

procedure makes that our study depends on the work of Vrakking et al. [35]. 

The absolute detection efficiency of the VUV sytem was estimated as 

7Jopt = 5 10-6 counts per photon produced in a 1.6 nm broad wavelength 

interval located at 210 nm, using a slit width of 0.5 mm and including the solid 

angle efficiency 77n = 2.3 10-3• This value agreed quite well with the measured 

count rate for the Kr*+Br2 reaction. The system used for the Xe"+BrY 

experiments had a better detection efficiency '17opt = 9 10-s, due to the use of 

81 



>.. ...... 

4 

·v; 2 
c:: 
QI ..... . s 

-- this work 

- - - Vrakking et al \ 
I 
I 
l 
l 

' 

OL..L~~--1.~~~~~-L~~~~~--'-~~~~__::,.,;:_:;::__~ 

ITT 200 lli ~O 

wavelength (nml 

Figure 2: Comparison of KrBr spectra. resulting from the reaction of Kr* with 

CBr4 observed in this work (solid line) a.nd by Vrakking et al. (dashed line; 

redrawn from Ref. [35]) 
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larger diameter lenses and with better transmission in the range of wavelengths 

>. > 200 nm, the larger cathode area of the EMI photomultiplier compared to 

that of the Ha.mamatsu and other factors. This was compensated for by a larger 

flux of metastable atoms in the Kr*+BrY experiments due to the smaller 

skimmer to target cell distance. As a result, the count rate for Kr*+Br2 was of 

the same order of magnitude at wavelengths >. > 200 nm before and after the 

modifications were made. 

2.3 Comparison of flowing afterglow and beam-gas arrangements. 

A number of spectroscopic studies of excimer formation have been 

performed with flowing afterglow reactors [7-12}. This type of setup offers large 

photon count rates at moderate pressures (p ~ 0.2 Torr), allowing for high 
resolution studies of optical spectra, investigation of relaxation effects [27-29] 

and secondary reactions [25]. A disadvantage is that relaxation effects may 

persist down to the lowest feasible operating pressure, essentially due to the 

need for a buffer gas to maintain the flow and the discharge producing the 

metastable rare gas atoms. Initial product distributions are then estimated by 

extrapolating pressure-dependent results to vanishing buffer gas pressure 

[10-12]. 

The beam-gas apparatus used in the present study is complementary to a 

flowing afterglow. It always operates in the single collision regime, and thus 

exclusively gives nascent product distributions. Due to its compact design, it 

offers high enough photon count rates to allow for the study of emission spectra 

with moderate resolution. For instance, for the XeBr spectra from Xe*+CBr4 

presented in section 4, the maximum count rate was 3 1oa s·1 at a resolution of 
0.4nm. 

To compare the performance of the two types of setups, we note that in 

both cases the largest count rate Nph will be achieved when most metastable 

a.toms are quenched within the observation zone, 

(1) 

where Nm(O) denotes the number of metastable atoms arriving per unit time at 
the observation zone, p is the branching ratio for fluorescence in the process 

under study, and 11opt is the optical detection efficiency. The relative 

performances therefore depend only on the relative flux of meta.stable atoms 
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achieved. 

For the flowing afterglow setups employed by Setser and co-workers 

[22-25,37], metastable atom densities nm at the reaction zone are reported to be 

nm = 1016 -1017 m·3 while the flow speed is vr = 15 - 200 m/s, leading to a flux 
of metastable atoms llt~A ~ 2 1019 m·2s-1. The metastable atom source used in 

our laboratory generates a center-line intensity Im(O) !::! 4 1013 s·1sr·t, which, 

with the aforementioned nozzle to reaction cell distance of 37 mm, leads to a 
metastable atom flux '1f~G !:! 3 1016 m·2s·t. Thus, the fluorescence yield of a 

flowing afterglow setup is considerably larger than achieved in ours, about two 

orders of magnitude. 

On the other hand, in the afterglow a flow of buffer gas is necessary. The 

density of the buffer gas is nn = 6 1021 m·3 at a pressure of 0.2 Torr, much 

larger than the metastable atom and reagent densities [16,22-24,36]. Relaxation 
processes are then almost exclusively due to collisions with the buffer gas, 

usually Ar. For vibrational levels v' > 70 of XeCl (28], rate constants for 

collisional transfer from the C- to the B-sta.te a.re reported to be in the range 
k~r ~ 2 10-16 m3s·t corresponding to relaxation time constant of ~r = 750 ns 

at 300 K and 0.2 Torr of Ar. A rate constant for the effect of both C _. B 

transfer and vibrational relaxation of XeBr(B) in high vibrational levels 
(v = 117) has been determined by Kva.ran et al. [27], k~r = 4.5 io-ts m3s·1. 

The associated relaxation time at 0.2 Torr is r~r = 350 ns, smaller than r~r. 
In our experimental apparatus these relaxation times are at least 100 times 

larger because of the much smaller density in the target cell. The lifetime of the 

C-sta.te of the rare gas-halogens is typically 100 ns for low vibrational levels 

[6,14]. For vibrational level v = 150 of XeBr we calculate a three times longer 

lifetime, ~:~~o ~ 300 ns. For this lifetime, even at 0.2 Torr, vibrational 

relaxation and C _. B transfer are important in a flowing afterglow, but 

negligible in a. beam-gas setup. 

2.4 State-selection. 

In the Kr•+BrY experiments, a. commercial, single mode, CW laser diode 

(Hitachi HL7801E) was employed for state selection of the meta.stable Kr• 

beam. The laser diode was mounted on a small copper block, which could be 

cooled by a. 20 W peltier element for coarse adjustment of the laser wavelength. 

The temperature of the copper block was stabilized to within 0.5 mK by a 

home-built electronic circuit. Fine tuning of the lasing wavelength was 
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achieved by adjusting the injection current I of the diode laser, supplied by a 

home-built, low-noise (ill < 1 nA) current source. The diode laser was 

operated at 65 mA, giving 4 mW optical output power. The long-term 

frequency stability was M < 100 MHz, while the line width of a comparable, 

free-running laser was found to be 6.f < 50 MHz. This laser diode system will 

be more fully described in a future paper. 

The wavelength of the laser was set to the 

Kr•(5s'[l/2] 0 
3P0)-+ Kr0 (5p'[l/2]i) transition (spectroscopic notation) at 

>. = 785.5 nm. The available Einstein coefficients [40-41] show that the optical 

pumping will transfer only a minor fraction of 1 3 of the Kr*( 3P 0) atoms to the 

Kr•( 3P 2) state, and this was consequently neglected in the analysis of the 

spectra. The laser beam was aligned counterpropagating the atomic Kr*-beam, 

and with three lenses its convergence was set to match the divergence of the 

atomic beam. The waist was located close to the nozzle of the metastable atom 

source. A schematic of the setup is included in Fig. (1). 

In this configuration, the interaction length of the laser and atomic beams, 
from the nozzle to the entrance slit of the reaction cell, was 37 mm. For this 

length and cross section of the atomic beam, the laser power needed to saturate 

the transition is found to be a few nW. The optical power measured at the 
position of the nozzle was P ~ 1 mW, 10s -10& times the saturation power. 

This leads to very large broadening effects. Broadened linewidths of up to 

2 GHz were observed from the flux of metastable atoms arriving at the 

metastable atom detector versus laser frequency (see Fig. (3)). Calculated 

linewidths can be even larger than this by one order of magnitude. This 

depends on the match of the waist of the laser beam with the nozzle of the 

source and the extent to which metastable atoms are produced downstream of 

the nozzle. 

The exact value of the saturated linewidth is of little importance, however, 

for the present experiments. It is namely much broader than the linewidth of 
the laser (~ 50 MHz), the Doppler width (200 MHz for Kr• at a flow velocity 

u = 470 ms-1 and a speedratio S = 5), the isotope shifts of the atomic transition 
for 78Kr to 86Kr (209 MHz) [42] as well as the long-term frequency stability of 

the laser diode system mentioned above. Therefore, all isotopes and all 

velocities are pumped with equal efficiency, and no active stabilization of the 

laser frequency was needed. At one time, the laser was left switched on for 

several weeks and remained within the broadened line profile with only minor 

adjustments. The linewidths discussed here are graphically illustrated in 
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Figure 3: Fraction of metastable atoms arriving at the detector as a function of 

the laser detuning (bottom scale) and the applied change in injection current 

(top scale). The broadened linewidth is observed to be much larger than the 
Doppler width and the isotope shifts. 

86 



Fig. (3). 

Throughout the experiments, the attenuation of the meta.Stable atom beam 
was found to be (12 :1: 1)3, but this did not correspond to a full depletion of the 

Kr•( SP 0) beam fraction entering the scattering cell. To ascertain the fraction 

that could not be removed, the spectrum of the excitation transfer process 
Kr•+CO(X) was studied for the wavelength range 280 < >. [nm] < 320. This 

process has been studied by Sobczinsky et al. [38], who assigned the transition 

observed in this range to the decay CO(b,v'=0,1) - CO(a,v11 =0,1,2,3). From 
our experimental results we conclude, however, that the emission is due to 
excitation of CO(d,v'=28,29) and decay to CO(a,v'=0,1,2). This is in 
accordance with the excitation of CO(d,v'=20,21) observed for Kr•(3P2) [38], 
the small endothermicity of 42 meV and 116 meV, respectively, of these levels 
with respect to Kr*( 3P 0) [43,44], while the wavelengths of the decay correspond 
exactly with those calculated from the known spectroscopic constants [44]. 
Sobczinski et al. [38] indeed noted that with their assignment the relative 
intensities of the transitions did not correspond to the Franck-Condon factors. 

We agree with these workers, however, that the emission observed in this range 
is fully due to an excitation transfer process initiated by Kr*( 3P 0) and the ratio 
R of the emission intensity with laser on and off is thus a direct measure of the 
Kr•( 3P 0) depletion. From our measurements we found R = (0.80 :1: 0.03). Thus, 
one-fifth of the 3P 0 fraction is not removed by the la.ser, which, in yiew of the 
observed linewidth, is fully due to incomplete overlap of the atomic and laser 
beams. 

From the value mentioned above, the atomic beam composition is found to 
be Kr*( 3P 0):Kr•(3P 2) = 1: (7.3 :1: 0.6), notably smaller than statistical. 
Obtaining a difference signal by depleting this small fraction poses a strong 
demand on the statistical accuracy of the spectra with laser on and off, and 
effort was devoted to obtaining a diode laser pumping a Kr•(3P2) transition. 

This, however, was not succesful, and has led to further development of the 
diode laser system to obtain mK temperature stability over the full range of 

temperatures from 90 K to 300 K (also to be described), which effectively 
eliminates the problem by a much larger tuning range of about 30 nm. 
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2.5 Measuring routine and data analysis. 

Measurements were done under full computer control, and consisted of 

multiple scans of the monochromator over the full wavelength range 

(200-400 nm for XeBr and 160-250 nm for KrBr) at a fixed stepsize, typically 

0.2 nm. At each step, the pulses from the photomultiplier were accumulated 

during a fixed interval of time of 1-10 s. For the Kr*+BrY measurements, at 

each step the measurement of the countrate 10 n(.X) with laser on was 

sandwiched between two with laser off, l0 rr(A). Each separate scan was finished 

within 30-40 minutes to prevent drift. In general, the attenuation of the 

metastable atom beam by the laser was determined before and after a 

measurement. These two values were found to agree within 10 % in all cases. 

Usually, the full measurements were repeated one or more times to obtain 
sufficient statistical accuracy. 

Data from multiple measurements were added, corrected for background 

and wavelength response on a separate microcomputer. For the state-selected 

experiments, the spectra with laser on were taken as generated fully by 

Kr*( 3P 2), the remaining beam fraction Kr*( 3P 0) of 3 % being neglected, 

resulting in 

(2) 

Spectra OJ(A.) due to collisions of Kr*( 3P0) atoms at a £1.ux equal to that for 

Kr*( 3P 2) were generated by setting 

(3) 

with oc = 0.12 the fraction of the metastable atom beam pumped by the laser. 

In this paper, only spectra corrected for wavelength responce and corresponding 

to equal Kr*( 3P 0) and Kr*{ 3P 2) fluxes are shown. 
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3 RARE GAS-HALIDE EXCIMER SPECTRA. 

3.1 Electronic states and transitions. 

The electronic properties of rare gas-halide molecules are understood in 

some detail [1,6,13,14]. Ab-initio calculations by Hay and Dunning (14] have 

established the main characteristics, the trends with the rare gas a.toms R and 

with the halogen atoms X. The interpretation of the intramolecular potentials 

in terms of the Rittner model has been discussed by Krauss [13]. In connection 

with the simulations of section 5 we summarize some of the main properties. 

If at first spin-orbit interactions are neglected, the electronic properties 

are qualitatively understood by reference to an orbital diagram [14). Both the 

ground and excited states derive from atoms or ions with one closed shell (np)& 

and one open shell (mp)5 configuration, which gives rise to two states with 2E• 

and 2II symmetry. The covalent, ground states are essentially repulsive, while 

the excited, ion-pair states are strongly bound due to the Coulomb interaction. 

At larger internuclear distances the 2E states are the more stable as expected 

from the smaller charge density between the atoms or ions in the 2E states, due 

to the orientation of the (mpt1 core hole. At short internuclear distances, 

however, appreciable interaction of the covalent and ionic 2I: states decreases 

the repulsion in the former and increases that in the latter. As a result, the 

excited 2'.E and 2n states cross in the region around the equilibrium distance, 

while the splitting of the repulsive branches of the ground states is strongly 

increased. The transition moment is strongest for 2E -1 2E transitions and 

weakest, by one order of magnitude, for 2I: +-1 2II transitions, as is a.gain readily 

understood from the orbital configurations. 

From these basic notions, all properties of the system including spin-orbit 

interaction can be derived [14]. This interaction splits both the ground and 

excited manifolds into three states, by convention labeled as X(l/2), A(3/2), 

A(l/2), B(l/2), C(3/2) and D(l/2) in order of increasing energy. The number 

between parentheses gives the value of the quantum number n, and will be 

largely omitted in this pa.per when confusion is impossible .. At large 

internuclear distance, the X and B states are 1/3 2II and 2/3 2E, while the 

A(l/2) and D states are 1/3 2'.E and 2/3 2II. As the splitting of the respective 2:E 

and 2II curves becomes larger than the spin orbit interaction, the character of 

the states changes. At small enough R, the X state is purely 2'.E and conversely 

the A(l/2) state becomes 2II. Due to the near-degeneracy of the excited 2E and 



2IJ curves, the character of the excited states is conserved to smaller 

internuclear distances. As the position of the repulsive braches of the excited 2E 
and 2IJ states are reversed with respect to the ground states, here the lower, B, 

eventually becomes 2II while the higher, D, changes to 2E character. The ground 

and excited 0 = 3/2 states remain purely 2IJ throughout. 

These changes in E/II composition affect the transition moments, which 

consequently vary appreciably with internuclear distance [14]. As the B state 

loses 2E character, towards smaller R the B -1 X transition moment decreases, 

while that for B -1 A(l/2) gains in strength. The reverse is true for the D -1 X 

and D -1 A(l/2) transitions. In the sequences Ne, Ar, Kr, Xe and F, Cl, Br, I, 

the B -1 A(l/2) transition becomes more important. The reverse is again true 

for the D state. The C -1 A(3/2) transition is always weaker than the B-+ X 

and D -+ X transitions as it derives its transition moment only from that of the 

2IJ -1 2IJ transition. The weakness of the 2E -- 2IJ transition moments 

translates into an effective selection rule !lO = 0. 

For most rare gas-halides, the B state has the shortest lifetime (TB = 3-19 

ns) while that of the D state is about twice as large [1,6,14]. The lifetime of the 

C state is usually one order of magnitude larger than that of the B state. As a 

result of the dependence of the transition moments on internuclear distance, the 

lifetimes depend also strongly on the vibrational quantum number. 

The potential curves of the ground and excited states are conveniently 

expressed with the truncated Rittner formula [13) 

V(R) =Te+ De+ A1 exp(-R/R1) + A2 exp(-R/R2) 

-CJR- C3/R3 - C4/R4 - C5/R6 (4) 

with Te the minimum potential energy and De the dissociation energy into free 

atoms or ions. The exponentials determine the repulsion at short internuclear 

distance. In the analysis of Krauss [13), the second is included to describe the 

ionic-covalent mixing. The terms C1/R, C3/R3, C4/R4 and C6/R6 describe the 

Coulomb, ion-quadrupole, ion-induced dipole and van der Waals attractions, 

respectively. Only the last needs to be included for the ground states. 
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3.2 Bound-free emission spectra. 

The nature of the diffuse spectra that arise from bound-free transitions has 

been discussed by various authors [10,19-21,45] and a recent review is also 

available [19]. Therefore, a brief account will be sufficient. 
For a spontaneous transition from a vibrational level v of an upper 

electronic state r to an unbound level with total energy E of a lower state r• I 

the Einstein coefficient A~r· per unit wavelength interval is proportional to 

(5) 

where the wavelength >. of the radiation is determined by the difference of the 

bound state total energy Ev with that of the free state E, 

>.=he/ (Ev - E). (6) 

The bracket in Eq. (5) denotes the reduced matrix element of the dipole 
operator between the initial and final states, .and can be evaluated from the 
integral over the nuclear coordinate of the product of the bound and free 

wavefunctions for the nuclear motion, Wv and WE, respectively, and the 

transition moment function 'Tr•(R), 

CD 

< E I µrr•(R) I v > = { dR 'Tr•(R) wv(R) wt(R). (7) 

A collection of molecules in various vibronic levels (r,v) now gives rise to a 
spectral intensity which is simply a sum over all possible transitions, multiplied 
by the steady-state number density n(r,v), 

I(>.) d>. =EE n(r,v) E A~r.(>.) d>.. 
r v r• 

(8) 

The spectra generated by a single electronic transition r -1 r• fall into two 
distinct types, according to the presence or absence of a minimum in the 

difference !::. V rr· of the potential curves V r and V r· of the bound and free 
states, respectively, as a. function of internuclear distance. When the difference 
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potential does not have a minimum in the R-range of interest, according to the 
Franck-Condon principle there is a one-to-one correspondence of the photon 
wavelength,\ with the internuclear distance R given by 

..\ = he/ [V r(R) - v r,(R)}. (9) 

In this case, a so-called reflection spectrum is obtained. The undulatory 
structure in the spectrum directly reflects the probability distribution of 
internuclear distance in the upper state, i.e. the vibrational wavefunction. With 
increasing vibrational quantum number, the spectrum becomes broader, and 
the short and long wavelength limits a.re due to emission at the turning points 

of the upper state potential. The C .... A(3/2), B -1 A(l/2) and D -1 A(l/2) 
transitions of the rare gas-halide excimers fall into this class. 

For the second type of transition, there exists a classical singularity in the 
spectral distribution at a wavelength Amax corresponding to the internuclear 

distance for which the difference potential has a minimum. This generates a 
large peak that bounds the spectrum on the long wavelength side, almost 
independent of the vibrational level. The spectrum now shows more 

complicated undulations due to the coalescence of emission from different 
internuclear distances, and is termed an interference spectrum. Two, different 
short wavelength limits are observed when the the lower state potential has 
different values at the turning points of the upper state potential. This type of 

spectrum is observed for the B -1 X and D -1 X transitions of the rare gas-halide 
excimers. 

The envelope of the spectrum is further determined by the dependence of 
the transition moment on the internuclear distance. The amplitude and spacing 
of the undulations are indicative of the width of the vibrational distribution 
and the mean vibrational quantum number, respectively. 

When the number density n(r ,v) that can be determined from the spectra 
with Eq. (7), is multiplied by the appropriate Einstein coefficients, one obtains 

the fraction u(r,v) of the reactive cross section for formation of the state (r,v) 
relative to the total cross section, 

u(r,v) = n ( r ' v) Ar· 
n 

(10) 

Here, n denotes the total number density while the Einstein coefficient At is 
given by 
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(11) 

In this paper, only the relative cross sections and not the steady-state number 

density will be discussed. 
In the above a.nalysis, the rotational quantum numbers J a.nd J' of the 

initial and final states have been omitted, because taking account of rotational 

excitation would make the calculations prohibitively time-consuming. 

Moreover, it must be doubted that information about rotational excitation can 

be obtained from the spectra. Tamagake and Setser [10] and Tellinghuisen et 

al. [46] have discussed the influence of a rotational distribution on bound-free 

spectra. The main effect is due to modification of the nuclear wavefunctions '11 v 

and '11 E by the centrifugal potential. For rotational level J = 100 to J = 150, 

which are energetically readily accessible in the reactions studied here, 

Tamagake a.nd Setser [10] found appreciable changes in the fine structure of the 

undulations. The courser envelope of the spectrum, however, is largely 

unchanged by the rotation, because the emission spectrum depends mainly on 

the difference of the upper and lower state potentials, which is only weakly 

affected due to the selection rule J.....J' = ±1,0. In spectra consisting of 
contributions from many vibrational levels, rotational excitation may thus have 

li.ttle effect. For a narrow rotational distribution, trial-and-€Iror simulation of 

experimental spectra may be thought simply to generate effective potentials 

that incorporate the centrifugal potential. 

3.3 Calculation of the spectra. 

The computer code used in this work to generate the emission spectra of 

Eq. (5) was adapted from one developed by Vrakking et al. [35] in FORTRAN. 

The program was, however, fully rewritten and translated to a different 

computing language, PASCAL. The vibrational wavefunctions of the bound 

states are calculated with the Cooley-Numerov [47] iterative procedure, and 

normalized to unit probability. Those of the free states are fouli.d by simple 

outward integration of the Schroedinger equation, and the amplitude is 

normalized to correspond to unit flux at sufficiently large internuclear distance 

(this procedure is termed "energy normalization" by Tellinghuisen [19]). The 

free wavefunctions are calculated with fixed spacing of the energy interval. 
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Then, the integrals of Eq. (7) a.re evaluated for all appropriate combinations of 

free and bound states and stored together with the corresponding emission 

wavelengths. From these values the Einstein coefficients of Eq. (5) a.re obtained 
by interpolation. 

The program was run on an IBM RT-PC model 6165 workstation. For 

each electronic transition, about 1/2 hour of CPU-time was required to 

calculate the spectra for 100 vibrational levels. To reduce the computation 

time, only spectra for the even vibrational levels were calculated. These spectra 

are input for a least-squares analysis of the experimental spectra aimed at 

obtaining the distribution n(r,v). To this end, the range of vibrational levels up 

to the maximum allowed by energy conservation (discussed in section 5.1) was 
divided into 4-9 equally wide intervals, for each of which the mean value 

n(r,v) of n(r,v) served as one parameter in the analysis. This distribution is 

afterwards converted to a set of relative cross sections u(r ,v) by multiplying 

with the mean value of the calculated Einstein coeficient At for the interval. 

Initially, linear least-squares analysis was used, analogous to the inversion 

method described by Johnson et al. [48]. It was found, however, that this quite 

easily generated non-physical, i.e. negative, values for n, when the potential 

curves and transition moments used were not (yet) fully optimized. Therefore, 
the final analysis used a non-linear least-squares procedure, in which n could 

be restricted to be non-negative. 

4. EXPERIMENTAL RESULTS. 

4.1 XeBr spectra. 

Spectra. obtained from the reactions of Xe• with Br2, CBr4, CHBr3, 

CH2Br2, CF~r2, CF3Br, HBr and IBr a.re shown in Fig. (4). The spectra. show 

the characteristic undulations of bound-free spectra, a.nd the two ma.in 

continua. of the B -+ X and C - A{3/2) transitions. For HBr only the pa.rt 

associated with the B ~ X continuum was measured because of the low 

countra.te. The dotted a.nd dashed lines in the figure are simulations discussed 
in section 5. 

The general appearance of the spectra compares well with those reported 

by Ta.maga.ke et al. [12] in low-pressure (p ~ 0.5 Torr) fl.owing afterglow 

experiments (Fig. (5) of Ref. 12). There a.re, however, some pronounced 

differences, related to relaxation processes. Table 1 compares the emission 
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Figure 4: Experimental (--) and simulated ( ...... ) XeBr spectra from 
reactions of Xe* with several Br-containing molecules. The dashed lines 

indicate the separate contributions of the B -+ X a.nd C -+ A(3/2) continua. 
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Table 1: Comparison for XeBr of intensities lmax/lsx and 1295/lsx relative to 

the maximum of the B -+ X continuum in spectra observed in this work, 

flowing afterglow and crossed beam experiments. The quantity lmax is the 

maximum intensity of the overall spectrum in the range of wavelengths 

.A > 290 nm, while 1295 is the intensity at .A = 295 nm, just beyond the 
maximum of the B -+ X continuum. 

Reagent Imax/Iex Im/I ex 

Beam- Flowing Crossed Beam-\ Flo win!\ I Crossed 
Gasal Afterglowbl Beamc> Gasal Afterglow 1 Beam cl 

Br2 0.34 0.14 0.38 0.19 0.12 0.25 
CBr4 0.97 0.44 0.21 0.09 
CHBr3 1.23 0.50 0.29 

I 
0.09 

CH2Br2 0.49 0.25 0.28 0.28 
CF3Br · 0.14 0.11 I I 0.12 0.12 . 

a) This work 

b) Ref. 12, pressure p $ 1 Torr 

c) Ref. 31 
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intensity at selected wavelengths in the C - A(3/2) continuum relative to the 

maximum of the B - X continuum in our work to the corresponding values 

estimated from the spectra of Tamagake et al. [12]. This table shows that for 

Br2, CBr4 and CHBr3, in our spectra the relative intensity is about twice as 

large, indicating strong relaxation of XeBr(C) in the flowing afterglow results. 

A low resolution spectrum of the reaction of Xe• with Br2 obtained by Rettner 

and Simons [31] in a crossed beam apparatus, gives an intensity ratio close to 

ours (see Table 1). As to be discussed in section 5, the C - A(3/2) continuum 

contains a contribution of B -+ A(l/2) emission, which is not strongly 

influenced by relaxation because of the shorter lifetime of the B-state. Based 

on this information we conclude that the relative rates of formation of the B 

and C states calculated at a pressure of 0.5 Torr have to be corrected by a 

factor of more than two to obtain the nascent distributions, which is larger 

than used by Tamagake et al. [12]. In agreement with this, some of the present 

spectra display considerably different structure in the range of the C-+ A(3/2) 

emission. In our spectrum for Xe*+CBr4 only 12 maxima are observed in the 

range 290 < A [nmJ < 400, while that of Tamagake et al. shows at least 17, 

with a different spacing. This difference is even more clear at higher pressures. 

For CHBr3, the number of maxima is 11 and 16, respectively. This may be 

rationalized in a much smaller relative contribution of B -+ A(l/2) emission 

underlying the C -+ A(3/2) continuum in our spectra, due to the absence of 

relaxation. For these reasons, the redmost peak in all spectra must be assigned 

to the C -+ A(3/2) transition. 

Only the Xe•+Br2 spectrum shows a small contribution of D-+ X 

emission at A = 210 nm, as well as Br2(D' -+ A') emission [12,49] a.round 

A = 290 nm. No other emission was found in the range studied, i.e. 

200 < A [nm] < 400. 

4.2 KrBr spectra. 

The spectra of KrBr formed in reactions of Kr•(3P 0) and Kr•(SP 2) with 

Br2, CBr4, CHBr3, CH2Br:h CF2Br2, CF8Br and !Br are shown in Fig. (5). A 

relatively strong D - X continuum is observed for Br2, but none for CBr4• A 

contribution of D-+ Xis also present for CHBr3 and CF2Br2, but can not be 

very well assessed due to overlap with the B -+ X continuum and contributions 

of atomic I• emission lines, resulting from a persistent I2 contamination that 

could not be eliminated. 
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Figure 5: Experimental (--, ooo) and simulated ( ...... ) KrBr spectra from 
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Br-containing molecules. Spectra for Kr•( 3P 0) are shown as single points with 
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In the spectra for Kr•( 3P 0), little if any undulations a.re observed, but they 
do permit assignment of the contributing electronic transitions. A strong 
propensity for formation of KrBr in the D-sta.te in these. reactions and 
discrimination against KrBr(B) and, especia.lly, KrBr(C) is observed. The 
integral emission intensity is less than for Kr•(3P 2) in aJ1 cases. Hardly any 

KrBr formation is observed for Kr•(3P 0)+CBr4• 

If these spectra are compared to those reported by Vrakking et al. [35], 
then it follows that for the largest part their observations are explained by 

reactions of Kr•(3P 2) alone. Assuming a statistical ratio 
Kr•(3P0):Kr•(3P2) = 1:5 for their non state-selected experiment, which is an 
upper limit, reactions with Kr•(3P 0) contribute for a.bout 20 % to the D.-+ X · 

emission observed for Kr•+Br2> and for at most 50 3 for CHBr3 (and CF2Br2). 

The absence of D -+ X emission with CBr4 in a mixed beam experiment is 

therefore a.s much due to failure of Kr*(3P 2) as of Kr•(3P 0) to excite the 

D-sta.te. 
In contra.st with the reactions of Xe• with the same reagents, product 

. channels competing with excimer formation· are .observed (see also Fig. (6)). 
The spectrum for Kr*(3P 2)+Br2 shows contributions from excited Br2• Possible 

transitions a.re D -+ X (>, = 270 nm), D' -+ A' (>, = 290 nm),· 
E-+ B (>, = 310 nm) and D'-+ 3~ (>. = 355 nm) [49]. Comparing spectra for 
Kr•(3P 0) and Kr*(3P 2) shows that these excitation transfer products are formed 

almost exclusively in the reaction with Kr•(3P 2). The same is observed for IBr• 
emission in the reactions with IBr (Fig. (5)). For Kr•+CF~r2, emission is 
found in the region ,\ > 250 nm. By comparison with spectra from the 

photolysis of CF 2Br2 at excitation wavelengths ,\ < 131 nm observed by 
Johnson and Ross [50], it is assigned to the 1B1 -+ 1A1 transition of CF2, but 
some may be due to formation of KrF(C) [10]. For CF3Br, only very little 
KrBr(B-+ X) emission is present (Fig. (5)), and most of the fluorescence 
observed can be assigned to 1B1 -+ 1A1 transition of excited CF3 by reference to 
spectra from the photolysis of CF3X (X = H,Br,CI) by Ar and Kr resonance 
lines due to Suto et al. [51]. 

If our spectra for Kr*( 3P2)+Br2, CBr4 and CH2Br2 are compared to ones 
reported by Jones et al. [25], again some differences a.re observed. First, our 
spectra show higher intensity in the range,\< 190 nm, but lower Br2• intensity 

for,\> 250 nm in the case of Kr•(3P 2)+Br2• As a consequence, their spectrum 
shows a sma.ller intensity of the D -+ X continuum. These differences suggest 
discrepancies in the wavelength response of the respective optical systems. The 
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Table 2: Comparison for KrBr of the ratio IBX/IcA of the maxima in the B - X 

and C - A(3/2) continua, and the ratio Ii/In of integrated intensity for the 

wavelength ranges I = (190 < ,\ [run] < 210) and II = (210 < ,\ [nm] < 250) 

from the present beam-gas spectra to results from flowing afterglow 

experiments of Jones et. al. [25]. 

Reagent Ii/In I BX/le A 

This work Jones et al. This work Jones et al. 

Br2 1.1 0.7 al 0.43 0.4 bl 
CBr4 0.73 0.5 al 0.92 1.7 bl 
CH2Br2 0.79 0.7 bl 0.46 0.8 b> 

a) Extrapolated to zero working pressure by Jones et al. 
b) At a working pressure of 1 Torr. 
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undulations in the present spectra are more pronounced, due to absence of 

relaxation, but the ratio 11/In of the integrated intensities over the wavelength 

regions I = (190 < >. [nm] < 210) and II = (210 < >. [nm] < 250) and the ratio 

lax/le! of the maxima of the B -+ X and C -+ A(3/2) continua of Jones et al. 
are not systematically lower than ours (see Table 2). 

5. ANALYSIS. 

5.1 Energy balance. 

The characteristic points in the XeBr and KrBr spectra, i.e. those 

wavelengths >.T where the spectra terminate on the long and short wavelength 

sides, fix the dependence of the difference potential on the upper state potential 

energy [10-12]. Emission at these wavelengths is due to transitions from the 

turning points Rt of the upper state, in the highest vibrational level occupied. 

Thus, one may write 

(12) 

with r and r• indicating the upper and lower state, respectively. At the outer 
turning point, the lower state potential is still almost flat and thus the short 

wavelength limit is a direct measure of the energy £~ax of the highest 
vibrational state excited in the reaction. An upper limit to £~ax follows from 

energy conservation, as given by 

(13) 

with Ek the initial center-of-mass collision energy, E* the excitation energy of 

the metastable atom and Eb the energy required to break the Br-Y bond. 

In the present beam-gas experiment, the mean collision energy is given by 

5kT 5 3kTc 
<Eit> = (µa.arv/2) ( m + m ), 

B. B r Y 
(14) 

with µB.·BrY the reduced mass of the rare gas atom-reagent molecule pair, ma 
and mBrY the mass of the rare gas atom and the reagent molecule, respectively. 

The source temperature Ts~ 450 K was determined in a separate apparatus 
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[43] and Tc~ 300 K is the temperature of the scattering cell. In accordance 

with the results of Tamagake et al. [12), no contribution for the internal energy 

of the reagent molecules is added. 

Table 3 compares the values for <Ek>+E*-Eb to e~a.x calculated from the 

observed extremal wavelengths. For Kr*+Br2 and CBr4, our spectra do not 

extend to low enough wavelength to determine the short wavelength limits. 

These were extracted from the data of Vrakking et al. [35}. The total energies 
calculated from the short wavelength limits were used to set the highest 

vibrational levels in the simulations of section 5. The short wavelength limits 

correspond to total energies close to the limit of Eq. (13). Also, the values for 

both short wavelength limits of XeBr(B - X) agree with those reported by 

Tamagake et al. [12]. For Xe*+CH~r2, however, we observe a weak, additional 

short wavelength tail whose limit lies closer to that determined by Eq. (13). 

The short wavelength limit for Kr*+HBr from the work of Vrakking et al. can 

only be due to reactions with Kr*(3P 0). In figures (7) and (8), the observed 

dependence of the wavelength limits on the upper state energy is compared to 

that calculated from the available [12,52] and modified (see sections 5.2 and 

5.3) potential curves for XeBr and KrBr. 

5.2 XeBr potential curves and transition moments. 

Ab-initio calculations of transition moments and potential curves of RBr 

excimers are available only for XeBr [14]. Tamagake et al. [12] have corrected 

the relevant para.meters for the XeBr(B - X) transition, based on simulations 

of experimental spectra. for a. number of targets. K varan and co-workers 

[27,48,52] have used these modified curves in studies of the Xe*+Br2, HBr and 

CBr4 reactions. Their work led to differences in XeBr vibrational distributions, 

which were due to overlap of the C - A(3/2) continuum, but showed no need 
for further refinements in the wavelength range >. ~ 240 nm. Thus, the 

spectroscopic data for the B - X transition of XeBr seem established. 
Initial simulations of the Xe*+CBr4 spectrum indeed showed that the 

well-developed undulatory structure encountered here was excellently 

reproduced when the vibrational distribution in the B-state was taken to be a 
linear surprisal [10-12] with surprlsal parameter Av = -8, as determined by 
Ta.magake et al. [12]. However, the envelope of the spectrum wa.:s too low for 

>. < 250 nm, in the short-wavelength tail by a factor of 2. In part, this is 

ca.used by a la.ck of significant digits in Table VI of Ref. [12], in which the 

pa.ra.meters for the transition moment a.re given, because it proved to be 
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Johnson et al. [52], which are slightly modified versions of the potentials of 

Tamagake et al. [12]. The solid lines are drawn according to the potentials used 
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Table 3: 

vibrational 

Observed 

levels 

potentials 

wavelength limits 

v. mean collision 

E+ [56] for the 

f\T. corresponding upper state energies E-v max and 

energy <Ek>. binding energy of Br-atom Eb [53] and 

reactions of Xe" and Kr"( f>o.2) with Br-containing ionization 

molecules. Values for AT between parentheses are taken from Ref. 12 for XeBr and from Ref. 35 

for KrBr: when no entry for the present work is listed. the limit was not observed or not 

clear. The two limits listed for the B->X transition correspond 

(1) and outer (2) turning point emission: that for the C->A(3/2) 

where the intensity has decreased to 10 % of the maximum (50 % 

The upper state energies listed under "observed" and "computed" 

to the termination of the inner 

transition is the wavelength 

for the values from Ref. 12). 

were calculated from the short 

wavelength limit and the energy balance (Eqs. (11) and {12)), respectively. "Observed" values 

for Kr"( f>o) were calculated by adding the fine-structure splitting AEfa = 0.648 eV to those 

The corresponding vibrational levels were calculated from the observed 

upper state energy with the potential curves developed in this work (listed in Tables 4 and 6). 



Reagent Rare gas .\T [AJ <Ek> (eV) Eb (eV) Evmu(eV) v E' (eV) 

B ..... X C ..... A 
1 2 Observed Compu"" hi1 C D 

Dr2 
XeTP

2l ~104J 226 380(369) 0.138 1.971 6.39 6.48 186 
Kr• 3p2 158 247 0.151 7.85 8.10 118 66 10.5 
Kr• 3po 0.151 (8.50) 8.75 196 198 112 

CBr4 XeTP 2~ 207l202l 233(232) 370(368) 0.151 2.12 5.99 6.35 120 128 
Kr• ap2 164 184 245 0.161 7.56 7.96 90 92 46 10.31 
Kr• 3po 0.161 (8.21) 8.61 156 156 86 

C11Br3 
XeTP

2l 218~220J 243(242) 370(361) 0.151 2.43 5.69 6.04 90 04 
Kr• 3P2 173 170 237 0.163 7.29 7.65 68 68 30 10.5 
Kr• 3po 0.163 . ' (7.94) 8.30 126 126 66 

CH2Dr2 
XeTP 2

} 
218(236) (258) 367(351) 0.140 2.64 5.63 5.82 84 88 

Kr• 3p2 183 232 0.153 6.77 7.43 34 34 4 10.5 
Kr• 3po 0.153 (7.42) 8.08 78 80 32 

CF3Dr Xe•(3P2) 223(228) 251 361(354) 0.136 2.98 5.56 5.47 78 82 11.89 

CI<'2Dr2 
XeTP

2J 220 243 370 0.146 5.64 86 90 
Kr• 3P2 173 238 0.158 7.29 68 68 22 11.2 
Kr• 3po 0.158 (7.82) 126 126 66 

lIBr 
XeTP

2J 264l263l f 340J 0.117 3.75 4.70 4.68 16 14 
Kr• 3p2 182 235 0.131 11.65 
Kr• 3Po 0.131 6.81 6.95 36 34 4 



impossible to reproduce exactly the B -+ X transition moment of Fig. (8) of 
that paper with the parameters from the table. Indeed, the polynomial 

representation used in Ref. [12] for the transition moment, 

e x p [ ..:..7 ( R-R e ) ] 

µ(R) = c o + c 1 R+ c 2 R 2 + c a R 3 + c "R 4 ' 
(15} 

is very sensitive to the exact values of the parameters, e.g. a 0.5 % change in 
the c4 parameter, from c4 = 0.182 A-4n-1 to 0.18109 A •4n-1, changes the 
maximum value of the transition moment from µ81,111ax = 3.03 D to 
µ81 ,max = 4.06 D, i.e. a change of 34 3. As, however, the simulated spectrum 
resembled the experimental one better if the latter was multiplied by ,\2, some 
error was suspected. Inspection showed that the .x-5 term in Eq. ( 4) was 
properly included, and revealed no other possible errors. Therefore, the 
transition moment was adjusted. It was expressed in a form different from Eq. 
(15), 

exp [ -1 ( R-R e ) ] 

µ{R) = ( R-c o ) 2 + c t + c2, {16) 

because modification of the parameters in the expansion of Eq. (15) proved 
rather cumbersome. The resulting parameters a.re given in Table 4, and µ81 is 

graphically displayed in Fig. (9). As shown in the figure, our transition moment 
is very close to the ab-initio result [14], except for values R < 2. 7 A which are 
not important in the reactions studied here. 

Tamagake et al. [12] have also modified the C and A{3/2),A(l/2) potential 
curves. These modifications, however, were not tested by simulations. Johnson 
et a.I. [52] have used slightly altered versions of the modified curves to 
decompose the XeBr spectrum from Xe*+Br2• The simulation of a single, only 
weakly structured spectrum, however, is not a strict test, especially not when 

unknown contributions of Br2* emission a.re present, as in the case of Xe*+Br2• 

Figure 7 shows that indeed the dependence of the upper state energy on the 

terminating wavelengths of the continuum observed for A > 290 nm, as listed 
in Table 3, is not properly described by the existing C and A(3/2) or B and 
A(l/2) potential curves. · 

As found in section 4.1, the long wavelength limits correspond to the 
termination of the C -+ A{3/2) transition because in our spectra, the intensity 
of the redmost peak is about a factor of two larger with respect to the 
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-- this work 
Hay arxl Dunning 

.......... Tamagake et al 

0'----~3=-----'----•4:-----'----~5 

internuclear distance Ill 

Figure 9: Dependence. of the transition moment µBx of the XeBr(B -+ X) 

transition on the internuclear distance. Curves are shown for µBx calculated by 

Hay and Dunning [14], used by Tamaga.ke et al. [12] and developed in this 

work, listed in Table 4. The first two were redrawn from Fig. (8) of Ref. [12]. 

113 



maximum intensity of the B-+ X continuum compared to the low-pressure 

spectra reported by Tamagake et al. [12]. Therefore, the C and A(3/2) 
potentials of Tamagake et al. were modified correspondingly. Moreover, as 
there seems to be very little information to go on in the spectra pointing to 

features of the B -+ A(l/2) continuum, the modifications were based on 

simulating the continuum in the region >. > 285 nm as good as possible for all 

reagents studied, making no allowance for a contribution of B-+ A(l/2) 
emission. This is a reasonable approximation for most target molecules, as 

further discussed in section 5.4. 
The modifications consisted of reducing the exponential repulsion and 

increasing the ion-induced dipole attraction of the C-state potential, keeping 

the minimum of the C-state almost fixed but changing the dissociation energy. 
Also, the repulsion of the A(3/2) potential curve was increased. A transition 
moment expressed by Eq. (15) was used which, due to an error in the c4 

coefficient (see Table 4) that remained long unobserved, was somewhat lower 
than the ab-initio moment listed by Tama.gake et al. [12] in the range 

>. < 300 nm. These initial simulations used only the C -+ A(3/2) continuum of 
the various spectra. When simulations were started for the full wavelength 

range and including the B _,. X transition, additional modifications of the 
transition moment of the C -+ A(3/2) transition became necessary to reduce 
the intensity under the B _,. X continuum. For this purpose a switch function 
S(R) was introduced that multiplied the transition moment, with 

µ'(R) = f{R) S(R), 
S(R) = \ 0.5 + 0.5 exp[-(R-4(A))/o.2(A)] } •

1
• (17) 

The simulated spectra, drawn together with the experimental data in Fig. 
(4), show good agreement. Most of the structure in the region>.> 285 nm can 
indeed be simulated as a C _,. A(3/2) continuum only. Deviations do occur for 

290 < >. [nm] < 350, when the undulatory structure becomes less regular, and 
are attributed to the B-+ A(l/2) transition. A discussion of the resulting 
electronic and vibrational state distributions is postponed until section 5.4. 

All parameters for the final potential curves and transition moments are 

listed in Table 4. Spectroscopic constants calculated from the potentials are 
given in Table 5. According to the table, the minimum of the C-state is 
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.£\Te = Te C - Te B = 487 cm •1 above that of the B-state, in disagreement with 

the value Li Te= -110 cm·t determined by Yu et al. [26]. This difference 

suggests that, as could have been expected, the C--+ A(3/2) and B--+ X 

difference potentials are more reliable than the potentials themselves. The 

vibrational frequencies also differ appreciably, Wee - WeB = 9.28 cm·1• The 

spectroscopic constants of Table 5 are nevertheless comparable with those of 

the CsBr molecule. 

5.3 KrBr potential curves a.nd transition moments. 

Casassa et al. [8] reported that for KrBr the B --+ A(l/2) transition 

showed up as a shoulder on the C--+ A(3/2) continuum, but no spectrum was 

published. No shoulder is evident in high-pressure (27 Torr) spectra of Jones et 

al. [25]. Casassa et al. [8] further found that for KrI the radiative decay from 

the B- to the A(l/2)-state was weaker than that to the X-state by a branching 

factor on the order of P!A. :! 0.2. As this ratio declines in the series I,Br,Cl,F 

[14], for KrBr the ratio should be less. Thus, for KrBr the existing data suggest 

that the B -+ A(l/2) continuum can be reasonably neglected. 

Vrakking et al. [35] developed potentials and transition moments for KrBr 

by tria.1-and~rror simulations of the B -+ X continua for Kr"'+Br2 and 

Kr"'+CBr 4, and of the C-+ A(3/2) continuum for Kr*+CBr4• Our initial 

simulations were based on their results. In contrast with the situation for XeBr, 

in this case it was found that the envelope of the spectrum for Kr*+CBr4 was 

very well reproduced, but the undulations were not. In their paper, Vrakking et 

al. [35] reported additional, slow undulations in the calculated spectra, which 
were not observed experimentally. Our calculations showed that these are due 

to starting the integration of the Schrodinger equation to obtain the bound and 

free wavefunctions at a distance too close to the classical turning point. Then, 
the undulations are not fully correct and repairing this degraded the likeness of 
the experimental and simulated spectra rather seriously. In addition, their 

wavelength sea.le was found to be shifted to the blue by 1 nm with respect to 

ours, and it was impossible to generate emission at wavelengths .A> 240 nm, as 

observed experimentally for Kr*+Br2 and CBr4• This is readily understood by 

inspection of Fig. (8), which shows that the difference potential of Vrakking et 

al. [35] has a minimum and thus generates an interference spectrum with a 

maximum wavelength Amax= 237 run. Figure (8) further shows that in 

connection with this the dependence of the C--+ A(3/2) long wavelength limit 
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Table 4: Parameters of potential energy curves and transition moments of 

XeBr. 

XeBr Potential curves 

This work Tamagake et al. a 

B x c A(3/2) c A(3/2) 

Te (104cm·1) 3.5698 -0.0122 3.6045 -0.0030 3.6185 -0.0044 

De (cm-1) 3.3588 0.0122 3.0877 0.0030 3.0737 0.0044 

B1 (101cm"1) 2.1554 3.8064 2.6008 3.0000 2.5806 5.5280 

R1 (A) 0.3905 0.2908 0.4032 0.3697 0.4036 0.3393 

B2 (106cm·1) 0 0 0 0 0 0 

R2 (A) 

C1 (l05cm·1A) 1.0655 0 1.0191 0 1.0191 0 

C3(104cm·tA3) 0 0 0 0 0 0 

C4(105cm·1A 4) 1.4116 0 8.1959 0 8.0255 0 

C6(106cm·tA&) 0.262 6.034 0.439 1.012 0.439 I 1.012 

Transition moments 

B -> X B--+ X C _, A(3/2} C _, A(3/2) 
This work Tamagake This work Tamaga.ke 

et al. a> et al. al 

Equation (16) (15) (15),(17) (15) 
'Y (A-1) 0.8 0.3 0 0 
Co 3.13 A 33.50 19.96 19.96 
Ct 1.20 -36.25 -25.62 -25.62 
C2 0.182 14.70 12.57 12.57 
C3 -2.648 -2.790 -2.790 
C4 0.182 0.284 0.248 

a.) Ref. [12) 
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Table 6: Parameters of potential energy curves and transition moments of 

Kr Br. 

· KrBr Potential curves 

This work Vrakking et at.a 

D B c x A(3/2) B,C A(3/2) 

Te (1o•cm·1) 5.462 4.920 4.938 0 0 4.8816 0 

De (cm-1) 3.700 3.670 3.635· 0 0 3.7003 0 

Bi (107cm·t) 0.963 0.963 0.963 6.00 7.2746 0.963 6.375 

R1 (A) 0.40 0.40 Q.40 0.2632 0.2922 0.40 0.2941 

B2 (lOTcm·l) 23.0 6.083 7.7562 0 0 23 0 

R2 (A) 0.236 0.2778 0.2652 0.2381 

C1 (105cm·1A) 1.1614 1.1614 1.1614 0 0 1.1614 0 

C3(1o•cm·1A 3) 0 0.58 1.16 0 0 0 0 

C4(lO'cm·tA•) 3.5 3.5 2.8 0 0 3.5 0 

C6(1o&cm·1A &) 0 0 0 0 0 • 0 0 

Transition moments 

This work Vrakking et al. al 

D,B -+ X C -+ A(3/2) C -+ A(3/2) 

Equation (16) (16) (16) 
7 (A-1/ 2 1.54 0.7 
c0 (A 3.8 0 2.5 
Ct 0.8 101 0.5 
C2 0.6 1.16 10·$ 0 

a) Ref. [35] 

I 
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Table 5: Spectroscopic constants for XeBr. 

XeBr(C) XeBr(B) CsBr(X) a 

Te (cm-1) 36045 35698 

De (cm·1) 30877 33588 37982 

We (cm·1) 132.8 142.0 149.5 

WeXe (cm·1) 0.347 0.366 0.360 

WJe (10·4 cm·1) 4.3 4.5 

Re (A) 3.286 3.360 3.072 

a) Taken from the compilation by Dyke [57}. 

Table 7: Spectroscopic constants for KrBr. 

KrBr(C) KrBr(B) RbBr(X) a 

Te (cm-1) 49378 49199 

De (cm·l) 36341 36700 38127 

We (cm"1) 164.6 167.5 169.5 

WeXe (cm·1) 0.472 0.482 0.463 

WJe (10·4 cm·l) 6.6 6.7 

Re (A) 2.968 2.967 2.945 

a) Taken from the compilation by Dyke [57]. 

I 18 



on the available energy is not correctly reproduced by the potential curves. 

This is not surprising, since these were based mainly on the spectrum for 

Kr*+CBr4• 

Therefore, modifications to the potential curves and transition moments 

were again necessary. For both the B and C-states, the most repulsive term 

(see Table 6) was lowered and an attractive term -C3/R3 added, as followed 

from the analysis of Krauss [13]. In addition, the A(3/2) state was made more 

repulsive. The X-state potential and the B -+ X transition moment were left 

unchanged. The minimum of both the B- and C-states was shifted upward. 

The changes to the B-state potential are based mostly on the spectrum for 

CBr4• Because the original potentials for the C-+ A(3/2) transition generated 

an interference spectrum, the intensity of the redmost peak dropped sharply 

when this was altered, and thus a new C -+ A(3/2) transition moment was also 

found to be necessary. To estimate the contribution of D -+ X emission to the 

experimental spectra for Kr*( 3P 2) and Kr*( 3P 0), a D-state potential curve was 

devised which consisted simply of the original B-state potential of Vrakking et 

al. [35], shifted by the fine-structure splitting l!.Ers = 0.67 eV [53] of Kr+ from 

the minimum of the revised B-state potential. The D -+ X transition moment 

was assumed to have the same dependence on R as that of the B -+ X 

transition. The ab-initio results of Hay and Dunning [14] indicate that the 

D -+ A(l/2) transition is very weak, and accordingly it was neglected. Since 

very little, if any, structure in the D -+ X emission is observed in our spectra, 

no optimization of these potentials was possible. They were mainly used to 

assess the part of the spectrum that could be assigned to the D -+ X transition. 

All parameters for the potential curves and transition moments are listed 

in Table 6, while the simulated spectra are compared to the experimental data 

in Fig. (5). For Kr*(3P2)+CBr4, CF2Br2 and CHBr3, the B-+ X and 

C-+ A(3/2) continua are fairly reproduced. For Br2, the contribution of Br2* 

emission was roughly estimated by substracting a straight line from the 

C -+ A(3/2) emission as shown in the figure. The resulting spectrum is also 

fairly reproduced, though the undulations in the B -+ X continuum are 

displaced by approximately 1 nm. The spectrum for Kr*( 3P2)+CH2Br2 proved 

the most difficult to simulate and is still not very well reproduced in the 

short-wavelength region before the B -+ X maximum. The contribution of 

D -+ X fluorescence to the spectra for Kr*( 3P2) is well-€stablished for Br2, 

CBr4, and CBBr3, but only roughly in the other cases. For Kr•( 3P0), however, 

the contributions of the various continua seem realistically reproduced. The 
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Table 8: Relative cross sections for formation of ex.cimers in the B-, C- and 
D-states for the reactions of Xe•, Kr•(3P0) and Kr•(3P 2) with Br-containing 

molecules. 

Rare gas Xe* al Kr•(3P 2) b> Kr•(3Po) cl 

Reagent uc/un uc/un uu/un un/uu uc/uu 

Br2 1.68 0.88 1.1 

ro 
0.3 [0.4] 0.40(3)(0.31] 0.37(3)(0.24] 

CBr4 2.15 1.20 2.0 1.8 <0.1 - -
CHBr3 4.19 2.63 4.6 4.6 0.3 (0.4J 0.17f 3w.15J 0.03f 6 no.02l 
CH2Br2 2.68 1.58 2.8 2.8 0.1 0.1 0.32 6 0.28 0.13 5 0.11 
CF3Br 0.92 0.34 
CF2Br2 3.14 1.90 5.1 [5.1] 0.3 [0.4] 0.08(6)[0.07] 0.06(8)[0.05] 

a) values between brackets corrected for contribution of B -+ A(l/2) emission 

to the C -+ A(3/2) continuum assuming Pu. = 0.3 (see text). 

b) values between brackets take into account emission in the wavelength 

range .>. < 172 nm as determined by the least-squares analysis, but not 

possible predissociation (see text). 

c) values between parentheses denote the uncertainty in the last digit due to 

the statistical accuracy of the integrated signals. 



agreement of experimental and simulated spectra in general is not as good as 

for XeBr. This is due to the extensive overlap of the three contributing 

continua, the less well-developed structure in the KrBr spectra compared to 

those of XeBr, as well as the unreliable detection efficiency below 175 nm. 

Spectroscopic constants calculated from the potentials and the energies of 

the vibrational states are listed in Table 7. The vibrational frequencies, 

equilibrium positions and dissociation energies all closely correspond to those of 

the analogous RbBr molecule. 

5.4 Electronic state distributions. 

Relative cross sections O"r for formation of KrBr and XeBr in the r = B-, 

C- and D-states are listed in Table 8. These were obtained from the integrated 

intensities of the corresponding continua determined in the least-squares 

analysis. For XeBr, values of uB/ uc for XeBr corrected for contributing 
B-+ A(l/2) emission to the C -+ A(3/2) continuum are also shown. These 

corrected values are given by 

(18) 

with pf1 = 0.3 [26] the branching ratio for decay from the B- to the X- and 

A(l/2)-states as before. The table points to two interesting facts. 

First, except for CF3Br, the non-corrected cross section for formation of 
the C-state in collisions with Xe• is larger than that of the B-state, i.e. 

uc/ uB > 1. For XeBr it is observed that the corrected values still lead to 

u0/uB > 1 except for Br2. The same is found for formation of KrBr, where 

B -+ A(l/2) emission was not expected to be important. This is contrary to the 

results from bulk experiments [12,16], where a small preference for formation of 
the B-state is usually inferred from the extrapolation of pressure dependent 

uB/ u0 ratios. The data of Tamagake et al. [12] for XeBr suggested u0 < O'B for 

all targets studied here, even though a smaller value pf1 = 0.24 was used to 

correct for B -+ A(l/2) emission. This indicates that vibrational and electronic 

state relaxation processes at low pressures were underestimated in that study, 

as inspection of the experimental spectra already indicated. For CHBr 31 CF2Br2 

and CH2Br2 the contribution of C -+ A(3/2) emission to the B -+ X continuum 

has an appreciable effect as well (see Fig. (4)). The observed electronic state 
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distributions a posteriori justify neglecting the XeBr(B -> A(l/2)) transition 

for most reagents. If u8 < uc and PRA ~ 0.3, then less than 25 3 of the emission 
in the wavelength range .\ > 285 nm is due to the B-> A(l/2) transition. In 
agreement with this, for CF3Br, where, in contrast with the work ofTamagake 

et al. [12], a preference for formation of XeBr(B) is found, the vibrational 
distributions in the C- and B-states extracted from the simulations were found 

to be markedly different, in contrast to the situation for the other reagents. 

Second, the u0 /u8 ratio shows the same trend with reagent for Kr•(llP2) 

and Xe•. Compared to the ratios for Xe•, those for Kr• are generally higher, 
while a close match of the u0/ u8 ratios for Kr• to the uncorrected values for 
Xe• is observed. This could indicate a larger than anticipated contribution of 

B -> A(l/2) emission to the continuum assigned as KrBr{C -> A(3/2)). If the 

same branching ratio PRA = 0.3 is assumed for KrBr as for XeBr, evidently 
almost equal uc/ u8 ratios would result for Kr* and Xe•. Appreciable effects are 
again due to overlap of the B ... X and C ... A(3/2} continua for CH2Br2, CHBr3 

and CF2Br2• 

Table 8 also lists the relative cross sections for D-, B- and C-state 
formation in the reactions with Kr•(3P 6). A strong propensity for formation of 
KrBr(D}, and thus for conservation of the Kr•( 2P 112) ion-core is observed, 
which was qualitatively already clear from the experimental spectra. At least 
65 3 of all collisions with Kr•(3P 6) that lead to formation of KrBr are found to 
conserve the ion-core. In addition, formation of products in the C-state is even 
less frequent than in the B-state. The lowest core-conservation propensity is 
found for Br2• Here, also uc = uB, which can partly be due to additional Br2• 

emission in the range of the C -> A(3/2} continuum. 
In the above results for Kr•, there are two causes of uncertainty not 

mentioned sofar. First, the response of the detection system did not extend to 
low enough wavelength to observe all of the KrBr(B-> X} and KrBr(D-> X) 

emission. Table 8 therefore also gives values for the relative cross sections if 
only the observed part of the spectrum is taken into account (.\ > 172 nm}, and 
if the full spectra as generated by the least-squares analysis are used .. For 

Kr*( 3P 2) this comparison indicates only small changes in all cases, while for 
Kr*( 3P 6) the relative cross sections change by at most 30 3. Therefore, this 
loss of information is not serious. Second, in some reactions vibrational levels 

become accessible that are above the Kr+Br*(4PJ} dissociation limits, 

8.291 eV, 7.872 eV and 7,864 eV for J = 1/2, 3/2 and 5/2, respectively [53]. 
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Formation of KrBr in these levels results in emission at wavelengths 

.:\ < 160 nm, which is not observed in the present study. For the reactions with 

Kr*(3P 2), this may happen only with Br2, and, given the broad vibrational 

distributions determined in the analysis, will have only a small effect. For the 

reactions of Kr•(3P 0), however, the effect can be more serious, as will be 

discussed in the next section. The largest loss of signal will probabably occur 

for KrBr in the D-state. Because this state is closer to the predissociation 

limits than the others, it must be anticipated that a relatively larger fraction of 

the molecules formed in this state will predissociate. As a result, the propensity 

for Kr•(2P 112) core conservation may be even larger than observed in Table 8. 

At this time, there is no way to correct for the effect in a quantitative way. 

5.5 Vibrational state distributions. 

The vibrational distributions obtained in the analysis of the spectra will 
not all be shown explicitly, but they are listed in the Appendix. In most cases, 

these showed a smooth dependence on the vibrational quantum number. Figure 
10 shows sample vibrational distributions for the B- and C-states of KrBr and 

XeBr. For all possible cases, the results are summarized in Table 9. Here, only 

the mean vibrational energy <Ev> and the width <LiEv> determined from the 
distributions are listed. Values for <AEv> were determined by calculating 

(19) 

These values are compared to corresponding ones obtained for XeBr(B) by 

Tamagake et al. [12] for XeBr spectra generated at a pressure of 0.5 Torr. For a 

good comparison, their values were recalculated from the steady-state 

distributions listed in Ref. [12] using Einstein <:0efficients generated in this 

work, and using Eq. (19) for AEv. Our values for both quantities are close to 
the results of Tamagake et al., except for CH2Br2• 

The data in the table, as well as the sample distributions of Fig. (10), 

illustrate that generally the vibrational distributions in the B- and C-states are 

comparable. This is in general agreement with results for XeCl and KrF by 

Setsers group [10-11], and often assumed to be the case [52]. 
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State 

Reagent 

Br2 
CBr4 
CHBr3 
CH2Br2 
CF3Br 
CF2Br2 
HBr 

Table 9: Mean vibrational energy <Ev> a.nd width LlEv for reactions of Xe*, 

Kr*(3P 0) and Kr*(3P 2) with Br-containing molecules. Numbers between 

parentheses denote the uncertainty determined by the result of the 

least-squares analysis. 

Xe* Kr*( 3P 2) 

B al c B 

<E;> LlEv <E;> LlEv <E;> LlE <E > 
(eV (eV) (eV (eV) (eV cev~ (eVJ 

1.05 2 
1.19 2 
0.84 2 
0.68 5 
0.60 1 
0.77 1 
0.17 1 

1.1 0.53 6~ 0.85 21 0.521 51 0.9Tl 0.4ri 1.2 0.35 7 0.32 1.15 11 0.381 21 1.12 7 0.29 30 
0.73 0.33 6 0.27 0.85 1'1 0.30 3'1 0.54 8 0.24 26 
0.46 0.33 12) 0.19 0.50 2'1 0.30 41 0.38 7 0.24 14 
0.59 0.30 2! 0.33 0.36 11 0.27 3 

0.33 3 0.80 l 1 0.33 2 0.60(9) 0.25(26) 
[0.12] 0.06,4 [0.07] 

a) Values between brackets are recalculated with the distribution given in 

Ref. [12], except for Br2 for which they were taken dire~tly from Ref. [12], 

and are listed for comparison. 

0711l 1.08 2 
0.62 2 
0.31 1 

0.68(5) 

c 
LlEv 

(eV) 

0.47r 0.29 10~ 
0.21 10 
0.16 29 

0.24(16) 



XeBr !Bl XeBr !Cl KrBr IBI Kr Br IC I 

. vibrational quantum number 

Figure 10: Sample vibrational distributions of XeBr(B,C) and KrBr(B,C) for 

reactions of Xe* and Kr*( 3P 2) with Br2, CBr4 and CHBr3, as determined by 
analysis of the corresponding emission continua. 
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Table 10: Relative cross sections IJQ/2Q for KrBr excimer formation in 

collisions of Kr*(3P 0) and Kr*( 3p 2), obtained from the integrated emission 

intensities for the wavelength ranges 170 < >..[nm] < 250. The numbers 
between parentheses in the first column give the statistical uncertainty in the 

last digit corresponding to one standard deviation. The values in the right 

column are corrected for emission at wavelengths >.. < 172 nm as determined by 

the. least-squares analysis1 but not possible predissociation (see text). 

0.185(5) 
-0.007(8) 

0.22!2l 0.35 5 
0.20 2 
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5.6 Reactive cross sections. 

From the integrated intensities in the KrBr spectra, an estimate for the 

relative cross sections OQ and 2Q for excimer formation in collisions with 
Kr"(SP 0) and Kr*( 3P2), respectively, is obtained. These values, given in Table 

10, show that in general the cross sections for Kr*(SP 0) are appreciably smaller 
than for Kr*(ap 2). This conclusion remains true whether or not the emission in 

the wavelength range .>. < 172 nm, present in the simulated spectra but not in 

the experimental ones, is included. Again, possible predissociation of 

KrBr(B,C,D) formed in collisions with Kr"(3P 0) must be taken into account. If 
the highest observed upper state energy for Kr*(ap 2), listed in Table 3, is 

extrapolated to Kr*( 3P 0) by adding the energy difference AErs = 0.648 eV, 

predissociation of KrBr(B,C) is expected to influence the present results 

markedly only for CBr4 and Br2, and by less than 10 3 for the other targets. 
An estimate of the fraction of molecules in the B- and C-states undergoing 
predissociation may then be estimated by expanding the vibrational 

distributions obtained for Kr*(3P 2) corresponding to the change in available 

vibrational energy for Kr*(3P 0). If it is assumed that all molecules in a state 

lying above the asymptotic predissociation limit actually predissociate and are 
not observed in the present experiment, then we estimate that for Br2, 40 3, 
and for CBr 4, 60 3, of the products in the B- and C-states were not taken into 
account. Although the available energy is larger for Br2, nevertheless the effect 
is greater for CBr4 because of the widely different vibrational distributions. 
Even larger effects can be envisioned for molecules in the D-state. Strong 
predissociation of the high vibrational levels formed in collisions of Kr*( ap 0) 

with CBr4 therefore explains the almost vanishingly small cross section ratio 
0Q/2Q for this molecule. It is unfortunate that we could not investigate this 
because the resulting Br* line emission lies at wavelengths too short to be 

detected here. An additional effect is that CBr4 is the only molecule studied 
here where the ionization energy is reported to be in between the internal 
energy of Kr•( 3P0) and Kr•(3P 2) [54] (see Table 3). As observed by Golde et al. 
for collisions of Ar• with various molecules [54], this. can lead to appreciable 
loss of atom-transfer products to the ionization channel for Kr*(3P 0). 
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6. DISCUSSION AND CONCLUSION. 

The present work demonstrates the feasibility of obtaining well-resolved 

rare gas-halide excimer spectra under single collision conditions with molecular 

beam techniques. This permits a study of the properties of the long-lived 

C-state in cases where relaxation in a flowing afterglow apparatus is too severe, 

and permits unambiguous assignment of nascent electronic state distributions. 

Electronic state relaxation of XeBr(C) in particular, must be important in a 

flowing afterglow, as found from a comparison of XeBr spectra. obtained in this 

work to those of Tamagake et al. [12]. However, some uncertainty as to the 

relative distributions over the C- and B-states persists in the present results 

for KrBr and XeBr because these systems are not straightforward to analyse, 

because the B - A(l/2) emission cannot be separated from the C - A(3/2) 
continuum but only afterwards taken into account. 

Through trial-and-error simulations of the experimental spectra., revised 

B, C a.nd A(3/2) potential curves for KrBr, and C and A(3/2) potential curves 

for XeBr were developed. For XeBr(B), good agreement with the work of 

Tamagake et al. (12] with respect to the potential curves of the B- and 

X-states, as well as in extracted vibrational distributions is observed, but 

modification of the B - X transition moment was necessary for wavelengths 

>. < 250 nm. For other cases, revised transition moments were also developed. 

The six panels of Fig. (11) recapture the results of the analysis of the Kr Br 

and XeBr spectra. The general agreement of the results for XeBr and KrBr is 

some support for the KrBr simulations. The vibrational disttibutions of 

products in the B- and C-states a.re comparable for most reagents, as found in 

studies of XeCl and KrF excimer formation (10,11]. The electronic as well as 

vibrational state distributions for different rare gases Xe* and Kr*( 3P 2) but for 

the same reagent are analogous. Because for most reagents only a small part of 

the quenching cross section is accounted for by excimer formation, this is 
remarkable. A relative insensitivity to the atomic collision partner is also 

observed for the reactions of metal atoms with halogen containing molecules, 

and points to the dissociation of the negative BrY· molecular ion, formed in the 

initial stage of the reaction, as the determining factor for the product 

distribution [15,16]. A small preference for formation of products in the 

B-state, as has often been reported [12,16], is not observed. In contrast, for 

CBr4, CF2Br2, CH2Br2 and CHBr3 an opposite preference, i.e. for formation of 

products in the C-state is found, even if a B - A(l/2)/B - X branching ratio 
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Figure 11: Summary of results obtained by analysis of bound-free emission of 
XeBr and KrBr, listed in Tables 8 through 10. Open symbols refer to Xe•, 
closed symbols to Kr"'( 3P 2) in the upper 5 panels and to Kr• in the last panel; 
triangles denote Kr•(3P 0). The panels from top to bottom display: the 
electronic state distribution ratio ac/aB (not corrected for B-+ A(l/2) 
emission) for Kr"(3P2) and Xe*; the ratio <E~>/<~> of mean vibrational 
energies in the C- and B-states for Kr*(3P 2) and Xe•; the ratio 

. <.6.E~> / <.6.E~> of the corresponding widths; the ratio <.6.Ev> /<Ev> of the 
width to the mean value of the vibrational energy for XeBr(B) and KrBr(B); 
the core conservation propensity for Kr*( 3P2) and Kr•( 3P 0); the ratio 0Q,12Q of 
reactive cross sections for Kr•( 3P 0) and Kr•(3P2). 
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P~A. = 0.3 is taken into account for both XeBr and KrBr. The difference with 
:fl.owing afterglow experiments is assigned to underestimation of relaxation, and 

to overlap of the C --+ A(3/2) and B--+ X transitions which was not corrected 
for in the work of Tamagake et al. [12]. For CH2Br2, CF2Br2 and CHBr3 

especially, correction for C --+ A(3/2) emission contributing to the B--+ X 
continuum is important, so to some degree, the observed preference may be an 

artifact of the decomposition of the spectra into these two continua. We note, 

however, that for XeBr in the present work the transition moment for 

C-+ A(3/2) was considerably reduced for wavelengths in the range of the B-+ X 
continuum with respect to the ab-initio result of Hay and Dunning [14], listed 

by Tamagake et al. [12]. For KrBr the C-+ A(3/2) transition moment also 

decays faster toward large R than that of the B -+ X transition. At the present 

time, the reason for preferential excitation of either of the B- or C-states is not 

clear (16,37]. However, in cases such as Xe*+PC13 (11] it is clearly observed. 

The observed cross sections for formation of KrBr are appreciably smaller 

for Kr*( 3P 0) than for Kr"(3P 2) with the reagents studied here. For only one 

reagent, CBr4, this can be explained by predissociation of highly excited KrBr 

molecules and access to the ionization channel for Kr*(3P 0). For the other 

reagents, an explanation is not readily at hand. The experiments of Sadeghi et 

al. [37] showed such a strongly different reactivity only for Ar"+PC13 and CC14• 

No rate constants for Kr*( 3P0)+F2 and NF3 were reported by Sobczinski et al. 

(38]. 
The propensity for conservation of the Kr+(2F 112) ion-core is found to be 

at least 65 3 for all targets studied in this work, but mostly larger than 75 3. 
This is a clear change when compared to the results of Sadeghi et al. (37] for 

reactions of Ar*(3P 0) with Cl- and F-containing targets, where the largest 

value was 75 3 for PC13 and values as low as 22 3 for F 2 were observed. This 

difference may be attributed to the increased 3P 0- 3P 2 fine-structure splitting, 

.:'.lErs = 0.648 eV for Kr* compared to .:'.lErs = 0.175 eV for Ar*. Experiments of 
Sobczinski et al. (38] on Kr"+F2 and NF3 also led to the impression that 

core-conservation was stricter for Kr* than for Ar*. In contrast with this, 
however, for reactions of Kr*(3P 2) with Br2, CHBr3 and CF2Br2, D--+ X 

emission is detected in the present work, while it was reported to be very small 

with Ar*( 3P 2) (37]. This means a reduced propensity for ion-core conservation 

for the 3P 2 state of Kr* versus Ar", at variance with the argument given above. 

In addition, the energetics for formation of the D-state are more favorable for 

Ar*( 3P 2) than for Kr"( 3P 2) due to the smaller splitting of the D- and B-states. 
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Quenching of the D-state in a flowing afterglow does not influence these 

results, because its lifetime is close to that of the B-state. Indeed, only a small 

effect was reported for Ar*(3P 0)+F2 [37]. Spectra of Setsers group for Xe•+Br2 

(12,26] 1 Kr•+Br2 (25,29] and Xe*+Cl2 [28] also point to a pressure insensitive 

uD/ uB-ratio. Therefore, a difference for the 3P 2 states of Ar* and Kr* also 

exists, and thus the ion-core conservation propensity is influenced by other 

effects than the splitting of the fine structure states of the rare gas atoms alone. 

This also follows from the dependence of the uD/ uB ratios on the target, as 

observed for Kr"'(3P 0) in this study and for Ar*(3P0) by Sadeghi et al. [36]. 
The influence of the target on excitation of the D-state remains an 

interesting question. A correlation diagram developed by Sadeghi et al. (36] 
qualitatively explains the smaller propensity for R•( 3P 0) versus R•(3P 2), but 

not its dependence on the target. The two targets that lead to extremal 

vibrational distributions, i.e. broad for Br2 with !::.Ev/<Ev> = 0.53, and 

narrow for CBr4 with !::.Ev/<Ev> = 0.27, also lead to extremal 
core-conservation propensities for Kr*. Simplistically, the different vibrational 

distributions can be associated with a transition from a direct mode reaction 

mechanism for CBr4, analogous to the reactions of alkali metals with halogens 

(15], to a long-lived complex type for Br2• The randomizatibn of the initial 

distribution in the latter, and the absence thereof in the former case would then 

be responsible for the difference in vibrational and also in electronic state 

distributions. A comparison with the reactions of Ar* (37] is not possible 

because for these vibrational distributions have not been determined. On the 
other hand, the decline of the mean vibrational energy and increase in the 

spread in the series Xe*+F2, 012, Br2, 12 observed by Tamagake et al. (12] and 

recently reinvestigated by Johnson et al. (52] would then call for an increased 

contribution of XeX(D), which does not occur. 

It is notable that D -+ X fluorescence is always °Observed in collisions of 

R•(3P 2) with the homonuclear halogens [10-12,28,52). For Xe•, this is for a 

large part simply due to the fact that the binding energy of the halogen atom is 

always weakest in the homonuclear halogen donors, and so the energy available 

for excitation of the D-state, the third ion-pair state, is largest for these 

molecules. For example, in the reactions of Xe* with Cl- and I-donors studied 

by Setser and co-workers [11-12], formation of XeX(D) was in practice only 

possible with I2 and Cl2• This does not hold for the reactions of Kr•(3P 2) and 

Xe• with CBr4 studied here, however, and neither for reactions of Kr• with 

F-donors [10]. Though the available energy thus plays an important role, 

l3l 



symmetry may also be important. 

The KrBr spectra for Kr*( 3P 0) determined in this work were not sufficient 

to extract vibrational distributions or to allow for accurate simulation of the 

D -+ X continuum. The availability of both reliable electronic and vibrational 

state distributions for the products of reactions with R*( 3P 0) may add 

substantially in identifying the cause of the different propensities observed for 

the different targets. 

A study of the reactions of Xe* with iodine-donors is planned to 

investigate some of the aspects mentioned above. Because the D -+ X, B -+ X, 

C -+ A(3/2) and B -+ A(l/2) continua are better separated for Xel than for 

XeBr, this allows for truly unambiguous assignment of the electronic state 

distributions while, in addition, the rapid undulations in the spectra due to the 

small vibrational frequency will allow for precise assignment of the vibrational 

distributions. This system is the only one for which all four transitions 

mentioned are open to simulations. State selection can furthermore aid in 

determining whether indeed· the core-conservation propensity becomes more 

important as the rare gas atom becomes heavier, and how it depends on the 

structure of the reagent. 
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APPENDIX. 

Table 11: Relative cross sections for formation of XeBr(B,C) and KrBr(B,C) in 

bunches of vibrational levels, obtained by least-squares analysis of 

experimental spectra for reactions with different reagents. The values refer to 

the bunch of vibrational levels satisfying (i-l)n ~ v < ixn with n and i as given 
in the table. 

Br2 CBr4 CHBr3 CF2Br2 CH2Br2 CF3Br lIBr 

XeBr(B) 

i\ll 22 16 16 10 10 14 4 

l 0.59 0.12 0.22 0.30 0.34 0.59 0.00 
2 1.00 0.16 o.40 0.47 0.62 0.64 0.74 
3 0.64 0.03 0.64 0.38 0.84 0.55 1.00 
4 0.62 0.25 1.00 0.44 0.77 1.00 0.64 
5 0.64 0.45 0.80 0.75 1.00 0.71 0.19 

I 6 0.49 0.74 0.28 0.97 1.00 
7 0.31 1.00 0.21 1.00 0.87 
8 0.15 

I 
0.58 0.86 0.58 

9 0.52 0.27 i 

XeBr(C) 

i\n 26 20 14 10 12 12 

1 1.00 0.17 0.15 0.30 0.52 1.00 
2 0.50 0.06 0.15 0.57 0.97 0.$7 
3 0.70 0.08 0.21 0.64 LOO 0.41 
4 0.62 0.44 0.51 0.69 0.52 0.37 
5 0.31 0.44 1.00 0.81 0.33 0.20 
6 D.48 1.00 0.40 0.98 0.01 0.04 
7 0.00 0.00 0.16 1.00 0.17 0.03 
8 0.00 0.91 
9 0.00 

KrBr(B) 

i\n 18 16 12 8 8 

1 1.00 o.oo 0.31 0.31 0.87 
2 0.55 0.27 0.56 0.39 1.00 
3 0.57 o.oi 1.00 0.21 0.99 
4 0.83 o.41 0.58 1.00 0.64 
5 0.97 1.00 0.00 0.62 0.50 
6 0.87 0.63 0.25 0.32 0.31 
7 0.00 0.18 0.18 
8 0.21 0.24 

KrBr(C) 

i\ll 16 16 10 8 8 

1 1.00 0.11 0.08 0.06 o.41 
2 0.63 0.03 0.09 0.23 1.00 
3 0.58 0.29 0.60 0.40 0.94 
4 0.15 0.59 1.00 0.87 0.33 
5 0.54 1.00 0.97 1.00 0.22 
6 0.16 0.29 o.oo 0.99 0.16 
7 0.25 0.79 0.00 
8 0.48 0.08 
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CHAPTERV: 

PHOTON COLLECTION EFFICIENCY IN A 

CROSSED BEAM APPARATUS. 
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Photon collection efficiency in a crossed beam apparatus. 

E.J.D. Vredenbregt, R.J.F. van Gerwen, W. Boom and H.C.W. Beijerinck 

Physics Department, Eindhoven University of Technology 

P.O. Box 513, 5600 MB Eindhoven 

ABSTRACT. 

We address the problem of designing the combination of scattering volume 
and optical system of a crossed molecular beam apparatus for optimum 

fluorescence yield under the condition of a well-defined detection efficiency, 

taking into account the unavoidable limits on the phase space volume accepted 

by the optical system. We conclude that the best solution is to use the largest 

practical volume for the scattering center and a limited solid angle acceptance 

for the optical system. Given an allowed variation of the optical detection 

efficiency over the scattering volume, the corresponding solid angle acceptance 

can be readily estimated. The optical system of a molecular beam machine in 

use at our laboratory is described as an example of design along these lines. 

1 INTRODUCTION. 

Spectroscopic detection is an important tool for the study of atomic and 

molecular collisions [1]. Quantum state distributions of short-lived (r S 10 µs) 
excited products are readily obtained from optical spectra recorded in a 

molecular beam machine. The very powerful technique of laser induced 

fluorescence, as well as other optical resonance techniques, moreover permit 

studies of long-lived states and sub-Doppler resolution. For obvious reasons, 

the precision and detail one can obtain in these studies often depends on the 

fluorescence countrate achieved. It is thus important to design the optical 

system of a beam machine such that it offers the largest possible countrate, 

given other special demands. 

Because the photon countrate is proportional to the product of a solid 

angle efficiency 'f/n and the volume V5c of the scattering center producing the 

photons, this design should accept an as large as possible scattering volume and 

solid angle flopt = 411' 'fln· However, these two cannot be chosen independently 
because the product of solid angle n and cross section u of a light beam, 

denoted as its phase space volume 111, is limited by the physical dimensions of 

the elements making up the optical system. Usually, these limits are imposed 
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by the spatia.1 and solid angle acceptance of an optica.1 fiber, or a 

monochromator or interference filter necessary to disperse the fluorescence. The 

restriction in solid angle acceptance of an interference filter is due to an 

unwanted shift of the transmission profile toward shorter wavelength with 

increasing angle of incidence, which effectively increases the bandwidth. The 

phase space volume taken up by a light beam remains constant as it travels 

through an optica.1 system. Therefore, the phase space volume in which photons 

a.re effectively collected from the scattering center is limited by that of the 

fiber, filter or monochromator. Stated simply, light rays emanating from points 

far from the center of the scattering volume will not or should not be 

transmitted by the optical system because they either do not reach the entrance 

area of the dispersing element at all or reach it with too large an angle of 

incidence. Thus, we have to know how the dimensions of the scattering center 

and the solid angle acceptance depend on the useful phase space volume to 

optimize the fluorescence yield. 

2. DESIGN RULES. 

Because most optica.1 elements are either rotationally symmetric a.round 

the optica.1 axis, such as lenses, spherical mirrors, filters and optica.1 fibers, or 
have only two preferred directions perpendicular to the optical axis, such as a 
monochromator, we can simplify this problem by adopting a two-dimensional 

approach as shown in fig. 1. In this approach, we only take into account light 

rays in a plane through the optical axis and neglect those out of plane. 

Distances along and perpendicular to the optica.1 axis a.re denoted by z and x, 

respectively, while the angle of a. light ray with the optical axis is denoted by a 
(see fig. 1). In the detection region, the part of phase space accepted by a filter 

or fiber is given by the area Ed of a rectangle with lxrl < xd and I arl < ad 

(fig. 1). For a monochromator, in genera.1 Ed has the shape of a pa.ra.llellogram 

when viewed from the entrance slit, but in geometrical optics [2] it is always 

possible to find a. position a.long the optica.1 axis where the parallellogra.m is 

transformed into a rectangle. Thus, a. rectangle is a genera.1 representation of 

the limiting phase space area. For a rotationally symmetric element such as a 

filter, xd and ad are related to the accepted phase space volume 111 d as 

(1) 
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Figure 1: Cut through the optical axis of a basic optical system. Positions along 

and perpendicular to the optical axis are denoted by z and x, respectively. The 

angle of a light ray with the optical axis is denoted by o. The solid angle in 

which light is collected from the scattering volume, centered at (xi=O,zi=O), is 
defined by a collimator with radius R at zi=L. The lower part shows the phase 

space volume of a cylindrical slice of the scattering center with radius r as 

collected by the collimator. This is mapped onto the rectangular phase space 

area Ed of a filter by the optical system, represented by a matrix M. 
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with nd = ?raj, the accepted solid angle and Ad = 'RX! the area of the element. 

These relations can be extended to a system with different dimensions in two 

directions perpendicular to the optical axis by obvious substitutions. 

We let the central point of the scattering volume coincide with the origin 

(x1=0,z1=0), while a restricted solid angle is defined by a collimator with 

radius R placed at z = L (see fig. (1)). In what follows we assume lzil < L for 

all points in the scattering center. The nominal solid angle in which light is 

collected from points (xi=O,z1) on the optical a.xis is then almost independent 

of z1 and given by 

(2) 

The light rays emanating from a. thin slice of the scattering volume at z1 = 0 

with a. cross section ?IT2 which can pass through the collimator now span a 

region in phase space bounded by the four points [r,(R-r)/L], [r,-(R+r)/L], 

[-r,-(R-r)/L] and [-r,(R+r)/L] (see fig. (1)). The slice is detected with 
optimum efficiency if the optical system maps this region exactly onto the 

phase space area. Ed of the filter or monochromator. In the small angle region 

I al < R/L < ?r/2, the mapping of initial phase space coordinates (x1,a1) onto 
final phase space coordinates (xr,ar) is described by a two-by-two matrix M, 

with 

(3) 

By mapping the boundary points of the phase space area. of the slice of the 

scattering center onto those of the area. Ed of the detector, one finds that the 

relation 

(4) 

must hold. This points out that in order for a thin slice of a. scattering volume 
to be accepted with maximum efficiency by an optical system, its cross section 

?IT2 and the solid angle Oopt = 1r(R/L )2 accepted by the optical system must be 
chosen such that their product matches the restricted phase space volume 

111 d = 'i!'.Xd 1rQd· 
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One out of four possible mappings is then given by 

(5) 

while the other three can be found by adding a rotation of the final phase space 

area by w/2, r or 37r/2 to this. These other three therefore do not provide a new 

point of view, and what follows will be based on the mapping of Eq. (5). The 

mapping M(zi) provided by the optical system for points in the scattering 

volume in planes zi # 0 is found by first performing a translation back to the 

plane zi = 0, followed by the mapping of Eq. (5), which gives 

(6) 

A particularly simple and instructive example of the mapping of Eqs. (5) 

and (6) is provided by the optical system shown in Fig. (2a). Here, the system 

consists exclusively of a lens, placed at a distance from the scattering center 

equal to its focal length f and directly in front of a filter. The lens also acts as 

the collimator. In this case the mapping Mis given by 

(7) 

By comparison with Eq. (6) it follows that a lens must be used with a focal 

length f = r /ad and diameter R = xd. 

According to Eq. (7) and, for the general case, Eq .. (6), the region around 

the origin, with xi=z1=0 and I ai I < R/L, is transformed by the optical system 

into the line piece I xr I < xd, err = 0 of phase space (Fig. 2b). Other points in 

the plane zi = 0 with lx11 < r correspond to line pieces parallel to this, which 

together cover the rectangular area Ed of phase space bounded by I Xf I < xd 

and I arl < ad. 
To find the actual volume of the scattering center that will be detected 

with equal efficiency as its central part, we demand that the phase space image 

of any point (xbzi) within this volume fully rests within the bounded area. Ed of 

Fig. (2a). Using Eq. (6), we can show that this condition is met if 
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(8) 

This is illustrated in Fig. (2c), where we have depicted the phase space images 

of the outer points x1=0, I z1 I = rL/R of the diamond that surrounds the points 

satisfying Eq. (8). These images are the diagonal line pieces of the phase space 

a.rea Ed. A further increase of I z1 I rotates the line piece so that pa.rt of it falls 

outside of the accepted phase space area, while a.n increase of Ix; I ha.s the sa.me 

effect by shifting the image toward larger angles. Thus, the region outside the 

diamond of Eq. (8) is detected with smaller efficiency tha.n tha.t within. 

To easily calculate the detection efficiency of the optical system, or to 

compare flourescence yields for different spatial distributions of the intensity 

emanating from the scattering center, such a.s in the ca.se of non-negligible 

primary bea.m attenuation, it is useful that the phase space image of the 

scattering volume fully lies within the region determined above. Then the 

product of scattering volume and accepted solid angle is limited to 

{9) 

where the factor (2n3L/3R) corresponds to the volume of the diamond shaped 

scattering center. This expression points out tlia.t the fluorescence yield is 

inversely proportional to the solid angle efficiency, which is the most important 

result of this section. This shows tha.t it is profitable to choose the scattering 

volume a.s large as possible while making the solid angle Oopt accepted by the 

optical system accordingly as sma.11 as needed. According to Eq. (9), this 

volume varies as (Oopt)"2• The limit is determined only by geometrical 

limitations on the space available .for the scattering volume in the experimental 

setup, but keeping in mind the condition I z1 I < L. 

If the detection efficiency is allowed to va.ry over the scattering center, the 

photon signal can be further increased by enlarging V sc· To obtain an estimate 

of the largest useful volume we calculate the phase space area covered by a 

cross section n 2 of the scattering center outside the focal plane, i.e. for z1 :f O. 
This area has the shape of a. parallellogram as shown in Fig. (2d). Only the 

hatched area e that overlaps the area. Ed will be transmitted to the detector. 

The ratio of e to Ed gives the relative detection efficiency e(z;) of the cross 

section at position z1 compared to that at z1 = O. Simple geometry shows that e 
is given by 
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Figure 2: Illustration of the concept of phase space volume. An optical system 

consisting of a single lens is used to illustrate the mapping of Eqs. (5) and (6) 

by the simpler version of Eq. (7). a) Useful phase space area Ed of an 

interference filter or monochromator. The spatial and angular limits, xd and 

ad, respectively, are related to the spatial and solid angle acceptance of these 

optical elements. b) Phase space image of a line piece I xi I <r situated in the 

focal plane of the lens. The numbered, individual points are mapped onto 

correspondingly marked line pieces. c) Phase space image of the diamond 

shaped scattering center given by Eq. (8). The numbered, extremal points are 

mapped onto line pieces that just stay within the useful phase space area Ed. 
d) Phase space image of a line piece I xi I <r situated outside the focal plane of 

the lens. Only the hatched area e of the parallellogram shaped image lies within 

the useful phase space area Ed. The ratio of e to Ed gives the relative efficiency 
with which the line piece is detected. 

145 



I z i RI I z i I [n o P t J 112 
E(zi)=l- 4rL =l--2-r- 4r ' (10) 

valid for I ziRI S 2rL, i.e. f ~ 0.5. The largest useful length of the scattering 

center can now be estimated by putting, e.g., E(ziimax) = 0.5, which gives 

ziimax = 2r(L/R) = r ( 4r/Oopt)112, (11) 

a factor of 2 larger than found from Eq. (8) for f = 1. The resulting scattering 

volume 

(12) 

is then observed with an average solid angle 

Zi,max/2 
/ f(z) dz/(2zi,max) = 300pt/4, (13) 

-Zi,max/2-

and the fluorescence yield is proportional to 

(14) 

a factor of 9/2 larger than that determined by Eq. (9). Again, this equation 

shows that it is profitable to reduce the accepted solid angle in favour of a 

larger scattering volume. 

This perhaps counterintuitive result shows that the use of spherical 

mirrors [3,4], with their large solid angle efficiency of up to 80 3, is limited to 

cases where the volume of the scattering center must be small compared to 

if!312/(4r)2 for specific reasons. This may be the requirement to work in the 

focus of a laser beam for sufficient power density, or the need for a small 

divergence of the atomic beam to avoid Doppler broadening. A disadvantage of 

spherical mirrors is further that usually the focal point is only a few millimeters 

away from the reflecting surface. This leads to appreciable spherical 

abberations even for dimensions of the scattering center that are small 

compared to the focal length of the mirror, unlike for a lens. These aberrations, 

which are not taken into account in the analysis above, change the 
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shape of the phase space volume of the scattering center in the detection region, 

so that it cannot be matched exactly with that of the filter or monochromator. 

This effectively reduces the product of accepted scattering volume and solid 

angle V5c<0> for a given 1lfd which then leads to poorer performance. 

3. APPLICATION. 

In a crossed beam apparatus used in our laboratory (described in Ref. 5), 

the accepted phase space volume is determined by interference filters or a 

monochromator with typical dimensions as given in table l. Of course, by 

choosing larger elements their phase space volume could be enlarged, but here 

we are limited both by the cost as well as the need for manageable dimensions. 

Those given in table 1 are probably typical. We were mainly interested in 

obtaining maximum signal under the condition that the scattering volume is 

fully accepted by the optical system. Then, as mentioned before, the detection 

efficiency is independent of the spatial distribution of light emanating from the 

scattering center. Also, the efficiency can be easily calculated. 

As found in section 2, the best solution is to make the scattering volume as 

large as possible and then choose the solid angle efficiency according to Eq. (9). 

In our case, the dimension of the scattering center along the optical axis is 

limited by the desired time-of-flight velocity resolution. In the experimental 

apparatus described in [5], the mechanical chopper needed for the time of flight 

analysis does not allow for an open time r < 30 µs per millimeter thickness of 

the primary beam, while the flight time to the scattering center is only 

tn = 200 µs for the fastest particles present in an arc-heated beam of 

metastable Ar-atoms. Thus, a beam thickness of 3 mm will lead to a resolution 

of the relative velocity g for the fastest atoms of 

t:.g/g (FWHM):::: t:.vJv1 = r/tn = 0.5, (15) 

which should not be increased any further. With the length 2ziimax of the 

scattering center in the direction of the optical axis thus fixed, optimum 

detection efficiency and thus the largest photon signal is obtained by choosing 

the product of the accepted solid angle Oopt and the cross section 111'2 of the 

scattering center perpendicular to the optical axis equal to the accepted phase 

space volume 1lfd of the filter, as followed from Eq. (4). At the same time, 

according to Eq. (10), the accepted solid angle must be kept small to minimize 
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Table 1: Typical values of relevant quantities of 3-cavity interference filters 

and the 0.25 m monochromator used in the experimental setup of Ref. [5]. 

Quantity Filter Monochro-
a mator d 

spatial acceptance A, rm~ 1400 b 60 e 
solid angle acceptance Or sr] 0.096 c 0.066 
phase space volume acceptance IJtr. mm2sr] 130 4 
bandwidth 6.A nm] 10 10 f 

transmission T {300 < ). [run] < 40 ) 0.25 0.75 

a) purchased from Oriel Corp. 

b) diameter 42 mm 

c) corresponding to a shift fl).= 2.5 nm of the central wavelength at the 

largest angle of incidence 

d) Yarrell-Ash model 82-420 

e) slit width 3 mm 

f) reciprocal dispersion 3.2 nm/mm 
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the variation of the detection efficiency over the scattering center. Thus, a large 

area n 2 and a small solid angle Oopt = 'II d/n2 gives the best result. 

In practice, we use a scattering volume with a rectangular cross section 

7.7x6 mm2 in area, which is limited by the geometry of the secondary beam and 

the demand that singe-collision conditions be maintained. Given the phase 

space volume 'l!d = 130 mm2sr of an interference filter (Table 1), the maximum 

value for the solid angle acceptance is Oopt = 2.8 sr, i.e. '17n = 20 %. In practice, 

a solid angle efficiency '17n = 3.7 %, defined by a lens with radius R = 17 mm 

located 45 mm from the center of the scattering volume is used. The solid angle 

efficiency was chosen smaller than the optimum value '17n = 20 % determined 

above to avoid spherical aberrations due to the use of very thick lenses. With 

these values, Eq. (10) predicts that the variation of the detection efficiency 

over the scattering volume is at most 4 %. This agrees quite well with the value 

2.6 % determined for the average variation of the efficiency by numerical ray 

tracing simulations [6]. 

If we replace the filter by a monochromator, the accepted phase space 

volume is reduced by a factor on the order of 35 (Table 1; dependent on the slit 

width used). As the solid angle collected by the optical system remains the 

same, we estimate from Eq. (9) that this will reduce the accepted volume of the 

scattering center by a factor of 35312 with an accompanying loss of signal. This 

reduction in spatial acceptance, which furthermore depends on the slit width, is 
undesirable because it is no longer possible to compare photon countrates 

measured with a filter and with a monochromator when the spatial distribution 

of the fluorescence is not uniform. We have solved this problem by designing 
the optical system such that it maps the angular distribution of light in the 

scattering center onto the spatial acceptance of the filter or monochromator, 

while the spatial distribution is mapped onto the angular acceptance. In many 

experiments the angular distribution of light emanating from the scattering 

center is isotropic as opposed to the spatial distribution, while at the same time 

the angular acceptance of a filter and monochromator are comparable (Table 1) 
as opposed to their spatial acceptances. Thus, such a mapping makes that the 

spatial acceptance of the scattering centre is approximately the same both for a 
filter and monochromator, independent of the slit width. Furthermore, the solid 

angle acceptance is now simply proportional to the entrance area of the 

dispersing element, which is easily calculated. 

This mapping is approximately provided by the simple optical system of 

Eq. (7), i.e. by placing the center of the scattering volume in the focal point of 
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Figure 3: Schema.tic view of the optical system of the experimental setup 

described in Ref. [5]. 1) secondary beam axis 2) wedge-shaped skimmer 
(maintained at 900 K) with. fv.sed silica observation window 9) 20 K cryo 
expansion chamber 4) large diameter (50-75 mm) fv.sed silica lenses 5) length 
adjustments ff) walls of main vacuum chamber 7) tw1>-disk rotatable filter holder 
(described . in Ref [4]) 8) stepper motors rotating the filter disks 9) 
photomultiplier. 
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a single lens. In our design three lenses are used (Fig. 3), which are, however, 

equivalent to a single, very thick one. In this way, the monochromator, filters 

and photomultiplier can be placed outside the vacuum chamber. The first lens 

is placed at a distance 11 = 45 mm from the scattering center smaller than its 

iocal length i1 = 75 mm, in order to obtain the required solid angle acceptance 

while keeping the thickness oi the lens down to a reasonable value oi 13 mm. 

The second now forms a positive image oi the scattering center in the iocal 

plane oi the third lens. This third lens then maps the image onto the phase 

space volume oi the filter or monochromator as in Eq. (5). 

4. PERFORMANCE. 

A drawing oi the complete detection system is shown in Fig. 3. It employs 

three iused silica lenses, chosen to provide a mapping oi the scattering center 

on the entrance area oi a filter or the slit oi an (optional) 0.25 m Ebert 

monochromator (not shown in Fig. 3) as described in section 3. Between the 

lenses and the monochromator two rotatable filter disks are placed, each with 

five positions ior up to 2 filters per position [4]. The photons are detected by an 

EMI 9635 Q photomultiplier. Pulses are ied into a computer that also controls 

the wavelength drive oi the monochromator and the drives oi the rotatable 

filter disks. 

The solid angle acceptance oi the system versus position in the scattering 

center was determined by numerical ray tracing simulations [6]. The variation 

oi the solid angle efficiency Tio over the scattering center is only 33 when 

interference filters are used to disperse the fluorescence, and 18 3 ior a 

monochromator with 15 nm wavelength resolution. This shows that the 

scattering center is spatially fully accepted by the detection system. At a 

wavelength oi 335 nm, the total detection efficiency, besides solid angle 

acceptance also incorporating the total transmission 1'/t = 0.41 and the quantum 

efficiency 1'/qe = 0.28 oi the photomultiplier, has a calculated value oi 

1'/opt = 1'/t1'/qe1'/n = 3.6 10·3 with a filter and 1'/opt = 1.2 10"4 with a 
monochromator. Both compare well with the value 1'/opt = 10-3 ior a dedicated 

setup reported by Manders et al. [4] employing a parabolic mirror, . a smaller 

scattering center oi 1 mm3, narrow-band interference filters with 70 % peak 

transmission and a red-sensitive photomultiplier with a quantum ei:ficiency 

1'/qe = 3 3. 
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The performance of the system has been demonstrated in a study of 

excitation transfer collisions of metastable Ar• and Kr• atoms with N2• It 

allows us to measure cross sections for excitation of N 2 to single vibrational 

levels of the C3IIu state down to 0.01 A 2 with sufficient statistical accuracy. 

5. CONCLUSION. 

When designing an optical system with well-defined detection efficiency, it 

is always profitable to restrict its solid angle acceptance in order to accomodate 

a larger fluorescing region. Essentially, this is due to unavoidable limits on the 

phase space volume accepted by the optical elements. For every sytem, there 

exists an optimum shape for the scattering volume within which each point is 

detected with almost equal efficiency. In general, this shape is not the diamond 

of Eq. (8), but can be easily found by transforming the limiting phase space 

volume back through the optical system. The use of a larger scattering volume, 

or a larger solid angle acceptance, will lead to appreciable variation of the 

detection efficiency over the scattering region, which can be estimated from 

Eq. (10). The practical use of the simple geometrical view of section 2 is 

demonstrated by its application to the design of a real optical system. 
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Concluding remarks. 

This thesis has explored a few aspects of excited atom-molecule collisions. 

The case studies presented in chapters 2 through 4 have each surveyed one 

subject in particular, focusing on prominent features. Much detail, however, has 

been left unanswered and remains open to further study. 

Progress has already been made for the excitation transfer processes of 

chapter 3. Here, some uncertainty arose concerning the collision energy 

dependence of the cross section for excitation of N 2(C) by Ar* in the thermal 

energy range. The two main reasons for this, namely the rotational temperature 

of the secondary N2 beam and the influence of the Ar•( 3P 0):Ar•( 3P 2) beam 

composition, have been investigated [1]. First, by varying the stagnation 

pressure of the N 2 nozzle beam, it has been verified that its rotational 

temperature has a negligible influence on the cross sections for rotational 

temperatures 10 <Trot [K] < 100 and in the range of collision energies 

E > 75 meV. Second, through state-selection of the Ar• beam by optical 

pumping with a diode laser, the fine-structure dependence of the process has 

also been obtained. Though the vibrational distribution of N2(C) was found to 

be markedly different for the two states Ar*( 3P 0) and Ar•( 3P 2) [1,2], the 

collision energy dependence of the cross section for excitation of N 2( C) was 

identical in the range 0.075 < E [eV] < 2. Both these studies were unable, 

therefore, to solve the matter of the threshold for the process. 
As a final result of this work, however, initial 3p 0i2 fine-structure 

state-resolved cross sections for excitation of N 2( C) to individual vibrational 

states over a very broad range of collision energy for both Ar* and Kr• will be 
available. This singles out excitation of N 2(C) even more as the best studied 

molecular excitation transfer product to date, at least experimentally. Most 

progress right now must be expected from theory, by developing reliable 

interaction potentials to assess the roles played by the R •N 2 - intermediate state 

and by vibration during the collision. For this purpose, the work of Aquilanti et 
al. [3] on potential curves for the Xe•+N2 system can be extended. Also, 

measurements of final vibrational state-resolved excitation transfer cross 

sections for the resonant-type systems Xe•+ N 2,CO are needed to test their 

potentials and to quantify the difference with the system Ar•+ N 2• These 

measurements can be readily performed with the setup described in chapter 3. 

In fact, they are already planned. 
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For the rare gas-halide reactions, much has yet to be learned. As of now, 

there is little idea what exactly determines the core-<onservation propensity. 

The study of chapter 6, and the work of Sadeghi et al. [3], have shown it to 

depend sensitively on the target molecule. The dependence on the rare gas atom 

for the same target has not yet been quantified, however. Knowing the 

vibrational distribution of excimer products in the D-state may help in 

understanding the underlying mechanism. For the reactions with Xe*( 3P 0), 

such work will be difficult since an optical transition through which the 
3P 0-,state can be sufficiently populated by conversion from Xe*( 3P 0) is missing. 

This is due to a strict separation of the core-states 2P 112 and 2P sn for Xe*. The 

molecular beam technique used in chapter 5 has proven promising, however, i.n 

analysing the C-+ A(3/2) transitions of KrBr and XeBr. This work can be 

readily extended to other systems in order to complete the analysis of the 

properties of the rare-gas halides. In addition, the relative rates of formation of 

the B- and C-states could be restudied with this technique to asses the 

influence of electronic state relaxation. The imminent advent of an even faster 

workstation than used in this work will greatly help in the analysis of rare 

gas-halide (and other) optical spectra. Even "fitting" potentials and transition 

moments to experimental spectra through least-squares analysis seems feasible 

in the near future. 

An experimental study of rotational excitation in the Ar*+N2 system set 

up to accompany the work of chapter 2 on rotational distributions did not 

succeed. This was due to too small a signal at the resolution required to resolve 

individual rotational lines of the N2(C-+ B) transition. Such work is thereby 

outside the range open to study with the present beam-gas apparatus. Relief of 

this situation can possibly be obtained by enlaging the detection efficiency, for 

instance through resonance-enhanced multiphoton ionization with tunable 

lasers. This technique can enlarge the detection efficiency by a factor of about 

io4• 

A realistic alternative is to use laser cooling techniques to enhance the 

intensity of the metastable atom beams by a comparable factor. Diode lasers 

can be readily applied for this purpose. Experiments in this direction are 

already in progress. 
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Summary. 

This thesis deals with inelastic and reactive collisions of metastable rare 
gas atoms Ar*, Kr* and Xe* with small molecules. The present study was set 

up and executed in the Atomic Collisions. and Spectroscopy Group of the 
Physics Department of the Eindhoven University of Technology. 

A broad range of product channels is open to collisions of the heavy rare 
gas atoms Ar, Kr and Xe in the metastable states R*( 3P0,3P 2) with molecular 
targets. Depending on the collision. partners, rotational, vibrational and 
electronic excitation, dissociation, ionization and chemical reaction a.re 
observed, often in competition with each other. A few of these processes a.re 

investigated in the present work through case studies which constitute the 
different chapters. 

A prominent feature of rotational excitation is the rotational rainbow 
effect. Product rotational . distributions observed at a fixed scattering angle 
show a maximum near the highest rotational state observed, due to a classical 
singularity in the cross section for rotational excitation as a function of the 

impact parameter of the collision. In chapter 2 we use the classical model of 
collisions with a rigid, anisotropic shell, to show that such rainbow maxima will 

persist in integral product rotational distributions, if the repulsion in the 
second half of the collision process dominates over that in the first half. The 

predictions of this model apply to a variety of processes, such as exothermic 
excitation transfer collisions, exothermal chemical reactions and 
photodissociation. 

If the repulsive interaction potential in the exit channel contains an 
anisotropy described by a first-order (P 1) of fourth-order (P 4) Legendre 
polynomial, as applies to heteronuclear and may apply to homonuclea.r 

diatomic molecules, respectively, two distinct rainbow maxima exist. The 
model is applied to the exothermal excitation tranfer collision of Ar* with 
N2(X). The bimodal rotational distribution of the product N 2(C3IIu,v'=0) 

observed by Nguyen and Sadeghi [Chem. Phys. 79 (1983) 41] corresponds to a 
relative strength of P canisotropy compared to P ranisotropy of c4/ c2 = 1.8. 
This anisotropy is tentatively assigned to the electron configuration of the 
product N,{C). 

The forma.tion of N2(C) in collisions of N2(X) with Ar* is considered a. 
prototype of electronic and vibrational excitation of molecules by excited 

a.toms. Consequently, this sytem has been extensively studied in the past. In 
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chapter 3 we report on the collision energy dependence of the cross sections for 

excitation of N2(C3Ilu) to the individual vibrational levels v' = O, 1 and 2 for 

both Kr• and Ar*. Formation of N2(C) is also observed with Xe*( 3P 0). In the 

experiments we used a crossed molecular beam apparatus with time-of-flight 

velocity analysis to study a broad range of collision energies 0.08 < E (eV) < 3. 

The experimental results show that the vibrational distribution of N 2(C) is 
largely independent of the collision energy. The cross sections always decrease 
with increasing final vibrational quantum number. At any collision energy, 
80 3 and 70 3 for Ar* and Kr*, respectively, of the excitation transfer cross 

section is accounted for by formation of N2(C) in vibrational level v' = 0. For 
Ar•, the collision energy dependence of the excitation transfer cross section is 
shown to be incompatible with a semiclassieal model corresponding to 
excitation through an isolated curve crossing between the initial state 
Ar*+N2(X,v=0) and the final state Ar+N2(C,v'=0), which is the usual 
mechanism for other systems studied in the literature. Instead, the 
experimental data point to excitation through two curve crossings with an 

attractive ionic intermediate state Ar•+N2-(X2Ilg)· For Kr*, the results are 
compatible with both models, due to the limited amount of experimental 
information available. We conclude that for these systems the product 
vibrational distribution is determined by Franck-Condon factors for the 
transition from the intermediate to the final state. 

In the thermal energy region, the measured cross section for Ar*+ N 2 does 
not agree with previous work. The difference was assigned to an influence of the 

initial rotational distribution of N2(X), or the Ar*( 3P 0):Ar•(3P2) beam 
composition in the respective experiments. Later work, mentioned only briefly 

in chapter 6, has however excluded both possibilities and the observed 
difference persists. 

A prime exponent of reactive scattering with metastable rare gas atoms is 
the formation of rare gas-halide excimers. Chapter 4 describes an experimental·· 
study of XeBr and KrBr excimer formation in collisions of Xe* and Kr* with 

several Br-containing molecules. In contrast with previous work, we used a 
beam-gas apparatus and thus ascertained single-collision conditions. The 
compact design of the setup nevertheless assures sufficiently high countrates at 

the resolution required to observe the structure in the resulting bound-free 
emission spectra. For Kr*, state selection is employed to investigate the 

influence of the initial fine-structure state Kr*( 3P 0) and Kr*( 3P 2) on the 

reaction. The selection is achieved by optical pumping with a home-built diode 
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laser system, using a collinear arrangment of the atomic and laser beams. Trial

and-error simulation of the measured spectra, based on a quantum mechanical 

evaluation of the bound-free emission continua, results in modifications to 
existing potential energy curves and dipole transition moments for the B --+ X 

and C --. A(3/2) transitions of the XeBr and KrBr molecules. With these as 

input, electronic and vibrational state distributions of the product molecules 

are determined. 

For XeBr(B), the results are generally in agreement with previous work of 

Tamagake, Setser and Kolts [J. Chem. Phys. 74 (1981) 4286]. For most target 

molecules, the product vibrational distributions are analogous in both the B

and C-states and for reactions with both Kr* and Xe*. For several targets, 

analysis of the emission spectra results in a preference for formation of KrBr 

and XeBr in the C-state, different from the results of fl.owing afterglow 

experiments. This points to incomplete corrections for collisional relaxation and 

for overlap of B-+ X and C-+ A(3/2) emission in previous work. In the reactions 

of Kr*( 3P 0), a strong propensity for conservation of the Kr•(2P 112) ion core is 

inferred from the relative contribution of D --> X as compared to B --. X and 

C --. A{3/2) emission to the spectra.. A lower limit for the propensity is 65 % 
for the target Br2; in general it is larger than found for Ar*( 3P 0) by Sadeghi, 

Cheia.b and Setser [J. Chem. Phys. 90 (1983) 219]. The effect is assigned to the 

increase in fine-structure splitting E(3P 0)-E(3P 2) going from Ar* to Kr*. 

Formation ofKrBr(D) in the reactions with Kr•(3P2) is also observed. 

The detail one can extract from optical spectra. of the products of 

molecular beam experiments depends on the photon countrate achieved. It is 
thus important to design the combination of scattering center and optical 

system such that an optimum :fluorescence signal is obtained. There are, 

however, unavoidable limits to the phase space volume in which light can be 

collected from the scattering center. In chapter 5 we point out that, if the 
detection efficiency must not vary over the scattering volume, the largest signal 

will be achieved. by observing only a. small solid angle of the largest possible 

scattering volume. 
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Samenva.tting 

Dit proefschrlft heeft als onderwerp inelastische en reactieve botsingen van 

metastabiele edelgasatomen AI•, Kr• en Xe• met kleine moleculen. Het huidige 

onderzoek werd opgezet en uitgevoerd in de groep Atomaire en Optische 

Wisselwerkingen van de Faculteit der Technische Natuurkunde van de 

Technische Universiteit Eindhoven. 

Bij botsingen van de zware edelgasatomen Ar, Kr en Xe in de metastabiele 

toestanden R*( 3P 0) en R*( 3P2) met moleculen, is een breed scala van 

uitkomsten mogelijk. Afhankelijk van de botsingspartners treedt rotationele, 

vibrationele of electronische excitatie, ionisatie of chemische reaktie op, vaak in 

wisselwerking met elkaar. Een aantal van deze processen wordt in dit werk 

onderzocht door middel van case-studies, welke in de verschillende 

hoofdstukken worden beschreven. 

Een belangrlJ"k aspect van rotationele excitatie is het rotationele 

regenboog~ffect. Metingen bij een vaste strooihoek laten zien dat de 

rotatieverdeling van botsingsproducten een maximum heeft vlak bij de hoogste 

rotationele toestand die wordt waargenomen. Dit is het gevolg van een 

klassieke singulariteit in de werkzame doorsnede voor rotationele excitatie als 

functie van de botsingsparameter bij een vaste strooihoek. In hoofdstuk 2 laten 

we met behulp van het klassieke model van botsingen met een harde, 
anisotrope schil zien, dat zulke regenboogmaxima ook optreden in de totale 

werkzame doorsnede voor rotationele excitatie, indien repulsieve krachten in 

het eindkanaal belangrlJ'ker zijn dan in het beginkanaal van de botsing. Dat is 

het geval bij verschillende exotherme processen, waaronder excitatie

overdracht, chemische reaktie en fotodissociatie. 
Wanneer de hoekafhankelijkheid van de repulsieve interactiepotentiaal in 

het eindkanaal een belangrljke bijdrage bevat van termen die beschreven 

worden door Legendre-polynomen P 1 of P 4, zeals het geval is voor 

heteronucleaire respectievelijk het geval kan zijn voor homonucleaire 

moleculen, dan treden twee verschillende regenboogmaxima op. Het model 
wordt toegepast op het exotherme excitatie-()verdrachtsproces van AI• met N 2• 

De bimodale rotationele verdeling van het product N2(C3Ilu,v'=O), gemeten 
door Nguyen en Sadeghi [Chem. Phys. 79 (1983) 41] wijst op een relatieve 

bijdrage van Pc ten opzichte van P 2-anisotropie van c4/c2 = 1.8. De reden 

voor een dergeliJ'ke anisotropie wordt gezocht in de electronenconfiguratie van 

het produktmolecuul N2(C). 
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De vorming van N2(C 3flu) bij botsingen van Ar* met N2 wordt beschouwd 

a.ls een prototype van electronische en vibra.tionele excita.tie va.n moleculen door 

geexciteerde a.tomen. Dit systeem is in het verleden da.n ook va.a.k bestudeerd. 

In hoofstuk 3 laten we zien hoe de werkzame doorsnede voor excitatie van N2 

na.a.r de C-toesta.nd in aparte vibratieniveaus v'=O, 1 en 2, afha.ngt van de 

botsingsenergie, voor zowel Ar* a.ls Kr*. Excitatie van N2(C) door Xe*(3P 0) is 

ook waa.rgenomen. De experimenten zijn uitgevoerd met een gekruiste 

molecuulbundels-apparaat met vluchttijd analyse, in een breed gebied van 

botsingsenergieen 0.08 < E [eV} < 3. 

De experimentele resulta.ten laten zien dat de vibratieverdeling van N2(C) 

maar weinig afha.ngt van de botsingsenergie. De werkzame doorsnede wordt 

a.ltijd kleiner met opklimmend vibra.tie-qua.ntumgeta.l. Bij elke botsingsenergie 

komt 80 3 en 70 3 vorr Ar* respectievelijk Kr*, van de gevormde N2(C) 

moleculen in vibra.tieniveau v' = 0 terecht. Voor Ar* la.ten we zien da.t de 

gemeten energie-afha.nkelijkheid van de werkza.me doorsnede voor 

excita.tie-overdra.cht niet in overeenstem.ming is met een semiklassiek model 

da.t uitga.a.t va.n excita.tie door rniddel van een enkele, geisoleerde curve crossing 

tussen de begintoestand Ar*+N2(X,v=O) en de eindtoesta.nd Ar+N2(C,v'), wat 

gewoonliJ'k het mecha.nisme is voor andere in de litera.tuur bestudeerde 

systemen. Da.arentegen wijzen de experimentele gegevens op een 

excita.tiemecha.nisme dat verloopt via twee curve crossings met een a.ttractieve 

tussentoesta.nd Ar•+N2"(X2flg)· Voor Kr* kan tussen de beide modellen geen 

onderscheid worden gema.a.kt door de beperktere hoeveelheid experimentele 

informa.tie. 

In het therrnische energiegebied is de gemeten werkza.me doorsnede voor 

Ar*+N2(X) niet in overeenstemrning met vroegere metingen. Dit werd geweten 

aan verschillen in de initiele rotationele verdeling van N2(X) ofwel de 

Ar*( 3P 0):Ar*(3P 2) bundelsamenstelling voor de verschillende experimenten. 

La.tere metingen, welke slechts kort genoemd worden in hoofdstuk 6, hebben 

beide mogelijkheden echter uitgesloten zoda.t het verschil is blijven besta.a.n. 

Het bela.ngrijkste voorbeeld van reactieve botsingen .met meta.sta.biele 

edelgasa.tomen is de vorrning va.n edelga.s-ha.logeen excimeren. Hoofdstuk 4 

beschrijft een experimentele studie na.ar XeBr- en KrBr-vorming bij botsingen 

va.n Xe* en Kr* met verschillende Br-houdende moleculen. In tegenstelling tot 

eerder werk gebruiken wij een bundel-ga.scel a.ppara.a.t zoda.t a.lleen enkelvoudige 

bosingen optreden. Het compa.cte ontwerp va.n de opstelling zorgt niettemin 

voor voldoend grote telsnelheden bij de spectra.le resolutie die nodig is om de 
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struktuur van de resulterende gebonden-vrije spectra waar te nemen. Voor Kr* 

is toestandselectie toegepast om de invloed van de fi.jnstruktuur toestand 

Kr*(3P 0) en Kr•(3P 2) op de reactie te bestuderen. De selectie werd verkregen 

door optisch pompen met een diode laser, waarbij de laser- en atoombundel 

samenvielen. Simulaties van de experimentele spectra, gebaseerd op een 

quantummechanische berekening van gebonden vrije emissie continua, 

resulteren in modificaties van bestaande potentiaalkrommen en 

overgangsmomenten van de B .... X en C .... A(3/2) overgangen van KrBr en 

XeBr. Hier van uitgaande worden vervolgens de electronische en vibrationele 

verdelingen van de productmoleculen bepaald. 

Voor XeBr(B) stemmen de resultaten over het algemeen overeen met 

eerder werk van Tamagake, Setser en Kolts [J. Chem. Phys; 74 (1981) 4286]. 

Voor de meeste Br-donoren is de vibrationele verdeling analoog in de B- en 

C-toestanden van zowel XeBr als KrBr. Voor een aantal Br-donoren wijst de 

analyse op een voorkeur voor vorming van KrBr en XeBr in de C-toestand, 

anders dan volgde uit de resultaten van flowing-afterglow experimenten. Dit 

wijst op onvoldoende correctie voor relaxatieprocessen in die experimenten, en 

voo het overlappen van B .... X en C .... A(3/2) 'emissie. Bij reakties van Kr•( 3P 0) 

wordt een voorkeur tot behoud van de Kr•(2p 112) core afgeleid uit de relatieve 

intensiteit van D .... X ten opzichte van B .... X en C .... A(3/2) emissie. Een 

ondergrens voor deze voorkeur is 65 3 voor het donormolecuul Br2; in het 
algemeen is de voorkeur groter dan Sadeghi, Cheiab en Setser [J. Chem. Phys. 

90 (1989) 219] vonden voor Ar•(3P 0). Dit wordt geweten aan de toename in 

fijnstruktuur-opslitsing E(3P 0)-E( 3P 2) gaande van Ar* naar Kr•. Bij reacties 
van Kr•(BP2) is ook D .... X emissie waargenomen. 

De hoeveelheid informatie die kan worden afgeleid uit optische 
vervalsstraling van de producten van molecuulbundel-experimenten hangt a! 
van de behaalde signaalsterkte. Daarom is het belangrijk de combinatie van 
strooicentrum en optisch systeem zodanig te ontwerpen dat een optimaal 

fluorescentiesignaal wordt behaald. Er zijn echter onoverkomeliJ'l!:e limieten aan 
het fasevolume waarin licht uit bet strooicentrum kan worden verzameld. In 

hoofdstuk 5 laten we zien dat, wanneer de detectieeificientie niet teveel mag 

varieeren over bet strooicentrum, bet sterkste signaal wordt verkregen door 

sleets een kleine ruimtehoek van bet grootst mogelijke strooivolume te 

observeren. 
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I 

Van het rotationele impulsmoment van stikstofmoleculen die door metastabiele 

argon atomen zijn geexciteerd, is de gemiddelde grootte sterk gekoppeld aan het 

vibratiequantumgetal, maar de gemiddelde ori&ltatie is dat juist niet. 

II 

Stelling III uit het proe:fschrift van Manders, die zegt dat voor de zware 

edelgassen de bevolking van het metastabiele 8P 0-niveau zich niet laat 

vergroten door optisch pompen, is onjuist. 

M.P.I. Manders, Proefschrift T. U. Eindhoven (1988) 
N. Sadeghi, M. Cheaib en D. W. Setser, J. Chem. Phys. 90 ( 1989) 219 
R. Sobczynski, R. Beaman, D. W. Setser en N. Sadeghi, Chem. Phys. Letters 
1M. ( 1989) 949 

m 

Dat de door Kucal e.a. met behulp van de modelpotentiaal-methode berekende 

waarde voor de Van der Waals-<:0effici&lt C6 voor het systeem 

Ne*{(2p )5{3s)} + Ar goed overeenstemt met de experimentele waarde, kan 

toeval zijn. 

H. Kucal, D. Hennecart en F. Masnou-Seeuws, Chem. Phys. ill (1990) 169 
E.R.Th. Kerstel, M.F.M. Janssens, K.A.H. van Leeuwen en H.C. W. 
Beijerinck, Chem. Phys. 119 (1988) 925 

IV 

Indien het vermogen van de cryogene waterstof-maser voldoet aan de door 

Maan e.a. gestelde condities, is stabiele, stationaire oscillatie wel mogeliJ'k, 
maar niet gegarandeerd. 

A. C. Maan, H. T. C. Stoof, B.J. Verhaar en P. Mandel, Phys. Rev. Letters U 
{1990) 2690 
A. C. Maan, T. U. Eindhoven, wordt gepubliceerd 



v 

Voor een eenduidige interpreta.tie va.n foto-geassisteerd etsen is bet va.n groot 

bela.ng da.t thermische effecten te verwa.a.rlozen zijn. Om die reden zou Houle 

meer a.a.nda.cht moeten schenken a.a.n meetgegevens die wijzen op verbitting va.n 

het sample door de la.serbundel tijdens het etsen. 

F.A. Houle, Phys. Rev. B ~ (1989) 10120 

VI 

Bij bet ma.ken va.n microscopisch sma.lle groeven met een gepulste laser treden 

voorbij een kritische diepte insta.biliteiten va.n de groefvorm op. Deze diepte 

wordt bij een va.ste groefbreedte niet bepa.a.ld door de ka.ra.kteristieken va.n het 

toegevoerde la.servermogen, ma.a.r door de tbermiscbe eigenscha.ppen va.n het te 

bewerken ma.teria.a.l. 

G.J.P. Joosten, T. U. Eindhoven, wordt gepubliceerd 

VIl 

De flexibiliteit va.n wetenscha.ppelijk onderzoek wordt bevorderd ·door een 

stra.kke ma.a.tvoering a.a.n te houden bij het ontwerpen va.n onderdelen va.n 

a.ppa.ra. tuur. 

VIII 

Het is a.a.n te bevelen het besta.a.nde VUBIS-systeem uit te breiden met een 

besta.nd va.n in tijdschriften verschenen publica.ties, da.ar dit het opsporen va.n 

releva.nte litera.tuur aa.nzienlijk za.l vereenvoudigen. 

IX. 

Een goede toega.nkelijkheid va.n de gebouwen in de a.vonduren heeft een groter 

positief effect op de wetenscha.ppelijke produktie va.n een universiteit da.n een 

sluitende a.a.nwezigheidsregistra.tie. 



x 

Het beschikbaa.r komen van elektrische appa.ratuur voor bet onderhouden en 

verbeteren van de eigen woning, heeft geleid tot een verrnindering van het 

woongenot. 


