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The broadening and the shift of the kinetic energy distributions of the product ions from ion—
molecule reactions caused by the velocity distributions of the reactants is discussed for
different experimental situations. For a completely thermalized system (e.g., ions in an ideal
trap) it is shown analytically that the product ion energy distribution is independent of the
angular dependence of the differential cross section. In most of the cases of practical interest,
the laboratory product velocity distribution for a state to state process can be approximated by
a generalized Maxwell-Boltzmann distribution. Provided the exothermicity exceeds a few kT,
the mean value of the corresponding energy distribution deviates from the nominal one by
3/2kT, and its half width increases with the square-root of the translational exoergicity AE
ie, FWHM = (11.09:m} -m}/M?- (AE; + 1.5-kT)-kT)"/2. If the ionic and neutral reactants
are not in thermal equilibrium, the laboratory kinetic energy becomes strongly dependent not
only on the energetics but also on the differential cross section. The problem is formulated in a
rather general way and then applied to different experimental methods where the product ion

velocity is used directly (e.g., in KEICR, guided ion beam, and differential scattering
experiments) or indirectly (e.g., in LIF experiments for the density to flux conversion) to
extract information on the energetics of a collision process. The results are used to analyze
recent measurements on the collision systems N* 4 CO, Ar* + CO, Ar*+ + He, and

H™ + D, and it will be shown that a good estimate of the total resolution function is needed

for a critical analysis of experimental data.

I. INTRODUCTION

Over the past years many experimental techniques have
been developed and refined to study the partitioning of ener-
gy in chemical reactions. Various modern optical techniques
can now provide state specific information but, for several
reasons, they are not yet applicable to all situations and reac-
tion systems. Therefore, the method of measuring the kinetic
energy of the reaction products (*“translational spectrosco-
py”) still plays an important role due to its universality,
although it can never reach the resolution of optical spec-
troscopy.

In the field of ion—molecule collisions additional prob-
lems arise from the low density of products, and especially
from experimental difficulties in creating or detecting slow
ions. Some effort has been devoted to high resolution crossed
beam experiments allowing the determination of scattering
angle and velocity of the emerging ions, but below 1 eV only
very few results on reactive collisions have been reported
until now.'

One of the few techniques which provides some infor-
mation on the product ion kinetic energy in thermal or near
thermalion-molecule reactions is the KEICR (kinetic ener-
gy ion cyclotron resonance) technique pioneered by Marx et
al.*® and further developed by Bowers ef al.,”° who also
tried to extend this method to hyperthermal collision ener-
gies.”

Another method has been developed in this laborato-
ry'®"? which makes use of the guided ion beam (GIB) tech-
nique, and which allows us to measure the transverse and the
axial components of the product ion velocity in an octopole.
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In this way low resolution differential cross sections are ob-
tainable at energies below 100 meV; first results have been
reported recently.'®!! More details and results for the sys-
tems He* and Ar™ + O, will be published elsewhere.'>!3

However, in the KEICR and the GIB experiment, as
contrasted with the rather well-defined kinematical condi-
tions of a crossed-beam arrangement, the measured quanti-
ties consist of contributions from a wide range of initial con-
ditions and are averaged over many final states. In addition,
the analysis of the data is often handicapped by the lack of
information necessary to transform from the LAB into the
CM system. Substantial errors can occur in the interpreta-
tion of experimental data if one ignores the total resolution
function of the apparatus.This paper provides the math-
ematical framework for a reliable analysis or evaluation of
the laboratory velocity or energy distributions of ionic prod-
ucts measured in low energy ion-molecule reactions.

The averaging over quantities like the velocity and an-
gular spread of the reactants or over the acceptance of the
detector is a quite general difficulty in crossed beam, beam-
cell, or bulk experiments and many investigations have been
devoted to these kinds of problems.'*'® The different ap-
proaches (analytical approximations, numerical simula-
tions, integration fitting, or deconvolution procedures) de-
pend on the goal pursued: Optimization of the contruction of
an apparatus designed for a special purpose, or evaluation of
results obtained with a given geometry. Also, they can be
grouped into different categories depending on whether one
is primarily interested in the distribution of the collision en-
ergy,'*" or in the impairment of angular resolution,'”'® or in
the broadening of the product energy distribution.
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128 D. Gerlich: lon-molecule collisions

This paper focuses on the last point and it is organized as
follows: Subsequent to the mathematical formulation of the
general problem a result for a fully thermalized system is
obtained analytically. For some other situations (monoener-
getic ions in a thermal neutral gas and ion beam-scattering
cell arrangements with different detection schemes) the nec-
essary integrals are derived. They are evaluated numerically
for several examples resulting in stepwise defined apparatus
functions. These functions allow a fast simulation (or decon-
volution) of a measured energy distribution.

The analysis is then applied to some previous KEICR,
GIB, beam—cell experiments, and also to recent LIF results
because there the product laboratory velocity distribution is
needed for the density to flux conversion. It will be shown
that experimental results for the charge transfer from CO to
N+ or Ar*, obtained with the three methods LIF, KEICR,
and GIB are in agreement within their error limits, and that
some of the discrepancies discussed in the literature are due
to the fact that these errors have been underestimated. Re-
cently reported differences between beam' and KEICR* for
the dissociative charge transfer He™ + O, will be discussed
in a separate publication.'? The collision systems H* + D,
and Ar** + He are used to illustrate the broadening of the
product velocity distributions in a differential beam—cell and
in a GIB apparatus, respectively.

Il. BASIC FORMULAS
A. Relation between CM and lab frame

The reactive collision of two particles forming two prod-
ucts is described in the usual way.'® The symbols, notations,
and definitions used in this paper are compiled in Table 1.
The transformation between the center-of-mass system
(CM) and the laboratory system (LAB) is illustrated in
Figs. 1(a) and 1(b) in avelocity vector representation
(“Newton diagram”). For the description of experiments
where the kinetic energy of the products is analyzed it is
useful to introduce the quantity AE;, the translational ex-
oergicity, i.e., the difference of the translational energies

TABLE L. Symbols and abbreviations, used in this paper. The indices 1 and
2 arerelated to the ion and the neutral, respectively. Primed symbols denote
the corresponding values of the products (for most of the notation see also
Ref. 19).

m,,m, mass (ion, neutral)
M=m+m=m; +m total mass

p=m -my/M reduced mass

V¥ velocity in the LAB frame
g=v,—V, relative velocity

v, = (mv, + myv,)/M velocity of the CM of the system
U =v,—Vv, velocity in the CM frame

E, =u2¢g translational or collision energy
AE =E%—E; translational exoergicity

E, internal energy (vib, rot, electr.)

— AE, reaction exo-ergicity

E +E,—AE,=E}+ E% total available energy

&= L (u,,u}) scattering angle (CM system)

@ azimuthal angle (CM)

8= (v,¥]) scattering angle (LAB system)

¢ azimuthal angle (LAB)

A= L(v,¥y) intersection angle of the incident particles

FIG. 1. Vector representation of the velocities (Newton diagram, see also
Table I). The coordinate system (a) is used for the calculation of product
velocity distributions V(] )/dv; in cases where the velocity distribution
of the target molecules is rotationally symmetric relative to v, (e.g., beam—
cell arrangements, ICR cell). The collision is completely described by vy, v,,
and A; the product velocity v; is determined as soon as ¥, ¢, and AE, are
given (Table II A). Description (b) is applied to the calculation of doubly
differential product velocity distributions d 2N( v},0)/dQdv;, measured
with an ideal differential detector in the xz plane at the angle 6. The collid-
ing particles are described by vy, v,, A, and I'. If @and AE - are given one gets
two solutions (Table II B) for vj.

after and before the collision. Making use of energy and mo-
mentum conservation, the absolute value of the product ve-
locity in the CM system ] can be calculated according to

u; = [2(Er + AEp) (1/m} — 1/M) ]2, (hH
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and the laboratory velocity can be determined from
v, =V, +uj. (2)

For the calculation of laboratory product velocity distri-
butions, suitable coordinate systems are introduced for two
different experimental situations:

(1) Experimental arrangements with one axis of rota-
tional symmetry (ICR, GIB with scattering cell) are de-
scribed in the coordinate system indicated in Fig. 1(a).
Without loss of generality, the initial conditions are fully
determined by v, and v,, and A. The laboratory product ion
velocity depends on ¢, ¢, and AE ;. Taking the masses m,,
m,, m}, m; as fixed parameters, the velocity of the product
ion v{ can be expressed as a function of six variables:.

V] = v} (0,0, A0 @AE). 3)

The detailed formulas are outlined in Table IT A (in a form
suitable for numerical evaluations).

(2) A second situation, an experiment with an ideal dif-
ferential detector, is illustrated in Fig. 1(b). The coordinate
system has been chosen so that the movable detector is re-
stricted to the x—z plane, and its position is given by the LAB
scattering angle 6. Also in this case v{ can be expressed as a
function (see Table I B) of a set of six parameters differing
somewhat from those of Eq. (3):

v] = v; (v,,0,A,0AE;). (4)

B. Differential cross section

In the ideal experiment of two well collimated mono-
chromatic beams, the number of molecules scattered per
unit solid angle and per unit time is given by

dN(g,8)
do
Here n,(v,,r,) and n,(v,,r,) are the projectile and tar-
get densities in phase space, and dr is the scattering volume.
The differential cross section do(g,#) for the state to state
process i — f (meaning a well-defined value of AE;) depends
only on the relative velocity g and the scattering angle  and
is assumed to be independent of the azimuthal angle ¢ (asin

= nn,g dr do(g,9)/dw. (5

TABLE II. Representation of velocity vectors in special coordinate systems
[see Figs. 1(a) and 1(b), respectively].

A.
v, =,°(1,0,0) v, = v," (cos A sin A,0)
g=V—V;

v, = 1I/M(mv, + m,v, cos A,m,v, sin A,0)

cos b= (g2 + V2 —13)/(2gv,)

u, see Eq. (1)

u', = uj (cos # cos & + sin ¢ cos @ sin )

!, = uj ( — cos ¥ sin § + sin J cos @ cos 6)

ut, = u; (sin ¢ sin @)

Vi =V, +uj

B.

v, =0, (1,0,0) v, = v,- (sin I cos A,cos T,sin I sin A)
v, =p+ (p* — v + u})"?, with

p=[(mw, 4+ myv,sinT cos A)cos € + m,v, sin T sin A sin 6)/M
cos d=u; g/(u|g)

reactions of unpolarized beams). This leads to a cone of
equiintensity scattering, as can be seen in Fig. 1(a). The
conversion between CM and LAB intensities is straight for-
ward for the ideal experiment,'® and can be performed using
the Jacobian

d r r _ ’ ’
ﬁ:vlz/ulz-cos Y(ui,v)). (6)

lil. AVERAGING PROCEDURES

In contrast to the ideal case discussed in the last chapter
the kinematic conditions of a realistic experiment are less
well defined, and the actually measured values are averaged
over the velocities of the reactants v, v,, over the scattering
volume Ar, and over the acceptance of the detector AfQ.
Instead of Eq. (5) one obtains the 11-dimensional integral

d—NAQ=f dvlf dvzj drf
dﬂ v, A Ar AQ

do d
XdQ n,(r,v,) ny(r,v,) g ﬁﬁ N

dN /dQ AQ is the number of all products registered per unit
time by the detector (no velocity selection). The integration
limits depend on the individual experimental arrangements
(see below). It is easy to see that the products stem from
collisions with different relative velocities g (for a discussion
of the broadening of the collision energy see Refs. 14 and 15)
and that for a §-function-like differential cross section the
products are spread out over a finite angular range (for im-
pairment of angular resolution see Refs. 17 and 18). Itis also
evident that the products are spread out over a range of ve-
locities vj, even for a well defined state to state process.
Therefore, a velocity selective detector records a distribution
d 2N /dQ dv; AQAv,. The determination of this function is
the main purpose of this work.

In order to reduce the problem the following calcula-
tions are restricted to the influence of the velocity distribu-
tions of the reactants only. The differential detector Af} is
either assumed to be infinitesimally small or in other appli-
cations the results will be integrated over a// angles. Also the
integration over the scattering volume is simplified assum-
ing a sufficiently small A7 (or space independent distribu-
tions) and n, and n, are factorized using normalized proba-
bility functions f; (v,),

ny(rvy) = n,(r)fi(vy),

ny(ryv,) = n,(r,)f1(v,). (8)
With the abbreviation n,xn,A7 = ¢, Eq. (7) may be rewritten
as

d’N Av;
dQ) dv;

=c fj L1V (v, g do/do de/dSL dv,dv,. (9)
(v,v2)*

Because d 2N /d€) dv; Av; denotes only the number of those
products whose velocities lie in the interval [v],v; + Avj ]
(imposed for example by a velocity sensitive detector with
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the resolution Av; ) the integration must be limited to ranges
of v, and v, where the product velocity v; falls into this
interval. This restriction, indicated symbolically by the as-
terisk, can be derived in principle from the mathematical
interrelation of v{, v;, and v, which has been shown to be
practicable in a few special cases (see below). For numerical
evaluation of Eq. (9), however, the computational proce-
dure is quite simple because one needs only the dependence
of v; from v, and v, as given by Eq. (3) or (4). An approxi-
mation of the product velocity distribution is then obtained
in the form of a step function by varying (v,,v, ) systemati-
cally or randomly over all values and by arranging the re-
sulting particular integrands in intervals [v],v; + Av{ ] ac-
cording to the appropriate v; (v,,v,) (for details see Sec.
III C).

A. Ap)plication to special experimental arrangements

Equation (9) describes quite generally the influence
caused by the velocity distribution of the reactants, and can
be applied to a variety of experimental situations. Some of
the integrations involved can be performed analytically, oth-
ers have to be evaluated numerically depending on the veloc-
ity distributions involved and on the analytical form of the
cross section. The four examples (a)—(d) will be discussed
briefly in the following.

(a) A first application, used here only as an illustrative
example is the correlation between the elementary integral
cross section and the measured effective cross section. In an
ideal apparatus for measuring integral cross sections, a
monoenergetic ion beam passes through a scattering cell and
the products are detected with a 47 detector. f(v,) is ther-
fore a 6-function, f,(v,) characterizes the isotropic target
gas, and the detector integrates over all angles and over all
product velocities v; . Starting from Eq. (9) one can express
the signal as follows:

N=c, f g/v, f(v,)o(g)dv, = cv,04.

O, the result of the integral, is the so-called' effective cross
section which has been discussed in detail also by Chantry.'*
If f(v,) is a Maxwellian, the three-dimensional integral can
be reduced analytically to an integration over the relative
velocity g only.

(b) Next, Eq. (9) is used to describe experimental de-
vices for the determination of integral product velocity distri-
butions. Corresponding experimental setups must have a de-
tector, which, on one hand, integrates over all angles but
which, on the other hand, is sensitive to the absolute value of
the product velocity (e.g., KEICR cell or velocity determin-
ation via Doppler shift in a bulk experiment). If the target
gas is distributed isotropically the number of products regis-
tered per unit time in the velocity interval [v},v] + Av} ]
can be calculated from
aN Av;

dv;

(10)

= C dvl-fl(vl)f dvzf‘z(vz)
o*

0‘
T 27 T
Xf gsin A dAJ f do/dw sin & dd de.
(1] 0 0
(11)

Here, the coordinate system and angles shown in Fig. 1(a)
have been used. The function £ (v,) and f,(v,) describe the
probability distribution of the absolute value of the veloc-
ities. Like in Eq. (9) the asterisk again indicates the restric-
tions imposed by Eq. (3) (for example, one has to bear in
mind that different azimuthal angles lead to different LAB
velocities v} ).

~ (c) More detailed information can be obtained with the
guided beam apparatus, which allows the measurement of
both the longitudinal and the transverse components of v;
with respect to v, and in this way the determination of differ-
ential product velocity distributions. In this case, Eq. (11)
can be used, too, the only modification being the constraints
imposed by Eq. (3); instead of v; one has to take the corre-
sponding components of v;, (transverse to the octopole
axis) or v, (parallel) and obtains dN /dvi,Av}, or
dN /dv;,Av,, or, in analogy, one can calculate the doubly
differential distribution d2N /dvi,dv], Avi,Avj, by deter-
mining numerically a two dimensional step function.

(d) The same information can be obtained from a con-
ventional differential scattering experiment, usually with a
much better experimental resolution but with restrictions
concerning energy range and sensitivity. For the calculation
of the product velocity distribution caused by the target mo-
tion, the coordinates and angles shown in Fig. 1(b) together
with Eq. (4) are employed:

o
AN Ay
dQdv;

=cJ dv, fi(v)
0

XJJJ. £ (v2,AT) g do/dw dw dQL v3
(v,A)*

Xsin I'dv, dT'dA. (12)

Under certain conditions, Eq. (11) or (12) can be
further simplified analytically. For example the three di-
mensional integral in Eq. (12) can be reduced to a two di-
mensional one by using explicitly the restraints, imposed by
the relations given in Eq. (4) and Table II B.' In the follow-
ing this will be done only for a completely thermalized sys-
tem. In most of the situations one has to integrate numerical-
ly, some more details concerning the numerical evaluation
will be given below.

B. Systems in thermal Equilibrium

A very special case to which Eq. (9) can be applied is the
situation where the ions as well as the neutrals are com-
pletely thermalized, and where both are therefore character-
ized by Maxwell-Boltzmann distributions f,, (v,;m,,T) and
JSar (v33m,, T) witha common temperature 7. The calculation
of dN /dv; can be completed analytically, and under equilib-
rium conditions, the product velocity distribution becomes
independent on the angular dependence of the differential
cross section.

This statement can be proven by replacing f,(v,) and
f>(v,) in Eq. (9) by Maxwell-Boltzmann distributions with
a common temperature 7. The laboratory velocities v, and
v, have to be substituted by v, and g. Making use of the
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relations given in Table I, replacing m,/2 v? + m,/2 v2 by
1/2 g + M /2 12, and after some calculation one obtains

%’Y ot = [ futgunToot®) || futrstt D, | oo
(13)
The individual steps are omitted, because this result
can be derived more directly if one uses the following fact: If
the velocity distributions of any arbitrarily selected pair of
particles 1 and 2 are both independent Maxwell-Boltzmann
distributions  fy, (v;m,T7) and  fo,(v;;m,,T), then
Sy (M, T) and f,, (g1, T), the distribution of the center-
of-mass velocity of this pair and the distribution of its rela-
tive velocity, are independent Maxwell-Boltzmann distribu-
tions, too. This is easy to prove in Cartesian coordinates,
because it is sufficient to show this relation in one dimension
due to the statistical independence of the Cartesian compo-
nents.

From this statement it is evident that for all arbitrarily
selected relative velocities g one gets the same isotropic dis-
tribution of v, there is no correlation between the product
velocity u; and v,, and therefore the resulting v; distribution
must be independent on the differential cross section.

This independence of f,, (v.;M,T) and fy, (g,uT) leads
also directly to Eq. (13) by taking into account that the
probability for a collision is proportional to g-a(g), and that
the integration over v, is limited by the condition (again
symbolized by the asterisk) that the product velocity falls
into the interval [v],v] + Av] ].

This last restriction can be taken into account analyti-
cally. The mathematical derivation is in all details analogous
to the treatment of Chantry (see Fig. 1 of Ref. 15 and also
Ref. 20) although the problem treated there is somewhat
different. Briefly, the condition v] <|v, + uj|<v] + dv] is
fulfilled for all those v, for which the laboratory velocity
vector ends in a shell of a sphere with radius between v; and
v} + dv;. Integration of f, (v.; M, T) over this volume can be
carried out and simplifies Eq. (13) to:

dN /dv, =¢ f 2 0(8) fir (G D * (vl ui;Ddg, (14)
g

where f* is the generalized Maxwell-Boltzmann distribu-
tion

S[*(iugT)

M2k 2 2 [ [ - ]
= (M /27kT) ” €xp ZkT(vl uy)
M
—exp[ — 2w +u;)2” . (15)

For numerical analysis it is convenient to introduce dimen-
sionless velocities and energies:
2kT) — 12 kT 12
=u; [_] ’ v' - ; [_] ’
M
-1

—1/2 4
2kT —E! [%}kT] TS,

p=g 5177, 2
u
and one gets the result:

AN /db) = ¢ f B0@) fu@ f*(5,0TNdg (17)
0

with the two Maxwell-Boltzmann functions in the following
dimensionless formulation:

fu(@) =4r 2 @ exp( — &), (18)
Fr@yanT) =a 20 /di {exp[ — (B — 1)?]
—exp[ — (9] +a)*]}. (19

The mean value of the product energy (E } ) is calculat-
ed from Eq. (14):

(E1) =mi/2 (v7?)

=m}/2 f ;2 dN /db,dD; / f dN /db, db,
0 0

m; 3 ,.m
= (AE; + kT(§)) — + = kT—, 20
(AEr + kT &) — -+ S kT (20)

the mean value of §° being dependent on the cross section
o(g):

&) = f Fo@exp( — B)dg
0

><f°° Po@exp( — B)dz. @1
(1]

It must be emphasized that all results derived so far have
been obtained without any approximation, the only require-
ment which must be met is the complete thermalization of
the reactants. For further analysis some approximations are
needed. In the following we assume that the cross section
o(g) is proportional to g~ ' (Langevin cross section). From
Eq. (21) we obtain {(£*) = 3/2 and for the mean value of the
product kinetic energy the very simple result:

(E{)=mi/MAE, +15 kT. (22)
_ A further analytical simplification of the distribution
dN/dv; (Eq. 17) is handicapped by the fact that
J*(b;,2;;T) is an implicit function of g, because using th
dimensionless variables, Eq. (1) may be written:
A A AET) m;
=\ + —. 23
1 (gz i) (23)

However, for most practical applications it is sufficient
to replace #;? by its mean value replacing * by (£*):

A~ AE m

E; = (ap? =(* T)——Z 24
o =) =& +—— (24)
, _m 3

By =2 (AET + 2 kT)

With this approximation and with o(g) ~g ™!, integra-

tion of Eq. (17) leads to the following product ion velocity
distribution:

de/df){ =Cr 2 E'(', - l/z{exp[ — (@ - 261/2)2]
—exp[ — (% + E5)?]}. (25)
The new constant C contains ¢ = n,n,A7 and the pro-

portional factor of o~ 1/g. Substituting ;> by E { we obtain
the corresponding product ion energy dlstnbutlon

de/dE'{ = c(41rfz‘5)—1/2{exp[ _ E; 172 _ E{)'l/z)z]

—exp[ — (E;'2+ E?]). (26)
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For E 1> 1 the second exponential term can be neglect-
ed, and Eq. (26) becomes a Gaussian function peaking at
E{=E; (shifted relative to the mean laboratory energy
(E ") and having full width at half maximum (FWHM)
of:

[E1]y2=(161n2E3)"? or

miy-m;
[E}]i2= (1109 ‘Tzz (AE; +—;—kT)kT)”2.

(27)

From a mathematical point of view, these results are
very similar to the well-known formula for the “Doppler
broadening in beam experiments” derived by Chantry'® as
can be seen from a comparison between our Eq. (26) and Eq.
(9) of Ref. 15. However the subject is different, Chantry is
concerned with the influence of the thermal target motion on
the distribution of collision energies while our results are
dealing with the impairment of product velocities. In both
cases the superposition of velocities leads to an at first sight
unexpected broad distribution.

A very close relation exists between Eq. (25) and the
velocity distribution of ions formed via photo- or electron
dissociation. The distributions for such cases have been de-
rived by Chantry and Schulz®® superimposing the velocity of
the mother molecule and the relative velocities of the frag-
ments.

At the end of this chapter it must be emphasized again,
that Eq. (25) is only valid for o(g) ~g~' while for other
situations (e.g., low energy threshold) Eq. (17) has to be
evaluated numerically. The important result that the energy
distribution depends only on the integral cross section and
not on the angular dependence needs only the condition of a
completely thermalized system. If this is not fulfilled, infor-
mation on the energetics of a reaction process can not be
obtained without the knowledge of the differential cross sec-
tion as will be demonstrated below.

C. Numerical considerations

It has already been mentioned that for a further evalua-
tion of Eq. (9) [respectively, Eq. (11) and (12)] one has to
determine that subspace of the integration limits (v,,v,) for
which the product velocities fall into the interval
[vi,v] + dvi ]. In principle the necessary relations can be
derived by an adequate transformation of the formulas, giv-
en in Table II. However, it cannot be expected that one ob-
tains generally such simple analytical solutions like Eq. (13)
for a fully thermalized system and for the final evaluation
numerical methods are needed anyway for most of the prob-
lems. Therefore, for all other experimental situations, treat-
ed in this work, Eq. (11) or (12) have been evaluated nu-
merically.

We have made the experience that for the given prob-
lem, Monte Carlo methods are inferior to a systematic vari-
ation of the variables. A few representative angles and sever-
al sample velocities v, and v, [selected according to the
weighting functions f; (v;) ] are sufficient for the determina-
tion of the product energy distribution.

The variation of all variables runs over the full range

without any restriction. In order to account for the con-
straints imposed by Eq. (3) or (4) (and indicated by the
asterisk) not only the integrand I(v,,v,) must be calculated
for each sample point but also the product velocity v; (v,,v,)
using the equations of Table II. The value of the integrand is
then added to a variable of a field N(v) where the integer v
is  determined from the condition v-Av]
<v] (v,¥,) < (v + 1) -Av;. The interval Av{ has to be cho-
sen according to the required resolution. This procedure
leads directly to a numerical approximation of dN /dv; in
the form of the step function N(v)/Av;. For the determina-
tion of doubly differential distributions the data are stored in
a two-dimensional field.

Some problems arise from the fact that the dependence
of the differential cross section do/dw on the relative veloc-
ity g and on the scattering angle ¢ are often unknown, some
consequences of which will be illustrated in the next para-
graph. Generally the velocity dependence of do/dw can be
approximated with that of the integral cross sections (from
measurements or using the Langevin cross section). The an-
gular dependence has been dealt with in two ways. In certain
cases formation of a long lived complex has been assumed
(do/dd = const). More generally, the J dependence is ap-
proximated by a set of § functions:

do,/do = 6(% — 4;)/(2msin 3,). (28)

With these, and several values for AE, and E, the nu-
merical evaluation of the integral leads to a set of apparatus
functions F(v;;9,,AE;,Er, ), and any product distribution
can be expanded as a sum over such functions

dN /dv; =Y a; F(v};9,MEp,Ep,) (29)
ijk
allowing a fast simulation (or deconvolution) of measured
velocity distributions.

If many functions F have to be superimposed it has been
proven useful to approximate the numerical results by analy-
tical functions facilitating the further processing of the data.
If one uses Gaussians, only a very few sample points (50—
100) are needed to determine the mean value, the standard
deviation, and the norm of the distribution.

IV. APPLICATION TO EXPERIMENTAL DATA

In the following, the results of the previous section are
applied to some specific examples. Several charge transfer
processes and reactions have been chosen, which have been
examined at thermal and low kinetic energies using different
experimental arrangements (ICR, LIF, guided beam,
beam—cell). The primary aim of the analysis is to demon-
strate the influence of the thermal motion and of the differ-
ential cross section on the product energy distributions, and
to illustrate the resulting limitations of the techniques. A
detailed discussion of the consequences for the interpreta-
tion of the particular reactions is outside the scope of the
present paper.

N* +CO-CO* +N
The exothermicity of the charge transfer from CO to
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N+ (AE,= — 0.52 eV) allows the formation of vibration-
ally and rotationally excited products. These state distribu-
tions have been studied by the technique of laser-induced
fluorescence in an ion-beam apparatus at an average colli-
sion energy of 0.13 eV?! and later in a flowing after glow
apparatus at 300 K thermal energy.** Some apparent contra-
dictions to beam experiments, performed at 0.5 eV in this
laboratory,?* could be explained with the poorly known an-
gular distribution of the CO* products and the influence of
the thermal motion of the target gas.

Recently, also the technique of kinetic energy ion cyclo-
tron resonance spectroscopy (KEICR) has been used to
study this reaction.” Some variation of collision energy from
thermal up to several tenths of an eV was achieved by selec-
tive translation excitation of the ions. As usual for KEICR
measurements, the raw data have been plotted as the percen-
tage of trapped product ions against the square root of the
trapping voltage V', one example {thermal conditions, Fig.
2(a) from Ref. 7] is reproduced in Fig. 3. The formation on
the product kinetic energy is extracted from the break in the
curve and [especially at higher energies, see Figs. 2(a) and
2(c) in Ref. 7] from the intercept of the linearly extrapolat-
ed part at ¥, = 0. Although the extracted vibrational state
distributions and their dependence on the collision energy
are in qualitative accordance with very recent LIF results,?*
this evaluation method is made doubtful and uncertain due
to the thermal broadening and due to kinematic influences.
The following numerical examples show, that the break is in
reality a smooth bend (even for a single value of AE;), and

N* + CO —
CO* + N

AET =0eV

0.52 eV

dN /dv,

v, (10° cm/s)

FIG. 2. Velocity distributions of CO* products formed in a thermal charge
transfer process; if no reaction energy is transferred into translation (AE
= 0eV) the result is a usual Maxwellian. For AE; = 0.52 eV three curves
are compared: The dotted and dashed line shows dN /dv;, given by Eq.
(25), for the dashed line the term 3/2kT has been omitted in E{ [Eq.

(24)]. The step function has been calculated by direct numerical integra-
tion of Eq. (11).
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FIG. 3. Fraction of CO* ions trapped in the ICR cell vs the square root of
the trapping voltage. Dots: experimental values from Ref. 7, Fig. 2(a); error
bar: calibration of the V- scale ( + 20 meV). The insert shows CO™ (v)
product energy distributions for excitation of v = 0-2; the broadening is
exclusively due to the thermal motion. The trapping curves (‘“‘break
curves”) have been calculated for the three sets of P, shown in the figure
and are all in accord with the ICR data.

that under certain conditions the extrapolation method can
lead to erroneous results.
Figure 2 shows calculated velocity distributions of CO™
ions produced by the N* + CO charge transfer with AEr
= 0 and 0.52 eV. If no translational energy is gained in the
reaction it is obvious that the product velocity distribution is
a usual Maxwell-Boltzmann distribution and it is easy to
show, that Eq. (25) reverts to the usual Maxwellian for
AE;—0. For AE; =0.52 eV, three curves are compared.
the dotted line shows dN /dv; determined from the analyti-
cally derived function [Eq. (25)] while the step function is
the result of the numerical integration of Eq. (11), replacing
fi(v)) and £;(v,) by Maxwell-Boltzmann distributions, as-
suming do/dw ~ 1/(g-sin ), and using a rather coarse in-
terval for Av}. By reduction of Av] and increasing the num-
ber of integration points, this function approximates the
generalized Maxwell-Boltzmann distribution with any de-
sired accuracy. The dashed curve has been calculated from
Eq. (25) by neglecting the contribution of 3/2kT in E; to
AE resulting in a significant shift (compare also a and d in
Table III).

TABLE II1. Mean values of the kinetic energy (E ;) and FWHM of the
distributions for N * + CO-CO* + N assuming AE, = — AE;=0.52
eV (units are eV).

a b c d
(E}) 0.1733 0.2120 0.2060 0.2121
FWHM 0 0.1887 0.1867 0.1886

2Nominal values (T=0K).

® Numerically determined using the Langevin cross section.

°Same as b, however using the experimental cross section from Ref. 22.
9 Analytical approximations Egs. (20) and (27) (7 = 300 K).
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The influence of the g dependence of the differential
cross section has been treated more realistically by replacing
the Langevin cross section with the experimentally known
energy dependence of the integral cross section
(0 ='min{23.5-E ~°%,1.45-E ~ 2}, unitsare A2and eV, see
Ref. 22). As a consequence, the mean value of the product
energy (E {) is shifted, however, only by 6 meV (compare b
and cin Table III). For other cross sections (e.g., low energy
thresholds), stronger deviations must be expected.

Table IIT shows also that all numerically obtained half-
widths are all in good agreement with the value determined
with the analytical approximation Eq. (27). This indicates
that Eq. (25) describes in good approximation the product
velocity distribution for the N* 4+ CO charge transfer at
thermal conditions. Therefore, and for simplicity and repro-
ducibility, this approximation [or Eq. (26) for the calcula-
tion of energy distributions] will be used in the following
analysis of the ICR experiment.

Some thermally broadened distributions for the forma-
tionof CO™ (v = 0,1, and 2) are shown in the insert of Fig. 3,
in this case as a function of the energy. The examples illus-
trate that the FWHM of the energy distributions increases
with the translational exothermicity [see Eq. (27)] compli-
cating the precise determination of the product internal exci-
tation. In order to calculate the fraction of ions which are
stored in the ICR cell for various vibrational populations
(see Py, Py, and P, in Fig. 3, rotation is ignored for simpli-
city) the corresponding energy distributions have been inte-
grated, according to the trapping conditions.*> The result-
ing three curves (Fig. 3) demonstrate that the thermal
broadening washes out the breaks. Comparison with the ex-
perimental results from Ref. 7 reveals that a much better
signal-to-noise ratio would be necessary to discern the re-
maining slight differences between the three assumed popu-
lations. An additional problem is the precise calibration of
the real trapping potential (contact and surface potentials),
and already an uncertainty of only 20 meV (error bar in Fig.
3) impedes the distinction of a relatively large range of possi-
ble vibrotational distributions of the CO™ product (for a
discussion of other examples see below).

The situation becomes even less favorable if the ions are
not in thermal equilibrium with the neutrals. In addition to
the thermal broadening, caused by the neutral target mole-
cules, the product energy distributions become strongly de-
pendent on the scattering angle and an evaluation of the
energy distributions without any knowledge of the differen-
tial cross section becomes impossible. In order to illustrate
the consequences, product velocity distributions have been
calculated for monoenergetic N* ions (0.1 eV) reacting
with thermal CO neutrals: the function £, (v,) in Eq. (11) is
replaced by a & function, f,(v,) by a Maxwell-Boltzmann
distribution, and the differential cross section has been taken
as 6 functions peaking at ¢ = 0°, 60°, 120°, or 180°. The ob-
tained distributions show (see Fig. 4 and compare with Fig.
2) that the backward scattered ions are much slower than
the forward scattered products.

This result becomes more obvious in Fig. 5 where the
mean value of the product kinetic energy, (£} ) is plotted as
a function of E,, the LAB kinetic energy of the reacting ions

N*+CO-=CO*+ N

Ey = 01eV
AEr = 052 eV

dN/dv,

v, (10°cm/s)

FIG. 4. The CO™ product velocity distributions [obtained by numerical
integration of Eq. (11) ] for the charge transfer between monoenergetic N *
ions and thermal CO target depend strongly on the scattering angle.

for several scattering angles. Comparison of the dashed
T =0 K curves (nominal values) with the 300 K results
reveals a significant shift caused by the thermal motion,
especially in the backward direction. The curves for the dif-
ferent angles cut all each other only for one energy
(E ~kT), otherwise the product ion energy depends
strongly on +# and that is on the differential cross section.
This impedes the analysis of energy distributions, mea-
sured under nonthermal conditions, if one lacks some

08 T T T T
N* +CO —= CO*+N

07 F AE; = 052ev -

<Eq> (eV, LAB)

0 01 02 03 04 05
E, (eV,LAB)

FIG. 5. Mean value of the laboratory product energy E | vs laboratory ener-
gy E, of the N * ions for different scattering angles (thermal target, T = 300
K). Nominal values (T = 0 K) are plotted as dashed lines.
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knowledge about the differential cross section. Therefore,
the detection of decreasing product energy with increasing
collision energy (like in Ref. 7) doesn’t allow the conclusion
that the internal excitation becomes enhanced because this
observation is as well in agreement with a preference of back-
ward scattering; even if the full exothermicity is converted
into translation, the products can loose kinetic energy in the
LAB frame.

Considering the KEICR experiment, several conclu-
sions can be drawn from the preceding example: The method
is unsuitable to give reliable evidence on energy partitioning
for nonthermal reactands, but it can provide important in-
formation under thermal conditions. In order to extract this
information in the case of slow product ions, it is recommend-
ed to analyze the measured break curves with a convolution
(or deconvolution) procedure and not with the simple extra-
polation method. In the case of large translational exoergi-
city AE; (see for example Ref. 29) the mean value of the
product energy is almost unaffected by the thermal distribu-
tions [the contribution 1.5-k7 is negligible in Eq. (23)],
however, one should not expect a sharp break; according to
Eq. (27) the energy resolution becomes increasingly worse.
The consequence is that also in this situation usually rather
different energy distributions lead to trapping curves which
are in accord with the data points. Depending on the signal-
to-noise ratio, it is therefore advisable to simulate or to de-
convolute the experimental results, based on Eq. (26). The
situation of multiple breaks will be discussed in Ref. 12.

Ar* +CO-CO* + N

The charge transfer Ar* + CO-CO™ + Aris 1.74 eV
exothermic. From ICR experiments>?’ a rather narrow
translation energy distribution has been deduced, peaking at
AE, = 0.56 eV, and suggesting that the major part of the
CO™ ions appears in the v = 4 vibrational state. Also for this
charge transfer process, laser-induced-fluorescence experi-
ments have been carried out?*?° and it has been shown that
the CO™ (v) distribution is indeed inverted with the maxi-
mum at v = 5 (see Table IV); however, it is rather broad and
all accessible states are populated with significant probabili-
ties. The disagreement between the ICR and LIF results has
been qualitatively discussed in Ref. 26. The following more
detailed analysis of the ICR and the LIF signals, taking only
into account the thermal spread in reagent velocities, reveals
some of the sources of the discrepancies. Some recent GIB
results will be included.

The ICR results of Ref. 5 are reproduced in Fig. 6. As
described above, the ICR results have been simulated [based
on Eq. (26) ] making different assumptions for the internal
excitation. At first sight, the curve calculated for AE,

= 0.56 eV (excitation of v = 4 only) is in very good overall
agreement with the data. However, there is a discrepancy
concerning the half widths of the distributions. The FWHM
of the calculated energy distribution shown in the insert of
Fig. 6 is 0.204 ¢V [Eq. (27)], while the FWHM extracted
from the experiment in Ref. 5 is specified with 0.07 ¢V. Be-
cause our analysis of the experiment accounts exclusively for
the thermal broadening and is therefore a lower limit, this
can only be due to an optimistic interpretation of a few data

TABLE IV. Relative vibrational population probabilities (in %) for
Ar* 4+ Co—CO™(v,) + Ar. I) LIF, beam results, collision energy about
0.2 eV (Ref. 25). a: relative values before speed corrections, b: vibrational
population with error limits, taken from Tab. II of Ref. 25. IT) Vibrational
populations (evaluation of this work) using different assumptions concern-
ing the differential cross section and taking into account the thermal broad-
ening; a: isotropic scattering. b: only forward scattering, c: only backward
scattering; d: v=3 backward, v =4 — 7 forward scattered. The italic
numbers are the mean product velocities in 10° ¢cm/s. III) LIF, thermal
conditions (flowing afterglow experiment, Ref. 26).
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FIG. 6. Fraction of CO™ ions trapped in the ICR cell vs the square root of
the trapping voltage. Dots: experimental results from Ref. 5; error bars:
calibration of the ¥ scale ( + 20 meV). The ICR data are in good agree-
ment with the simulation for AE, = 0.56 eV (P, = 1); however, a wider
vibrational population (P; = 0.1, P, = 0.35, P; = 0.35, P, = 0.2) also re-
sults in a curve (dashed line) lying within the experimental error bars. The
corresponding energy distributions are shown in the insert. The deviations
from the LIF results (dotted line: beam experiment (Ref. 25), E, = 0.2¢V,
dash-dotted line: flowing afterglow Ref. 26, populations see Table IV) are
discussed in the text.
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points deviating slightly from our calculated curve in the
region of the break.

In addition, the instrumental resolution can lead to
further broadening and there is some uncertainty in the cali-
bration of the energy scale (the bars indicate an assumed
error of 20 meV). Furthermore, a nonthermal primary ion
distribution can lead to significant distortions, as discussed
in the previous section (see also Fig. 7). For these reasons
the ICR results do not allow the conclusion that only a nar-
row distribution of CO™ states is excited in the charge trans-
fer process. In fact the data are, within their error limits, also
in agreement with a much wider vibrational distribution as
demonstrated with the dashed curve in Fig. 6 where v = 3-6
has been assumed to be excited with the probabilities P,
printed in the figure.

In this way a major part of the disagreement between the
ICR and the LIF experiments can be explained by the ther-
mal broadening limiting the energy resolution of the ICR
method. However, some discrepancies remain outside of our
estimates of the error limits. This becomes evident from the
dotted and dash—dotted lines in Fig. 7 which have been cal-
culated with the populations, determined by LIF*¢ (see
Table 1V). This deviation is due to the contributions of the
low vibrational states, leading to large translational energies.
Possible explanations are: nonthermal ion distributions in
the ICR cell, vibrational relaxation in the flowing afterglow
LIF experiment, or erroneous speed correction factors in the
LIF beam experiment. The last point will be discussed in
more detail in the following.

The evaluation of the beam LIF experiment is affected
by the insufficiently known product velocity distribution be-
cause the measured relative light intensities are proportional
to the product density rather to the desired quantity, the
product flux (see also the discussion in Refs. 21 and 25).
Correction factors accounting for the laboratory product ion
energy are therefore needed. In Ref. 25 this speed correction
was based on the assumption, that the spatial velocity distri-
bution in the center-of-mass frame is isotropic, however the
thermal target motion has been neglected.
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FIG. 7. Typical CO™* product velocity distributions needed for correcting
the LIF results from Ref. 25.

The product velocity distribution calculated from Eq.
(11) has been used to reevaluate the LIF data, in the course
of which several assumed differential cross sections have
been tested. For isotropic scattering do/dd = const) the
CO*(v=0,3, 5, and 7) velocity distributions are shown in
Fig. 7. All other results are compiled in Table IV, column I1.
The mean values of the product ion velocities (v} ) are print-
ed in italics. Correction of the raw LIF data (Column Ia)
with these factors leads to vibrational distributions deviating
somewhat from the published values, however, most of the
population probabilities are still within the error limits given
by Lin et al.** (column Ib). One exception is the v = 6 state
which is more favored in our evaluation mainly at the ex-
pense of the lower vibrational states 0-3. This difference in-
dicates that it is necessary to use the thermally averaged
instead of the nominal (7" = 0) velocities especially if the
products become slow.

The two extreme assumptions that all CO™ products are
forward or backward scattered lead to quite different prod-
uct velocities (Table IV, columns II b and ¢), but the distri-
butions are only slightly shifted to higher or lower vibration-
al states, respectively. A somewhat larger change is
obtained, if one assumes that the CO™ (v = 0-3) are back-
ward and the others forward scattered leading to a signifi-
cant suppression of the low vibrational states. This shows
that for a more definitive evaluation of the LIF data some
more information on the product angular distribution is
needed.

As a third method, besides LIF and KEICR, the guided
ion beam technique has been applied to the exploration of
energy partitioning in this charge transfer process. So far,
only product velocity distributions dV /dv} » (velocity com-
ponent parallel to the octopole axis) have been measured by
time of flight, a strong enough guiding field ensuring integra-
tion over all transverse velocities v}, . One example for a colli-
sion energy of 35 meV is plotted in Fig. 8.

The distribution peaks at very low velocities being indi-
cative for a strong internal excitation of the CO* products

)
Ar*+ CO = (0" (V) + AP
Ey = 35 meV ¥ ‘v

-
-

Ok GUIDED
EAM EXP

«—AE;= 056 eV

aN/ dv1p

v,’p (10° )

FIG. 8. CO™ product v;, distributions (component of v parallel to v,).
Dots:GIB data. Simultations are shown for AE, = 0.56 eV, and for do/
dJ = const (dashed line) and for do/d# = 6(& = 0°) (heavy line). The
arrows mark the nominal velocities v] of the CO™ ion if the corresponding
vibrational state is excited.
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(v =5 and 6) in qualitative accordance with the LIF data.
However, for a more quantitative analysis, the transverse
product velocity and the backward scattered part must be
analyzed. Corresponding work is in progress.

For comparison with the result, extracted from the ICR
data, Eq. (11) has been used to simulate the GIB velocity
distribution for a sharp AE - distribution peaking at 0.56 eV
(v = 4). In one case (solid line) forward scattering has been
assumed, in the other case isotropic scattering (dashed line).
The results give some idea about the resolution achievable in
the GIB experiment. It is evident that the assumption, that
only v = 4 gets excited, is in no case compatible with our
data.

Art+ 4+ He—»Ar*t 4+ He*

The charge transfer from He('S) to Ar* +(*P)is3.1eV
exothermic. Because at low kinetic energies no excited states
are energetically accessible (ignoring the nonresolvable fine
structure), the translational exoergicity is well defined. This
makes it possible to obtain state specific information even
with a medium resolution apparatus, or to resolve relative
contributions of various electronic states of the reactant
ion.?®

From a practical point of view this reaction is well suited
for testing the angular and energy resolution of an experi-
mental method, and it has been used, therefore, to character-
ize a differential scattering guided ion beam apparatus.'®!!
A detailed analysis of this method has shown that the overall
resolution is mainly limited by the thermal broadening if one
uses a beam—cell arrangement.

Ar™ product velocity distributions dN /dv; » have been
calculated for the above mentioned charge transfer applying
Eq. (11) and using the experimentally determined energy
dependence of the integral cross section.'' Inspection of the
Newton diagram shows, that all Ar* products are forward
scattered in the LAB frame regardless of the CM scattering
angle, and that for this simple state to state process the distri-
bution dN /dv; » already contains the full information on the
differential cross section.

The angular dependence of the cross section has been
approximated by a series of § functions peaking at different
scattering angles. Three examples in Fig. 9(a) (¢ = 0°, 90°,
and 180°, dotted lines) show that the resulting thermally
broadened velocity distributions are rather narrow in the
forward and backward direction while sideward scattering
leads to a broader distribution. The other examples in Fig.
9(a) show that for a differential cross section do/dd ~sin ¢
the experimentally observable curve becomes trapezoidal
while for do/d{ = const the forward and backward peaks
are dominant.

Measured data have been fitted with a sum of such dis-
tributions, the weights giving directly the deconvoluted in-
formation on the differential cross section. One example is
shown in Fig. 9(b) where an experimental Ar* velocity dis-
tribution is compared with a simulated one. The resulting
differential cross section has been reported and discussed
already in Refs. 10 and 11. For the purpose of the present
paper it is important to note, that the good agreement proves
that the thermal target motion causes the major part of the
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FIG. 9. Ar* product v;, distributions (component of v] parallel to v,); a:
simulation of distributions for different differential cross sections do/dd; b:
Comparison: GIB data-simulation, details see Ref. 10 and 11.

broadening. The remaining differences are due to other ex-
perimental averaging effects (length of the scattering cell,
time resolution) not included in the present simulation.

H* +D,-D* + HD

As a last example of the influence of the target motion
on the product translational energy, an ideal differential
scattering apparatus is treated (monoenergetic, well colli-
mated ion beam, detector with perfect angular and velocity
resolution), the only disadvantage being the thermal ran-
dom velocity distribution of the target gas.

It has been shown experimentally with a less ideal real-
ization of such an apparatus® that for some reaction systems
advantageous kinematic conditions allow the partial resolu-
tion of single rotational states. One example, the proton deu-
teron exchange in H* + D, collisions, is reproduced in Fig.
10(a). The measured distribution extends over a wide range
of product kinetic energies and features some structure indi-
cative of excitation to a variety of rotational states. The de-
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FIG. 10. Differential energy distributions of D * products, formed in
H™* + D, collisions at E;. = 0.6 eV and observed at a laboratory scattering
angle of 6 = 5°. a: Experimental points of Ref. 3, the bars indicate the ex-
racted population probabilities P(v = ') (scale at right), the line shows a
simulation, accounting for the overall resolution of the apparatus. b: Nu-
merical results of Eq. (12): influence of the target motion (80 K scattering
cell) assuming an otherwise ideal apparatus.

convoluted results, the excitation probabilities P(v')j'), are
indicated as bars. The solid line shows the simulated distri-
bution, convoluting these probabilities with
F,(E;6,AE}), the overall resolution function of the appa-
ratus. This function combines the influence of the energy
spread of the ion beam, the resolution of the detector and the
influence of the target motion approximating the individual
contributions by Gaussian functions. The influence of the
thermal broadening will be discussed in more detail in the
following.

The experimental situation is illustrated in Fig. 1(b).
For a given LAB scattering angle 8 and a translational ex-
oergicity AE, the product velocity distributions have been
calculated from Eq. (12). The differential cross section has
been approximated assuming do/dw = 1/(gsin ) irre-
spective of the product state. Numerical integration is car-
ried out by systematic variation of v,, A, and I'. In the experi-
ment, the target gas was cooled to liquid nitrogen
temperature, therefore the calculations have been performed
for T=80 K.

Some product energy distributions are plotted in Fig.
10(b) for selected relative translational exoergicities
AE,/E, [the distributions for AE(vy) are derived by in-
terpolation, facilitating the evaluation at higher energies
where too many states are accessible]. It can be seen that for
this example (mass ratio, etc.) the thermal motion causes
the smallest broadening, if about 2/3 of the translational
energy is converted into internal excitation; under favorable
conditions focusing effects can compensate for the thermal
broadening.

The functions can be approximated with sufficient accu-
racy by Gaussians (dotted lines) for further processing and
it is worthwhile to note that the determination of the param-
eters characterizing these Gaussian functions (accuracy a
few percent) needs less than 100 integration points
(v,,A,T). Comparison of Fig. 10(a) with Fig. 10(b) reveals
that for this example, full resolution of the rotational states
J =6, 7, and 8 would be possible with a scattering cell if all
other experimental averaging effects could be avoided.

CONCLUSIONS

The general problem of averaging over different param-
eters arises in all practical cases of nonideal scattering ex-
periments. In this paper one special aspect has been treat-
ed—the influence of the target motion on the product kinetic
energy. It has been shown that a fully thermalized system is
an exceptional case where the mean value of the product
energy distribution is independent from the angular behav-
ior of the differential cross section. Analytical formulas for
the calculation of this mean value and of the often very large
halfwidth of this distribution have been derived.

For nonthermal systems the mathematical framework
has been supplied for calculating the product energy distri-
butions, and the formulas have been evaluated numerically
for some special experimental conditions. In all cases the
target molecules have been assumed to be thermalized and
spatially isotropic. It is, however, no problem to apply the
described method to other problems, for example to the nu-
merical exact treatment of crossed or merged beam arrange-
ments.

With these results, some published experimental data
for a few low energy ion—molecule reactions have been rean-
alyzed. It has been shown that in certain cases rather errone-
ous conclusions are possible if one disregards the thermal
motion of the target gas. It has been shown as well that medi-
um resolution differential cross sections are obtainable with
abeam cell arrangement. This is especially important for low
energy ion-molecule reactions, where the other methods are
not yet applicable or where the differential cross sections are
needed for the evaluation of data obtained with optical meth-
ods.
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