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Summary

This paper examines two aspects of an experimental technique designed to
investigate the dependence of ion—molecule specific reaction rates on primary ion
energy. In this experiment the reaction proceeds in a mass spectrometer ion source
under a constant electric field, and the ratio of secondary to primary ions is recorded
as a function of time. Two assumptions lay behind the original treatment, namely
that the energy spread of the primary ions at a given time was small, and that
reactions taking place during the application of an ion-removal field were negligible.
The present paper takes an idealized view of the ion source by ignoring possible
effects of non-uniform electric fields and extraneous magnetic fields. Calculations are
made which show that both ion-removal time and thermal energy are important.
The initial thermal velocity and the electric field in the ion source interact to
produce a large energy spread. For energy-independent reactions, a simple correction
of experimental results should give true specific reaction rates.

I. INTRODUCTION

Recently, Ryan and others (Ryan and Futrell 1965a, 1965b; Ryan, Futrell,
and Miller 1966) described a mass spectrometer experiment designed to investigate
the dependence of ion-molecule specific reaction rates on the energy of the reactant
ions. This experiment was based on the pulsed-source technique of Tal’roze and
Frankevitch (1960), which may be described briefly as follows. An ionizing electron
beam flows through the ion source for about 1 usec and each ion-molecule reaction
proceeds with both partners at thermal energies until, at some known time 7' later,
an ion-extracting pulse removes both primary and secondary ions. Ryan and co-
workers developed this experiment by adding a steady field E1, always present. In
principle, therefore, the energy of the primary ions at any time ¢ could be calculated
and the contribution to the secondary ion concentration at this instant could be
ascribed to reactions with primary ions at this energy. In general,

st:nONpkdt7 (1)

where ng is the molecular concentration, N, the primary and Ny the secondary ion
concentrations, and k the energy-dependent specific reaction rate. Thus, the slope
of a plot of the corresponding ion current ratios against 7' should show the dependence
of k£ on the drift time 7.

To investigate the variation of ¥ with ion energy E it is necessary to know E
as a function of the time ¢ since formation. The contribution of thermal energy to
the ion energy was assumed by Ryan and co-workers to be insignificant, the only
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energy spread present being caused by the finite duration of the ionizing pulse. This
pulse was of short duration (20 nsec) and the energy spread from this cause was
In the present investigation, we shall see that the effect of the

therefore negligible.
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electric field on the initial thermal velocity is to introduce a large energy spread.

A second assumption made was that the time taken for the ions to be swept
out of the source, T'r, was small compared with the drift time 7' and that consequently
reactions taking place during this time could be ignored. It is shown here that such
reactions must be considered to avoid significant errors. It should be noted that the
present calculations deal with an ideal physical situation. The ion source is regarded
uniform electric field exists. The effects of possible extraneous

as a region where a

magnetic fields are neglected.

II. GLossARY oF TERMS

The following nomenclature is used:
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acceleration of ions under steady field E;
acceleration of ions under removal field Es
steady electric field in ion source
ion-extraction pulse field in ion source

ion energy

initial ion thermal energy

ion energy in absence of initial velocity
thermal energy distribution function
primary ion current

secondary ion current

true specific reaction rate

apparent specific reaction rate

Boltzmann constant

distance between filament and exit slit of ion source
ion mass

primary ion concentration

secondary ion concentration

molecular concentration

time after ionizing pulse

drift time (time between ionizing and extraction pulses)
ion-removal time (time for extraction pulse to remove ions)
temperature (°K)

ion thermal velocity

mean ion thermal velocity

ion velocity

polarizability of molecule

permanent dipole moment of molecule
reduced mass of ion—molecule pair
reaction cross section

dipole moment contribution factor
polarization contribution factor

direction of thermal velocity vector
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III. THERMAL ENERGY CONSIDERATIONS

It is instructive to first consider the simplified case where all ions possess the
same initial velocity U = (8kp7"[mm)}, the mean thermal velocity, where 7" is the
temperature, m the ion mass, and kg the Boltzmann constant. Their acceleration is
a1 under the steady field ;. If N is the total number of ions leaving the formation
point A (see Fig. 1), the number of ions leaving A in directions between 6 and 686
is given by

8N = N(2msin 0 686)/4mw = {Nsin686,
or
dN/df = LN siné. (2)

The energy E of these ions at time ¢ after formation is
E = }m(U cos 8 +ay t)2+3m(T sin )2
= Er+Eg+2(E1Eg)tcost, (3)

where Eq is the initial mean energy, mU2, and Eg is the energy the ions would
possess in the absence of an initial velocity. Thus the maximum and minimum

Fig. 1.—Geometry of ion motion.
7 <50 e A is any point in the
A 1 ion-formation area.

energies are separated by 4(£t Eg)t. However, it is important to know what propor-
tion of the ions actually possess energies near these limits, i.e. to know the distribution
function dN/dE as a function of energy,

d¥N _dN/d§  iNsiné
dE  dE[d9  o(fin Fp)tsing
= IN(ErEp)t. (4)

Thus the distribution of energy is even between the limits Ex+Eg+2(Ey Eg)t. For
Er =0-05eV and Eg = 1 eV this spread is nearly 0-9 eV. Hence, even when the
initial energy spread is assumed to be zero, the resulting energy spread is, in this
example, almost as large as the mean energy.

We now consider the realistic case of an initial Maxwellian energy distribution;
the number of ions with initial thermal energies in the range d(Er) is then

dN = Nf(Er)dEy
= 2Na Ykp T") " Bhexp(—Eq/kp T") dBy. (5)

After acceleration by the steady field £1, an initial thermal energy Eq will be
responsible for energies in the band B = Er+Eg+2(ErEg)}. It can be simply
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shown from this that initial thermal energies in the range E-+Egp—2(EgE)t to
E+Eg+2(Eg E)* contribute to a final energy #. Thus the distribution becomes

v fE+EE+2(EE B}

=T — I -
N Y )ep-miEgompn)t (Bpfix) " f(Br) dBr (6)
20t (kg T,)s/z By P T/KB T
= (wHgkn T’)"% exp{— (B-+Eg)/kp T} sinh{2(E g E)%/kB 7). ()

Figure 2 shows, for a number of examples:

(1) the energy Eg that the ions would obtain in the absence of a thermal velocity,
and the spread in Kz caused by the finite duration of the ionizing pulse
alone;

(2) theion energy distribution for the simplified case of uniform thermal velocity
(equation (4));

(3) the ion energy distribution for an initial Maxwellian distribution (equation

(8))-

These examples show that the energy spread caused by thermal energies is very
much greater than the spread caused by the duration of the ionizing pulse. In the
lowest energy example (Fig. 2(a), Ex = 0-013 eV), not only the energy spread but
also the mean energy is greatly altered. Consideration of the actual Maxwellian
distribution is most important in this example. The effects of these distributions
on experimental results are discussed in Section V(b).

IV. IoN-REMOVAL TIME

The second assumption made by Ryan and co-workers was that reactions
taking place while the ions were being swept out by the extraction pulse were
negligible. This ion-removal time can be shown to be

Ty = az [—a1 T +{(ay T)*+2aa(L—}ar T*)}], )

where L is the length of the ion path, 7 is the time between ionizing and extraction
pulses, a1 = E1e/m, and az = Hae[m.

Figure 3 shows the variation of ion-removal time Tg with drift time 7" for three
ion masses and two values of steady field E;. (An extracting pulse E2 of 80 V/em and
an ion path length L of 0125 cm were used in the calculations.) The figure shows
also the instantaneous kinetic energy at points along the ion path; the ratio T'gr/T
at a given energy is seen to be independent of ion mass and dependent only on the
field strengths 1 and Es. We can see that under many conditions the ion-removal
time 7'y is an appreciable fraction of the total time in the ion source (Tr+T).
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Fig. 2.—Curves for ions of mass 30 (under a 10 V/em steady field and at a temperature

of 520°K) showing (1) spread of energy Eg for ions in the absence of thermal velocity,

(2) ion energy distribution for uniform thermal velocity, and (3) ion energy distribution

for an initial Maxwellian distribution: (a) Eg = 0-013+0-003 eV, 7' = 0-1 usec;

(b) Ep = 0-386-+-0-016eV, T = 0-5psec; (¢) Eg = 1-584-0-03eV, T = 1-0 usec;
(d) Bz = 14-374£0-09 6V, T = 3-0 ysec.

60
0d - 0-02 eV (1 V/em)
0:2 ¢V (10 V/em)
B 005 eV (1 V/em) Fig. 3.—Curves showing the variation
B 05 eV (10 V/em) of ion-removal time T'g with drift time
’g B T for ions of mass 4, 14, and 60.
:’3} (14 Time scales appropriate to E; = 1 and
2 02r 10 V/em are shown. The inter-
= - 01 ¥ (1 V/em) sections of the radial lines with the
1-0 eV(IO V/cm) X !
k. 4 curves give the times at which the
L given energies are obtained.
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V. APPLICATION

We now illustrate the effect of ion-removal time and thermal energy on the
measurement of specific reaction rates by considering two idealized reactions. We
, consider the effect of ion-removal time by assuming a reaction whose specific rate
is independent of energy, and the effect of energy spread by assuming a reaction to
possess a specific rate simply dependent on energy.

(a) Ion-removal Time

Ryan and co-workers found that for some of the ion-molecule reactions studied
the curve of I/l against drift time had a linear slope that was dependent upon the
steady electric field. Hyatt, Dodman, and Henchman (1966) have since pointed out
that unpublished calculations by Harrison show that when ion-removal time is taken

10

Fig. 4.—Variation of the ratio of
apparent to true specific reaction
rates, k’[k, with drift time 7' for
ions of mass 15, By = 80 V/cm,
and steady fields E; of 4, 6, 8, 10,
and 20 V/em.

0 0-5 1-0
T (p,sec\,

into account one obtains the same specific reaction rates for different values of the
steady field. If we take a simplified form of an equation deduced by Talroze and
Frankevitch (1960), for an energy-independent reaction,

Is/Ip = nokT—FnokTR, (10)

d [ I d
an(72) = ki (). ty

The apparent specific rate &’ is thus given by k{1+d(7')/dT"}, and the I /I, versus T
plot will be curved. Figure 4 shows the expected variation of &’/k with drift time 7'
for five values of steady field £; and for a primary ion of mass 15. It is clear that
k'[k varies with T' and so with ion energy E, although, if 7" is not allowed to approach
its maximum possible value too closely, this variation may be masked by experimental

then
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error. The apparent specific reaction rate ', as 7' — 0, is related to the true value
k by '
(' [k) >0 = ;ing{l—}—d(TR)/dT} = 1—E1[E,. (12)

Ryan and Futrell (1965b) have published values of k'/ky for five reactions, kp being the
specific reaction rate measured by the conventional pressure method using the same
instruments. For four of these reactions the values are in close agreement and have
a mean value of 0-88. However, substituting the fields used in Ryan and Futrell’s
experiment, namely B = 10 and Ez = 90 V/cm, in the present equations gives a
value of k&'[k of 0-89, and we may conclude that ion-removal time explains the
discrepancy. Thus, if we can assume energy independence, equation (12) can be
used to correct apparent specific reaction rates for ion-removal time.

(b) Thermal Energy and Ion-removal Time
We illustrate the effect of thermal energy with the reaction
HCI+4-HCl — HoCl+4-Cl. (13)

The HCI molecule possesses a permanent dipole moment up, and, for the purpose
of this illustration, we assume that the reaction is not complicated by any parallel
or secondary reactions, that the reaction cross section o is equal to the collision cross
section, and that the collision cross section in the low energy region follows the theory
of Moran and Hamill (1963), i.e.

oc=copBEl+oLE?, (14)

where op = meupm/u, is the dipole moment contribution factor, o = me(20m|p)t
is the polarization contribution factor, u is the reduced mass of the pair, and « is the
polarizability.

As the mean vector velocity of the molecular partner in the reaction is zero,
we assume here that the relative velocity of the pair is equal to the ion speed v,
in which case

. k= ov = op(2/mE)i+or(2/m)t. (15)

We find below (Fig. 5, curves 1) that the first term of this expression, which deter-
mines the change of k with E, is small for energies above 0-1 V. During ion removal,
energies will almost always exceed this value, and hence the term may be neglected
during this time.

The expression for Is/I;, for a drift time 7' is

T+Tyg
Is/Iy = mg f kdt
0
T T+Ty
= My J {QUD/mv—l—(Q/m)%oL} dt 4-ng f (2/m)} or, dt (16)
0 T

T
= no(fo 20p/mv dt +(2/m)* o1, (T—I—TR)) , (17)
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and
ol7e) =l + () el ()
We can divide equation (18) into two parts:
- 20p 2)% }
and
2\ d
B = HO(E) ULJT(TR): (20)

part B being the correction for reactions that occur during the ion-removal time.

If we now consider the initial thermal velocity (U, 8) of the ions

A =mnyg JE L f (Br) % sin 0 2op/m){(U cos 6 +ay T)*+ U?sin®6} ™+ A6 d B+ (2/m)} o1,
T
(21)

and

B = no(2/m)t o1, fE L f(Br)tsin0d(T)/dT d§ dEr, (22)
AT

where
U = 2(Ep/m)t.

T'r is dependent on the initial thermal velocity U as

Tr = a5 [—(U cos 0 +ay T) +{(U cos 6 +ay T+2as(L— UT cos § —3ay T)}]
(23)
and

d(TR)/AT = (U cos 8 4a; T)(a1—az){(U cos § +ay T')>
+2a2(L—UT cos § —im Tz)}%—al/ag . (24)

In Figure 5 curves of ngld(Is/Ip)/dT for reaction (13) are presented for the
following cases:

(1) No corrections (U = 0). This is the ideal case where ngld(Is/Ip)/dT = k.
(2) Thermal energy effect included (equation (21)).
(3) Both thermal energy and ion-removal time effects included (equations (21)

and (22)).

The points marked X on curves 1 of Figure 5 are at an energy of 0-1 eV. This corre-
sponds to the mean energy of molecules at nearly 1000°K, so reactions taking place
at energies below this value are of great interest. Here the curves 1 and 2 diverge
rapidly and the thermal energy effect is serious.



EFFECTS IN ION-MOLECULE REACTIONS 641

The thermal energy effect at low energies may be a little greater than that
suggested by Figure 5. The expressions for op and o1, (equation (14)) assume that
only the ion velocity contributes to the centre-of-mass energy of the collision system.
However, the molecular partners in the reaction also possess thermal velocities and,
although (unlike the ion case) the effect of this will not be “amplified” by the electric
field, it will still contribute to the total energy spread, particularly at lower energies,
and so will increase slightly the deviation of curves 1 and 2.

(x1079)

ngld(s/1p)/dT

21X E =20 V/em
T 3\

1 L 1 1 |

T (wsec)
Fig. 5.—Effect of thermal energy and ion-removal time on the secondary to primary
ion current ratio, Is/Ip, for an energy-dependent reaction: curves 1, no corrections;
2, thermal energy effect included ; 3, both thermal energy and ion-removal effects included.
The points marked X correspond to ion energies of 0-1 eV.

Also, the energy distribution in a practical ion source may differ somewhat
from the present idealized solution. For example, ions initially moving in the line
joining the source to the exit slit contribute to the tails of the distribution. If
therefore, as seems likely, these ions have a greater chance of being collected, the tails
of the distribution will be emphasized.

Because of the complexity of equations (21) and (22), it is unlikely that a simple
correction for thermal energy can be found. The most hopeful way of investigating
these low energies is probably to assume a model depicting the variation of specific
reaction rate k with energy £ and to predict the shape of experimental curves for this
model. The degree of fit between predicted and experimental curves should then be
an indication of the correctness of the model.
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VI. ADDENDUM

After this paper was written, Professor R. L. F. Boyd and the referee drew
the authors’ attention to the solutions of problems analogous to the present thermal
energy problem. Massey (1964) calculated energies of atmospheric molecules relative
to a moving space craft, and Chantry and Schultz (1964) studied an experiment on
dissociative attachment or ionization of molecules.
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