March, 1974]

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VoL. 47(3), 519—528 (1974) 519

Theory of Ion Cyclotron Resonance Power Absorption for
Nonreactive and Reactive Ions

Katsuyuki Aovacr?
Faculty of Engineering, Hokkaido University, Sapporo 060
(Received March 22, 1973)

An exact solution of the equation of motion and exact expressions of the ion current in ion cyclotron resonance

power absorption were obtained.
line shapes were derived.
the whole range of pressure.
appropriate approximation.

nonreactive secondary ions were obtained from the ion cyclotron resonance experiments.

good agreement with those obtained by other methods.

A charged particle moving in a strong uniform
magnetic field describes a helical orbit which is a
combination of a translation along a field line and
a circular motion in a plane perpendicular to the
direction of the magnetic field. The motion along
the magnetic field is independent of the strength of the
magnetic field. The circular motion in the plane is
independent of the translational motion along the
field lines. The angular frequency or cyclotron fre-
quency o of the circular motion is independent of the
velocity of the ion and is given by

eH
- Ea (l)
where ¢ is the charge of the particle, H the magnetic
field strength, m the particle mass, and ¢ the velocity
of light.»

If a sinusoidal time-varying electric field E(¢) with
the frequency w, is applied perpendicular to a static
magnetic field H, and the magnetic field is swept, the
ion resonates at w=w, and absorbs energy from the
sinusoidal time-varying electric field. The ion is ac-
celerated and the radius of its orbit increases with
time. An absorption of energy by the ions can be
readily observed by a marginal oscillator detector®%
or a bridge detector.®® With a fixed observing fre-
quency, a spectrum obtained by sweeping the magnetic
field is linear in the mass.

In the average chemically nonreactive ion under-
going ion cyclotron resonance, the phenomenological
equation of motion for an ion is given by%?

% =LE@) + -SvxH-¢v, @)
where v is the nonrandom part of the average ion
velocity, and ¢ the reduced collision frequency that
specifies the rate of momentum relaxation of the ion.
If the ion undergoes only elastic collisions with the
neutral species, the reduced collision frequency is given
by'®

nm
§= m(vca(v»: 3)
where n and M are the number density and mass of
the neutral species, respectively, and o,(v) and v are
the diffusion cross section and relative velocity of the

Instantaneous and total power absorptions together with power absorption
Ton current expressions were also derived for both nonreactive and reactive ions over
The results agreed with those obtained previously for high and low pressures with
The rate constants for the disappearance of primary ions and for the formation of

The results showed

ion to the neutral pair, respectively. The angle bracket
indicates an average over the distribution of relative
velocities.

Wobschall et al.®) and Beauchamp® obtained a
steady-state solution of Eq. (2) which leads to the
Lorentzian line-shape expression for power absorption.
The steady-state power absorption of an ion results in
the broadening of ion cyclotron resonance (ICR) line
shapes in the high-pressure limit where many collision
occur during the ion transit time. The steady-state
theory assumes equilibrium between power absorption
and collision dissipation, ignoring the transiént effect.
However, it has been successfully applied to the deter-
mination of the collision frequency or the nonreac-
tive cross section of ions from the line-shapes.5:
Beauchamp® and Buttrill'? obtained an approximated
solution of Eq. (2) for the case £=0, which leads to
an expression for low-pressure power absorption. Line-
shapes calculated from the low-pressure theory show
good agreement with experimental results at low pres-
sure.!) In the presence of ion-molecule reactions, the
theory has been extended successfully for determining
of ion-molecule reaction rates using ICR signal inten-
sity. The calculated rates show a substantial agree-
ment with those measured by other techniques.1?

Recently, a more general solution for the pheno-
menological equation of motion of an ion in the ICR
cell has been given by Comisarow!® and Dunbar?®
which bridges the gap between the low- and high-
pressure theories. This ‘‘total-pressure theory” has
clarified the power absorption expressions for the
chemically reactive ions.!® The theory has also been
used for obtaining the collision relaxation rate and
substantial probability for charge transfer by transient
ICR experiment.!® However, in this theory, the ion
current expression is not treated in detail.

In this paper, we propose exact expressions of ion
current in the ICR cell, and an exact solution of the
phenomenological equation of motion for the velocity
of an ion used for deriving the power absorption of
an ion and the ion kinetics. The ion-molecule reaction
rate constants for the disappearance of primary ions
and for the formation of nonreactive secondary ions
are determined from ion cyclotron single resonance
(ICSR) spectra. Rate constants are compared with
values obtained by other methods. Close agreement
between the present and previous values was obtained.
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Theory

Ion Motion in the ICR Cell. The Cartesian coor-
dinate system is chosen so that the static magnetic
field is parallel to the z axis, the electrostatic drift
field and the rf electric field are parallel to the x axis,
and the ions drift to the y axis. Then ion motion in
the x-y plane is independent of motion in the z direc-
tion.

The electrostatic trapping field is parallel to the z
axis, as usually employed in the ICR cell.¥ The
trapping field should not affect the power absorption
of an ion. The trapping voltage, however, shifts the
ion cyclotron resonance frequency.%1%9 1In the ICR
cell, the electrostatic drift field only determines the
residence time of the center of guide of the circular
motion for an ion in the absence of collision.?

The actual motion of the ion in the analyzer region
of the ICR cell consists of different types motion. A
circular motion due to the Lorentz force in the x-y
plane with increasing orbit radius with time, in which
the ion absorbs energy from the applied rf electric
field, and a motion of drift at constant velocity along
the -y axis lead to a trochoidal motion of increasing
radius in the -y plane. Furthermore, the ion de-
scribes an executed harmonic motion in a parabolic
potential -field in the x-z plane between the trapping
electrodes. The exact solution of Eq. (2) leads to the
above complicated motion of the ion in the analyzer
region of the ICR cell.

Solution of Equation of Motion. In the absence of
reactive collisions, the motion of an ion in the ICR
cell can be described by Eq. (2). In the ICR cell,
homogeneous electric and magnetic field distributions
are assumed, the following electric and magnetic field
configurations also being assumed:

H = Hk, 4)
E = E i + E,sin (0.t +¢,)i + E/k, (5)

where H, is the static magnetic field strength, i, j,
and k unit vectors of the coordinate system, E, is the
electrostatic drift field strength, E, a function of z
giving the electrostatic trapping field strength, and E,;
the observed rf electric field strength from the marginal
oscillator or the oscillator for the bridge with frequency
®;. The phase factor of ¢, has been introduced
because the rf phase at =0 is not fixed.

Equation (2) is now separated into an equation of

v, only and two coupled equations of v, and »,. The
relevant equations of motion are then;
Boe £ [Byt Bysin (gt +90)] + on, — Gon, (63)
d
- ;t% = —wv, — Lo, (6b)

In the present investigation, the motion in the z direc-
tion does not affect the power absorption and will not
be considered further.

An ion whose initial velosity 7, is due to the thermal
velocity leads to a circular motion with phase angle
Bg, v,(0)=—v4cosd, and o,(0)=v,sing, at t=0. The
exact solution of Eq. (6) is given by”
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vz = o sin (0t — @) exp (—§£t)

4 cEa[ &= (§coswt —wsin wt) exp ( :f,t)]
m w? + 52

+ %El {4 sin (0t +¢,) — B cos (0.t +¢,)

— [(C cos ¢, + D sin ¢,) sin wt

— (Bcos ¢,—Asin ¢,) coswi] exp (—¢&t)},  (7a)

b, = vy cos (wt — ) exp (— 1)

eEy [ @— (£ sin wt 4w cos wt) exp (—§&t)
m 0)2+€2

+

+ imEJ— {D sin (w,t +¢,) +C cos (@t +¢,)

— [(B cos ¢, — A sin ¢,) sin wt

+ (Ccos ¢, +Dsin ¢;) coswt] exp (—&t)},  (7b)
where
4 = [§(82+ o —0?) +2£0?][F,
B = w,(§*+o,*—?)[F,
C = 2¢ww,[F,
D = [0(§*+ 0~ o®) —2§%] [F,
F = [(0;—0)*+ & [(0, +0)? +£7].
Line Shape Expression for Nonreactive Ion. a) Power

Absorption of an Average Nonreactive Ion: Power absorp-
tion 4 of an ion from the rf electric field is given by
A = (eE(t)-v(2)) = eE,sin (of +6), (8)

where v, represents only the third term of Eq. (7a),
because there is no observed effect of either the drift
field or the initial velocity of an ion on the power
absorption. The third term of Eq. (7b) has an effect
on the power dispersion for an ion. The initial velocity
of an ion with phase angle ¢, will not contribute to
the actual power absorption. Since an ensemble of
ions enters the analyzer region in the ICR cell at time
dt, the phase angles are expected to be distributed
randomly so that the average over a period is 0.

Substituting the third term of Eq. (7a) into Eq. (8),
the power absorption can be obtained by averaging
over the phase angle ¢, since all values of ¢, are equally
probable. With the approximation that

w; + 0 ~ 20, 9)
¢ < oy (10)

the instantaneous power absorption by an ion is found
to be

e2E,? )
(o, — o)1 e & T@—e)sin (@ —0)t

—§ cos (0, —w)t] exp (—£1)}, (11)

which is a function of ¢, w, w,, and §. The first term
is a steady-state power absorption observed under slow
passage conditions. The second term is a transient
term of a damped oscillation with frequency |w;—w|,
giving the ICR heterodyne spectrum.'® The absorp-
tion giving by Eq. (11) agrees with that of Comisarow??
and that of Dunber!® who used slightly different
methods.

At resonance o, =w, the instantaneous power absorp-
tion is shown to be

Alw,=0) =
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(12)

Aw,=0) = L [1—exp (~80)

If the pressure is sufficiently high for each ion to
suffer many nonreactive collisions, Eq. (11) is reduced
to

_ EEp? &
AESD = G

by application of the approximation

&> 1. (14)
This high-pressure power absorption represents the
Lorentzian line shape and agrees with the results of
Beauchamp? and Comisarow.® In the collisionless
limit £-0, Eq. (11) is reduced to

e2E 2

4m(w, — @)

(13)

A(E—0) = sin (@, — w)!. (15)
This low-pressure power absorption agrees with that of
Beauchamp,? of Buttrill') and also of Comisarow.10
b) Total Power Absorption for Nonreactive Ion: Under
idealized experimental ICR conditions, the homo-
geneous electric and magnetic field distributions are
assumed in the ICR cell. Ions are produced in a
source region with electron impact at a rate n, ions
per second, and then drift through an anlyzer region
at constant drift velocity. It has been assumed that
the distribution of ions is uniform inside the ICR cell.
There is a constant number nyr of ions in time 7 for
an jon drift through the analyzer, each absorbing
energy at the rate given in Eq. (11). Thus the total
power absorption A(T) is obtained by averaging the
integration from 0 to 7, the time required for the ions
to absorb energy from the applied rf electric field.
The averaged total power absorption is given by

A(T) = %anorA(wl=a))dt
[1]
_ nge’E,? {‘57 (0, —w)?2—¢2
= Inl(o-0r + 81 1 (@ m eyt e

{2 — (@0~ 0)*)} cos (0, — )7 —2£(0;— ) sin (@,— )7
ul e ]

X exp (—51)}, for wl=’w, (16a)

and
=Bl L ep (- -
A(T) =M {1 g ll-exn 51)]} for =w,. (16b)
Application of (14) in Eq. (16a) gives

nge?E %t ¢

dm (0, —0)+E2
This represents the average total high-pressure power
absorption expression.

In the collisionless limit §—0, Eq. (16a) is reduced
to

A(T, High-pressure) = (17)

nge2E,?

4m(w,—w)? (18)

A(T, £-0) = [1—cos (w;—w)].
The line shapes of ICR total power absorption for an
ensemble of ions are represented by Egs. (16)—(18).
The results agree with those of Comisarow.®

Line Shape Expression for Reactive Ion. a) Ion

Current in the Analyzer Region: When the pressure in
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the ICR cell is so high that the reactive collision cannot
be ignored, ion-molecule reactions occur. In special
cases where all ion-molecule collisions are reactive,
the calculation of power absorption is particularly
simple, since the reactive collision removes the ion as a
power-absorption entity. Here, only one species of
neutral reactant molecule is present assuming that no
two ions formed in different steps have the same mass.

The cross section of ion-molecule reaction is the func-
tion of ion velocity. The thermal reaction cross section
6 can be estimated from the corresponding rate con-
stant, and is given by!?

k
Gy = — 19
] 09’ ( )
where vy is the average thermal velocity of the reactant
ion. The reaction cross section of ion-molecule reac-
tion is also given by*®)
_ S
= P

where P, is the rate of primary ion formation in the
electron beam, S the total secondary ion current after
the primary ion has traveled a distance [ from the
origin (the electron beam), and M the neutral reactant
molecule. In the source region, the angular velocity
of the ion is almost equal to its thermal velocity, but
is not the same at resonance in the analyzer region.
Similarly, the path lengths of the ions in the source
and analyzer regions are not the same. Thus, the
cross sections of ion-molecule reaction in the source
and in the anlyzer regions are not the same, the rate
constants in the source and anlyzer regions also being
different.

(20)

[}

ll= Xa T‘I. E
f——————x—> 1 9B
fe—Xg —] {

I
fe—ts —

le t >
®H, ta

Side view of the ICR cell showing parameters
e~ indicates the location of electron
beam which forms the primary ions. The distances
%5, ¥ and x, are defined by the figure. ¢, and ¢, are the
drift times through the source S and analyzer A regions,
respectively.

Fig. 1.
for kinetic analysis.

Figure 1 shows a side cross-sectional view of the ICR
cell required for kinetic analysis. Ions are produced
in the source region by electron impact which are then
made to drift through the analyzer region by the
effect of the electrostatic drift field. Drift voltages
are applied to the source and analyzer regions of the
ICR cell separately. The time at each point x in the
analyzer region, which is associated with the drift time
t from the electron beam, is given by

X, X—X,
=2 ASEEAL
o, (21a)



522 Katsuyuki Aovact

where x, and x are the distances indicated in Fig. 1,
and o, and v, the drift velocities in the source and
analyzer regions, respectively. The source exit time
t, and the analyzer exit time f, for an ion are respec-
tively given by

_ o %Hd
t, = e = oV, (21b)
and
=t + x“v:"* =t + (x“_c;‘—)Hd, (21c)
a a

where V, and V, are the source drift and analyzer
drift voltages, respectively. x,, x,, and d are the para-
meters defined in Fig. 1.

The equations for the change of ion current with
time in the analyzer region are derived for the follow-
ing primary, secondary, and tertiary chemical sys-
tems :1%2%)

Primary ion,

M +e —> P, (22)

Source-Formed Nonreactive Secondary (SFNS) ion,
kps
P+ M- 8t + N, (23a)
Analyzer-Formed Nonreactive Secondary (AFNS)
ion,
kpa
Pt + M -2 5,* + N, (23b)
Source-Formed Reactive Secondary (SFRS) ion,

kps,

k'!
P+ M S 4 N, (242)
Analyzer-Formed Reactive Secondary (4AFRS) ion,
k as k&'ﬂ.
P4+ MZSt 4N, (24b)
Source-Formed Nonreactive Tertiary (SFNT') ion,
k:’
St + M — T,* + N, (25a)
Analyzer-Formed Nonreactive Tertiary (AFNT) ion,
ksa
S*+M — T, +N. (25b)

These obey the following equations in the analyzer
region:

dP(t),

Wy " — 1k o P(t) 4 (26)
Td(st(_ﬁt::—) = 1k paP(t)a, (27)
% = nkpP(t)q—1keoS(t)ar (28)
70(,-)57%(—%:‘)_ = nky,S(t)a (29)

The solutions are found to be
P(”u = Po exp (_nkpstps) exp [_”kpa(t_tps)], (30)
S(SFNS, t), = Po{1—exp (—nk pstys)

X exp [—nkpo(t—1,5)1}, (31a)
S(AFNS, t)g = Po{l1—exp [—nkp,(t—1,)1}

X €xXp (— 1k pslps), (31b)
S(SFRS, t), = P{(ot,+ Bs) exp [—nk,,(t—1,)]

— oy exp [—nkpo(t—~15)1}, (32a)
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S(AFRS, ) = Poozs{exp [—nkyo(t—1,)]
—€Xp [_nkpa(t_tss)]}, (32b)
T(SFNT, t), = Po{1—(0t,+p;) exp [ —nky, (t—1,)]

+ Ve €Xp ["nkpa,(t'—tts)]}’ (33&)
T(AFNT, t), = Po{o,+ B+ y.— (0. + B)
Xexp [_ "k.m(t_ tts)]
+ 7t EXp [_nkpa(t_ttt)]}’ (33b)
where
oAy = ﬂ‘— exp (_”kpxtss)s
kpa_ sa
k ps
Igs = —‘———[CXP (_ ”ksstss) —exp (_ "kmtss)]’
kps_ kss
kpa
0y = 5——— — €Xp (_”kpstts)’
kpa,- sa
ks
B, = —-—[exp (—nkt,;) —exp (_”kpstts)]a
kps_kss
Ksa
Ve = FpaFn exp (—nkpetis)-

Here P, is the rate of primary ion formation in ions
per second at the electron beam in the source region,
n the number density of neutral reactant molecule,
kps and k,, are the ion-molecule reaction rates for the
primary ion and kg and k,, those for the secondary
ion in the source and analyzer regions, respectively,
and £, t,, tss, and £, the source exit times of primary,
nonreactive-secondary, reactive-secondary, and non-
reactive-tertiary ions, respectively.

In the limits k,,—0 and k,—0, Eq. (32a) is reduced
to Eq. (31a). In the limit £;,—0, Eq. (32b) is reduced
to Eq. (31b).

Equations (30) and (31a) can be now rewritten in
the following forms:

P(t)al = Po exp [_”kpa(t_tps)] .

for kpo > kys ~0, (34a)
P(t)q: = Eq. (30) for k,, 3 kp,, (34b)
P(t)as = Poexp (—nkatys) €xp [—nky(t—t,0)]

for k,q = kps, (34c)
S(SFNS, t),, = Py — Pyexp [—nky,(t—1,,)]

for kp, > kps~0, (35a)
S(SENS, t),s = Eq. (31a) for k,, = kp, (35b)
S(SFNS, t)oy = Py — P, exp (—nkpotns)

X exp [ —nk po (t—1y)]
for k,q = kps (35¢)

Egs. (34a) and (35a), corresponding to the primary
and nonreactive-secondary ion current expressions, have
been reported in a slightly different form.11.1%

b) Total Power Absorption for Primary Ions: Equation
(11) can be rewritten in terms of ¢/, the time an ion
commences to absorb the power, and ¢”, the time an
ion ceases to absorb the power in the analyzer region,
as follows:

e2E,?
4m[(0,— 0)*+£7]
X{&+[(0,— o) sin (0, — @) (" —1')
—&cos (0, —w) (" —t")] exp [—&(t"—¢")]}. (36)

A" —t') =
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In the time ¢—t,; required for a primary ion to drift
into the analyzer region, there are P(t),* (t—?,s;) number
of ions, each of which absorbs the energy at the rate
given by Eq. (36). The total power absorption A(7,P)
is thus obtained by averaging the integration from £,
to £,,. The average total power absorption is given by

AT, P) = o= )S P(t)q (1= ty0) - A(" — 8')ds

_ Pye?E? exp (—nkpstps)
4'mp[(w1_w)2+§pz]

E(p), (37)

where
F(p) = £,K1p + Kpp — K5p[ Ky cos (01— @) (tpa— tps)
+K;psin (03— 0) (fpa— tps)]s

my, is the mass of the primary ion, ¢, and ¢, are the
source exit and analyzer exit times, respectively, for
the primary ion. K;,~Kj;, are given in Appendix II.
Equation (37) is the line shape expression of the total
power absorption for the primary ions.

¢) Total Power Absorption for Nonreactive Secondary
Ions: 1In time t—t,; required for a nonreactive and
stable secondary ion to drift into the analyzer region,
there are S(t),, ({—t,s) number of ions, each of which
absorbs energy at the rate given by Eq. (36). Thus
the total power absorption A(7T,SFNS) due to source-
formed nonreactive and stable secondary ions is given
by averaging the integration from ¢,; to £,,:

A(T, SFNS) = - )j S(SFNS, £)q (t—toy) - A(" — ') dt

Py?Ep?
T dmy[(0,—0)2+ &7
X {f(NS)—F(NS) exp (—nkpstns) }» (38)

where
JNS) = &ultng—tus) + Nun
— Nyn[ Ny cos (@1 — @) (tng — tus)
+ Ny sin (01— 0) (taa— tas)];
F(NS) = &.K1n + Ky — K3u[ Ky, cos (01— @) (g — tns)
+ Ky sin (01— @) (tng— ts)]5

m,, is the mass of the nonreactive and stable secondary
ion, t,s and t,, are the source exit and analyzer exit
times for the nonreactive and stable secondary ion,
respectively. N;,~N,, and K;,~K;, are given in
Appendix II.

Similarly, the total power absorption A(7,4AFNS)
due to analyzer-formed nonreactive and stable secon-
dary ions is given by averaging the integration from
t,s tO t,4t

Ina
A(T, AFNS) = j S(AFNS, t) g+ (t—tus) - A" —t")dt

(t— m)
PoeE;? exp (— 1k patns)
= P " Wpsns) [ AINS) — F(NS)]. (39
Camf(w—aprey SIS (39
Equations (38) and (39) are the line shape expressions
of total power absorption for the source-formed and
analyzer-formed nonreactive and stable secondary ions,
respectively. The total power absorption due to non-
reactive and stable secondary ions is given by the sum
of Egs. (38) and (39):
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A(T, S,) = A(T, SENS) + A(T, AFNS)

d) Total Power Absorption for Reactive Secondary Ions:
In time {—¢,, required for a reactive secondary ion to
drift into the analyzer region, there are S(t),(t—t,s)
number of ions, each of which absorbs energy at the
rate given by Eq. (36). Thus the total power absorp-
tion A(T,SFRS) due to source-formed reactive secon-
dary ions is given by averaging the integration from
tss tO Eg,t

A(T, SFRS) = (t_l ) Sij(SFRS’ t)a' (t_t“)_A(t//_t,)dt
Pye2E,?
4m‘[(w1_m)2+$ 2] [(OC, +ﬂ;)R(J) — Y,F(S)],
(40)
where

R(s) = &Rys + Rys — Ryy[Ry, cos (01— ) (fyg— bs)
+ Ry, sin (01— 0) (ta— ts5)];

F(s) = &Ky + Ky, — Kyg[Kys cos (0, — 0) (b — 1)
+ K, sin (01— 0) (tg—t55) 15

mg is the mass of the reactive secondary ion, ¢; and
t,, are the source exit and analyzer exit times of the
reactive secondary ion, respectively. Ry ;~R;; and
K;~Kj; are given in Appendix II.

Similarly, the total power absorption A(7,AFRS)
due to analyzer-formed reactive secondary ions is given
by averaging the integration from ¢¢ to ¢g,:

A(T, AFRS) = ] ) j “S(AFRS, t),- (t—t,s) - A(t — t')dt
lss) Jtss
Pye2E, %,
~ m[(0— 0)*+£7]
Equation (40) and (41) are the line shape expressions
of total power absorption for the source-formed and
analyzer-formed reactive secondary ions, respectively-
The total power absorption due to reactive secondary
ions is given by the sum of Egs. (40) and (41):

A(T, S) = A(T, SENS) + A(T, AFRS).

In the limits k,—0 and k,—0, Eq. (40) is reduced
to Eq. (38). In the limit £,—0, Eq. (41) is reduced
to Eq. (39).

e) Total Power Absorption for Nonreactive Tertiary Ions:
In time ¢—t,, required for a nonreactive and stable
tertiary ion to drift into the analyzer region, there are
T(t)," (t—t;5) number of ions, each of which absorbs
energy at the rate given by Eq. (36). Thus the total
power absorption A(T,SFNT) due to source-formed
nonreactive and stable tertiary ions is obtained by
averaging the integration from #;5 to f#;,:

[R(s) —F(s)]. (41)

lia
A(T,SFNT) = (t——ltjs‘: T(SENT, t)q- (t—t,5) - A(t" — t')dt
8 ts

Pye2E,?
A (0, — @) £
X{AT) — (o, +BIR(T) +y.F(T)}, (42)
where
AT) = &(tia—tis) + Ny — Ny[ Ny, cos (03— @) (bia— bis)

+ Ny, sin (0, — @) (tig— )]
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R(T) = £,Ry, + Ry, — Ry[Ry, cos (0,— @) (b — )
+ Ry, sin (01— @) (s~ 4s)],
F(T) = §.Ky, + Ky, — Ky[Ky, cos (0,— ) (tg—bys)
+ Ky, sin (01— ) (g~ ti5)],
m; is the mass of the nonreactive and stable tertiary
ion, t; and t,, are the source exit and analyzer exit
times of the nonreactive and stable tertiary ion, respec-
tively. Ny~Ny, Ry,~R;, and K,,~Kj; are given in
Appendix II.
Similarly, the total power absorption A(T,AFNT)
due to analyzer-formed nonreactive and stable tertiary
ions is given by averaging the integration from ¢ to

t1t
A(T, AFNT) = (t—L)—raT(AFNT, £)ar (t—1,,) - A(t" —t')dt
—ts) Jtes
4mt[(ailif;2+$ 2] l(al +ﬂt+yt)f(ﬂ
= (o, +B)R(T) +p.F(T)}. (43)

Equations (42) and (43) are the line shape expressions
of total power absorption for the source-formed and
analyzer-formed nonreactive and stable tertiary ions,
respectively. The total power absorption due to non-
reactive and stable tertiary ions is given by the sum
of Egs. (42) and (43):

A(T, T) = A(T, SFNT) + A(T, AFNT).

Intensity Formula at Resonance. a) Primary Ion:
In general, a full line shape expression is not required
for the experimental determination of rate constant.
The formula required for the ICSR signal intensity
for an ion-molecule reaction described by Egs. (22)—
(25), is given as follows:

Applying the limit w,—w to Eq. (37), we obtain
the following intensity equation for primary ions;
P082E12 €Xp ("'”kpstps) { 1 —€xXp [—nkpa.(tpa"'tps)]

dmyé, 1k g,

1 —exp [— (”kpa'l"ep)(t - ps)]}

pa+$p

Under the approximation k,,~k,,, the first term of
Eq. (44) corresponds to the intensity equation with the
primary ion.'® The second term points out the dis-
advantage of the old treatment, since k,, should not
be equal to k,;. Under the collisionless limit £€—0
and approximation k,,~k,;, Eq. (44) agrees with the
intensity equation.!V It is worthwhile noting that in
our case the term of collision frequency &, does not
appear in the third order expansion of Eq. (44), and
that no effect of collision frequency on signal intensity
is considered.

b) Nonreactive Secondary Ion: The limit w;—w in
Eqgs. (38) and (39) gives the following intensity equa-
tions for source-formed and analyzer-formed nonreac-
tive and stable secondary ions, respectively;

PoezE 2 _ _ l—CXP [—en(tna,_tns)]
4m,,6,1, <(t"a fas) én

I(P) =

(44)

I(SFNS) =

1 —exp [_nkpa,(tna_tns)]
(R et
_ l—exp [_("kpa"'gn)(tﬂu" ns)] }
nkpa,'l'fn

xXexp ( —nk pxtnx)>’

(45)
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and
14Fns) = DB = é_"k"""“) {(t,..,—tm)
_ 1 —€exp [_sn(tnu— ns)]
én
_ 1 —exp ["‘nkpa(tna _tns)]
”km
l—exp[ (nkpa'i'&n)(na“ m)] } 46
+ st B (46)

In the collisionless limit £—0, we can obtain the
intensity equations of collisionless limiting case for
source-formed and analyzer-formcd nonreactive secon-
dary ions. Under the approximation kpawkps, the
intensity equation for source-formed nonreactive ion
of collisionless limiting case corresponds to the secon-
dary ion intensity expression.! The limit £,—o0,
applied to Eq (46) and collisionless limiting case of
Eq. (46), gives Eq. (45) and the collisionless limiting
case of Eq. (45), respectively.

¢) Reactive Secondary Ion: The intensity equations
for the source-formed and analyzer-formed reactive
secondary ions were similarly calculated:

P, 062E12 (0(, + ﬂs)_{l —€&xp [ - nks_@(fsa. :{33),]-):
(1] ”kxa.

_ o {1 —exp [~ nk g (fiq —t:s) 1}
1k pg,

_ (0t + B){1 —exp [— (nksq +&,) (o —

nkm +¢&

_ as{l —CXp [_ (nkpa, +Es) (tsa -

”kpa, +¢&s

I(SFRS) =

ts)1}

t.,.,)]}>, (47)

oe El xs [ 1 —€xp [ nk.m(tm ss)]
4m,g, | nkyq,

— 1 —&xp [_ (nksa""é:) (tsa‘tss)]
nk3a+58

_ l_exp [_nkpa(tsa.—tss)]
nk g,

+ 1 —exXp [_ (nkpa +$s)(tsa_tsx)] }
"kpa.'l'e.s )

In the expansion of Eqs. (47) and (48) with respect
to £, we obtain intensity equations of collisionless
limiting case for the source-formed and analyzer-formed
reactive secondary ions, respectively.

d) Nonreactive Tertiary Ion: By a similar calculation
the following intensity equations for source-formed and
analyzer-formed nonreactive and stable tertiary ions are
obtained.

and
I(AFRS) =

(48)

ISFNT) = £¥* §1 <(tm—tw)—'*l——gxp‘[i?&'(tmj")]
G S )

. {1 —exp [—kpa(tia—t)]}

(at+lgt) {1

nk&“ + El - ttS)]}

exp [— (”km + §t) (tla.

—t—{l—exp[— (nkpa +&) (bt tts)]}>
(49)

nkm+§
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and
P 2R 2

I(AFNT) = 4°; g: (at+ﬁ,+y,){(tm—tw)
_ 1—exp [—&i(ta

i)

_.(OC;T_ﬂQ-{I —exp [—nksa,(tm _tts)]}
+ 7176’6;{1 —exp [ —nkpg(tia—ts)1}
_,(1%-:_—/95‘3{1 —exp [ — (nksq + &) (ta— tbs)]}

Ve
T‘I“f_,;_{l —€xXp [ (”kpa+"st) (tta,'_tts)]}>‘
(50)

In the collisionless limit &0 of Egs. (49) and (50)

which are expanded to third order with respect to &, -

we obtain the intensity equations of collisionless limiting
case for the source-formed and analyzer-formed non-
reactive tertiary ions.

Calculation of Rate Constant for the Disappearance of
Primary Ions. In ion-molecule reactions, the power
absorption due to the primary ion is decreased by the
reactive collisions with neutral reactant molecules. The
ion-molecule collision rate or reaction rate constant for
disappearance of the primary ion can be obtained from
Eq. (44). However, there is no effect of collision
frequency on ICSR signal intensity. Thus, the col-
lisionless limit §—0 is a fairly good approximation
except at the high pressure where the collision broaden-
ing occurs.

Equation (44) can be now expanded to give

Pye2E 2(t,, —tps)?
1Py, 60) = LB Tl 1y 1 t,)
rd
for kpa > kps ~0, (5la)
2E,?
I(Pm £-0) = oe 1 (t tps) { (tpa - tps)
n 2
- T [kpatp - (kpa, - kps) tps]
pa
for kpq k pss (51b)

Pye*E,? 2
I(P;, £50) = 'Bm—2_(tpa.—tps) [(tpa_tps) —'nkpatpa]
»

for kpg =~ ke (51c)
Solving Egs. (51a), (51b), and (51c) for &,,, we have

ko = 1 rl I(P,, £-0) :]

P ntpa—tps) L o
for kyq > kp, ~0, (52a)

_ 1 _ I(P,, £-0) ]
= =ty [1 21K gt ps o
for kpq 3 kps (52b)
and
= et [ 125 £20) ]
nt,?,,

for kpq =~ kps, (52c)

where £, is the collision rate or the rate constant for
the disappearance of the primary ions, and
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Calculation of Rate Constant for the Formation of Non-
reactive Secondary Ions. Single-resonance spectra are
usually obtained at constant rf frequency w, by sweeping
the magnetic field. The magnetic field at which an
ion is in resonance is proportional to m/e as indicated
by Eq. (1).

The source exit and analyzer exit times for the
primary ion are given by Egs. (21b) and (2lc), respec-
tively. The values of ¢, and ¢,, are related by

lns = (mn/mp)tpm (532.)
lys = (ms/mp)tps’ (53b)
s = (mt/mp)tps’ (53¢c)
tng = (Mnfmp)tpa, (54a)
tsq = (ms/mp)tpa’ (54b)
and
= (my/mp)tpa- (54c)
If nkit;<1, (z, j=ps, pa, ns, na), then the exponentials

in the collisionless limit of Eq. (44) can be expanded
to the third order. Using Egs. (53a) and (54a), they
can be solved for £,, giving the approximations:

\ m2A(NS, E50) - (tpa—l3s)

v = n[m,2I(P, £—0) - o, +m2I( NS, £—0) - ]

for kps = kpg, (55a)
P my2I(NS, £—0)
P2 n[2my2I(P, £—0) +m2I(NS, £—0)](tpg —tps)
for kpg > kps~0, (55b)

and
B mp2I(NS, S—)O)' (tpa,_tps) .
P2 n{my (P, £—0)[263, — (tpa — tps)tps] + mp*I(NS, §-0)15,}

for kpp = kps, (55¢)
where
3k 2k2
% = 2(!1,“-— ps)2 o (tpa. ps)tp.s ksz A
and
2k s 2k§,

Bx = (tpa." p:)2 + k (tpa._tps)tps k2 t;x
pa pa

Under high pressure, if nk#;<1, (i,j=pa, ps, na, ns),
then exponentials in Egs. (44), (45), and (46) can be
expanded to fourth order. Usmg Eqgs. (53a) and (54a),
they can be solved for k,, giving the approximations:

o My (NS)[3 =3k s — &ty )] = 3 (Pt

pa 2n[2m,2I(P) +m,2I(NS)](tpo— tps)
for kg 3 kpg, (56a)
3 lpzl(NS) [3— Ep(t ,__PL)],A_
pa™ 2n[2m,,2I(P) +mp2I(NS)](tpg—1tps)
for kpg > kp~ 0, (56b)
and
o= mpZI(NS) [3— 'fp(tpa. ps)]
e n[my2I(P) - (4tpe— ps)+mpZI(NS) (2tpa+tps)]
for ks ~ kpyq. (56¢)

Equations (55a)—(56¢) were derived on the assump-
tion that a secondary ion does not suffer any reactive
collisions in the resonance region of the ICR cell. If
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a large fraction of secondary ions react with neutrals
in the analyzer region, Egs. (55a)—(56¢) could not be
applied. In this case, the rate constant for the forma-
tion of reactive secondary ion can be derived from
Egs. (44), (47), and (48).

Results and Discussion

Single- and Double-resonance Spectra. The ion-
molecule reactions of acetonitrile have been studied by
high-pressure mass spectrometry?) and ICR spectro-
scopy.?® Twenty-three ion-molecule reactions have
been observed in acetonitrile by ICDR technique,??)
and the rate constants for the disappearance of ion-
molecule reactions in acetonitrile has been measured
with a time-of-flight mass spectrometer.2!

ANNENERNEEE R NN AN N R
m/e 40

Fig. 2. Single-resonance spectrum of acetonitrile at
60 eV electron energy and 1.1x10-% Torr.
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Fig. 3. Variation of single-resonance intensities of the
various observed with pressure, at 60 eV electron
energy.

However, the rate constant for the disappearance
has not been reported by ICR spectroscopy. Equation
(52) is applied to determine the rate constant for the
disappearace of ions in acetonitrile.

Katsuyuki Aovact
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Figure 2 shows a single-resonance spectrum of aceto-
nitrile obtained at 1.1 X 10-® Torr and electron energy
of 60eV. The spectrum is essentially the same as
that reported.?> The variations of single-resonance
intensities with pressure are given in Fig. 3. The
primary ion CH,CNt+ and CH;CN+ decrease with
increasing pressure. The secondary product CH;CNH*
increases with increasing pressure. The weak signal
of CHCN+ reaches a maximum, at around 6Xx10-¢
Torr, and then decreases with increasing pressure. At
a high electron energy, the sequence of reactions
becomes complicated, probably because of possible
generation of several reactant ions. By ICDR tech-
nique, however, one can readily identify the processes
that produce each product ion. The ion-molecule re-
actions, identified by ICDR technique, are listed in
Table 1. The results of "ICDR experiments are in
good agreement with those reported.??

TABLE 1. ION-MOLECULE REACTION IN ACETONITRILE
RI1. C;H,* + CH,CN — CH,CNH* 4+ C,H
R2. HCN* + CH,CN — CH,CNH"* + CN

RS. H,CN* + CH,CN —» CH,CNH* + HCN
R4. N,H* + CH,CN — CH,CNH* + N,

R5. CH,CN* -+ CH,CN —— CH,CNH* + CHCN
R6. CH,CN* + CH,CN — CH,CNH* + CH,CN
R7. CH,CN* + CH,CN —» C,H,CN* + HCN

5} +
3 (o] CH3CN
g
1ot
8 e cHcN'
=3k
N1

1 -

ol |
0 100 150

10 50
MOLECULES (x10'°)

Fig. 4. I,/3;, (j=38—42), vs. number density of neutral
reactant molecules for the reaction disappearing
CH,CN+ with CH3;CN and for the reaction disappear-
ing CH,CN* with CH;CN.

Determination of Rate Constant for the Disappearance of
Primary Ion. From Egs. (52a, b, c), it is evident
that a plot of I versus n should give a straight line passing
through a point (0, #) with a slope proportional to
1/kp,. The factor a« is generally very small, and has
been omitted in plotting Fig. 4. On the assumption
that £,,<kp, kps has been ignored in the calculation.
Therefore, when I=0, Eq. (52a) is reduced to

kpa(tpa._tps) = 1/”,
where the source exit time ¢,; and the analyzer exit
time ¢,, are given by Eqs. (21b) and (2lc), respec-
tively. The behavior of single-resonance signal inten-
sities of primary ions CH,CN+ and CHZgCN* are
interpreted by means of Eq. (52a).

The values of £,,(R5)=1.34x10~® and £,,(R6)=
1.99 X102 cc mol~1s1 for the reactions (R5) and
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(R6) obtained from Fig. 4 are in excellent agreement
with previous values of £(R5)=1.78 X 10~? and £(R6)=
2.01 x 10 ml mol-'s~! determined by the conven-
tional technique.?)

Determination of Rate Constant for the Formation of
Nonreactive Secondary Ion. In ion-molecule reactions
of acetonitrile, CH;CNH* is not essentially a non-
reactive secondary ion. But tertiary ions formed from
CH;CNH* are so few that CH;CNH* can be con-
sidered to be the nonreactive secondary ion.

In the limits {0 and £,—0, it is evident that a
plot of n versus my2I (NS, £—-0)/[2m,2I(P, £—0)+
my2l (NS, §—0)](t,,—tps) of Eq. (55) should give a
straight line with a slope proportional to k,, as shown
in Fig. 5. The analysis supports the above results for
reactions (R5) and (R6).

O R5.
® RG.

miI(NS)
[2my I (P) +my(NS)] (ty—tys)

Il 1 1 |
1 10 20 30 40
MOLECULES (x10'0)

Fig.5. m? I(NS)/[2m?,I(P) + m2,I(NS)](tpg — tps) 0.
number density of neutral reactant molecules for the
reaction of R(5) and for the reaction of R(6) listed in
Table 1, respectively.

The values £,,(R5)=2.1x10-? and £,,(R6)=2.3 %
10-% cc mol-ts~1 for reactions (R5) and (R6) are in
very good agreement with previous results. Gupta
et al.® reported k(R6)=2.15x10-%ccmol-1s~1 at
3.7 eV exit ion energy. Martin and Melton?% reported
k(R6)=3.5x10-% cc mol-*s~1 determined by con-
ventional techniques. However, no value of £(R5) has
been reported.

Experimental

The ICR spectra recorded with a JEOL JIC-3B spec-
trometer have been described in detail.'® The ICR cell
was of a three-section square type similar to the conventional
one,? the grid electrode being added to improve the distribu-
tion of the electric field. Ions were produced in the source
region by the electron impact and then forced to drift into
the analyzer region where they were observed by a Twin-T
bridge detector.®) Single-resonance spectra were obtained
in the field modulation mode, and double-resonance experi-
ments were performed in the pulsed modulation mode.?

The experimental conditions were as follows: Energy of
ionizing electrons=60 eV, source and analyzer drift field
strengths=0.2 V/cm, trapping voltage=0.26 V, the observed
rf electric field strength and frequency=0.02 V/cm and 100
kHz. Acetonitrile of reagent grade (Wako Pure Chem. Ind.,
Ltd.) was purified by trap-to-trap distillation before use. The
sample was degassed under vacuum utilizing freeze-pump-
thaw cycles.
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Appendix

1) 1Ion Kinetic Energy in the Absence of Collisions.
Kinetic energy of an ion is also derived from Eq. (7) as follows.

W(o,=0) = m%oz + %El'[t cos (@o+¢1)

—% sin wi cos (wt— @+ ¢1)]

eE2[ ,  sinfwt  2tsin i cos (wt-+2¢,)
+ 124 -
8m [ w? @
for ; = .
If ¢y=0 and ¢,=0, the equation from which the oscillating

terms are ignored agrees with that reported previously.l?)
II) List of Notations Used in the Text.

Kip = {1 —exp [—nk po(tpo —tps) 1}k pas

Kyp = [(01—0)2 =&y (nk oy — )1 [ (nk o+ § ) + (01 + @)?],
Kyp = exp [— (nkpa+& ) (tpa—1ps) )/ [(Mk po + € ) + (01— )7,
(01— )% — £p(nkpa+Ep),

K;p = (0, — o) (nkpe+2£,),

Nin = [(@y—0)*— &2 [[(0, — 0)2 + &7,

Now = exp [—En(tna—tas)1/[(01— ©)2 + &%),

Ny = (0,—0)2—&,%,

Ny = 28, (0, —0),

Ky = {1 —exp [—nkpo(tua—tus) 1}k pas

Kon = [(0,— @) —&u(nk o — Ea) 1 [(nk po + 0)2 + (01— @) 7],
Kin = exp [— (nkyo +E&n) (bna — tus) 1/ [ (nk o +E0]* + (01 — )],
K = (01— @)% — &n(nkp+En),

Ksn = (0, — @) (nk po +265),

Ry, = {l—exp [ —nkso(tsq — tss) 1 Hnksa,

Ry = [(0,— @) =& (ks + &)1/ [(nksq + €)% + (0, — )],
Ry, = exp [— (nkyg+E5) (g — 1) 1/[ (ko +6,)% + (0 — )],
Ry = (0, —w)*—E&(nky+E5),

Ry, = (0~ ) (nke +265),

Ky = {1—exp [—nkyq(tig —tss) 1}k g,

Ky = [(@01— @) —&(nk po + )1 /[(nk po + £)* + (0, — )],
Ky = exp [— (nkpg + &) (e — 1) 1/ [ (M o+ 5)2 + (01 — )],
Ky = (0y—0)*—&,(nkp + &),

Kyy = (01— ) (nkp+2§5),

Ny = [(01—0)*—§.2]/[(0,— o) +£,%],

Ny = exp [—&,(tia—ts)1/[(0,— )2+ &2,

Ny = (0,—w)? — &2

Ny = 28 (0,—0),

Ry, = {1 —exp [—nk(tia— )1 Hnksa

Ry, = [(01—0)* =& (nkso+E&)]/[(nksq+£.)* + (01— w)*],

ke
L)
I
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Ry, = exp [— (nksq + &) (tia—tis) 1/ [(nkgq + €)% + (0 — )],
Ry = (0,—0)? — &, (nky+&0),

Ry, = (0,—w)(nks+280),

K, = {1 —€Xp [_nkpa(tta_ttx)]}/nkpa:

Ky = [(‘”1""-')2—fc("kpa+§t)]/[(”kpa+§z)2+(‘”1‘“’)2];
Ky, = exp [—(”kpa+€c) (tta_tts)]/[("kpa+ft)2+(wr_w)z]’
Ky = (0,—0)? — 5;(”kpa+$z),

Ky = (0, —0) (k5o +28,).
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