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Abstract

The concept of the effective potential provides inadequate estimation of the ion energy in RF-driven quadrupole fields. It is especially limited
for the quantitation of additional enthalpy introduced by the RF-driven field for an ion molecule reaction. On the contrary, the effective potential
is clearly successful in describing of the ion oscillation frequency, and has been surprisingly powerful considering the strict limitations of the
adiabatic approximation. This work is an attempt to understand this contradiction and to consider a novel concept of the estimation of the ior
energy in an RF field. This theoretical model for the averaged ion energy is useful in describing specific features of the RF field contribution to
the enthalpy of ion molecule reactions. To demonstrate this effect, several ion molecule reactions are investigated experimentally ingdading clus
formation, endothermic and exothermic oxidation reactions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In part, this work is an attempt to understand the boundaries and
accuracy of this approach. Cooling of ions by buffer gas is very
With the recent extensive development and acceptance of iabmplicated process, which among the other things depends on
molecule reactors in a variety of analytical applicatiftisthe  time [5]. Axial ion energy is dissipated not only by the buffer
problem of quantitation of additional enthalpy introduced by thegas but also by the energy transfer into the radial component.
RF-driven field has shifted from academic dispute between ioiThis work describes the ion energy after ion trapped for “a long
molecule chemistry groufjg] to practical usage of commercial time” (as well as the effective potential approach) after complete
instrumentation. Itis time to refine our concept of averaged iortelaxation. Therefore, only the RF field and buffer gas kinetic
energy over the full range of RF field conditions in practical contributions are considered.
use. This work is an attempt to evaluate a novel concept of the Direct simulation of the ion trajectory is also extensively used
averaged ion energy in the case of the quadrupole field. (for example[6,7]) and represents a very powerful and versa-
Partitioning of the ion trajectory into a smooth drift and tjle tool in the investigation of averaged characteristics of the ion
rapidly oscillating terms, as was hypothesizeddh has intro-  flow. Despite its extensive computational requirements, it is still
duced the important concepts of the effective potential, safghe most reliable modeling method for investigation of the influ-
operating conditions for RF-driven devices and stability paramence of quadrupole acceptance on the ion energy. Itis used here
eterization. Such separation is equivalent to formalization of th@or Comparative purposes and as a proxy of the experimenta|
ion movement as a superposition of two independent degrees ghta, which are otherwise often difficult to acquire.
freedom. Although widely used, this concept is less effective in - Animportant practical manifestation of the RF field influence
the evaluation of the ion energy in the RF-driven field under nonon the ion energy is its quantifiable contribution to the enthalpy
adiabatic conditions and corrective attempts had been fddde of an ion molecule reaction. To demonstrate the effect of the
RF field on ion chemistry and verify proposed theoretical con-
P ) structs, several ion molecule reactions are investigated in this
* Corresponding author. . . . . .
E-mail addresses: viadimir.baranov@sciex.com, work including cluster formation, endothermic and exothermic
vladimir.baranov@utoronto.ca (V.I. Baranov). oxidation reactions.
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Table 1
Values ofv%l(a, g) and v%z(a, ¢) (Egs.(2) and (3) for selected: andg parameters
aq v3,(a. q) v3,(a. q) Bla, q) aq v3,(a, q) v3,(a, q) Bla, q)
0,01 0.01 1.01 0.07085 0.1,05 0.47 1.17 0.50930
0,0.2 0.04 1.04 0.14255 0.1,0.6 0.88 1.59 0.59043
0,0.3 0.10 1.09 0.21606 0.1,0.7 1.98 2.65 0.69518
0,04 0.20 1.18 0.29257 0.1,0.8 12.55 12.56 0.86704
0,05 0.36 1.32 0.37374 -0.1,-0.5 0.53 3.71 0.15685
0,0.6 0.63 1.57 0.46225 -0.1,-0.6 0.57 2.19 0.29708
0,0.7 1.18 2.08 0.56307 -0.1,-0.7 0.90 2.19 0.41660
0,0.8 2.79 3.56 0.68856 -0.1,-0.8 1.63 2.73 0.54044
0,0.85 5.68 6.23 0.77295 0.2,0.7 6.45 6.79 0.84549
-0.2,-0.7 1.30 5.02 0.20474
2. Theory S(a, g, (1/2)(wt + ¢)), respectively. The parameterd,(a, q)

_ andv,(a, ¢) are obtained by averaging o$,(a, ¢, wt, ) and
It was recently suggestd8,9] that in order to evaluate the v3,(a, g, wt, ¢) over initial phase and time as following:
averaged ion energy in the quadrupole RF field, one can calcu-

late two dimensionless paramete$g(a, ¢) andv3,(a, g), which

depend only on the field properties (Skable 1 some values

in this Table slightly differ from[9] due to more accurate cal- -

culation of the dimensionless parameters close to the stabilitynde, . (£()), = lim 1/ f(n)dt ()

boundaries). Following is a short summary of results reported T—ooT Jo

in [9] and deflnlt!on of _the symbols used. _ . For the averaged ion energy in the presence of the RF field the
For the two-dimensional quadrupole capacitor, the pOtent'allollowing equations were obtaindl]:

ofthe RF-driven quadrupole field can be expressed as a combina-

1 2
overg . {f(e)y = o A f(p)dp, 4)

tion of two terms having constant/j and periodic ¥) trapping ma)le? 2 m
potentials: Ex=—g—vn(a.q)+ szz(a, q).
2 —y? mw?y? o m_ o (6)
D= Lzy)(U — Vcoswt + ¢)), (2) Ey= 3 ~v39(—a, —q) + ﬁvzz(—a, —-q),
2rg Y1
E, = E, + E,.

where 2g is the electrode separation andis the main trap-

ping RF angular frequency. An ion (with magsand charge Terms (nw?x?/8)v3,(a, ¢) and @ /4y?)v3,(a, q) can be

e) having arbitrary initial conditions{x;, yi, z}, {xi,¥i,zi}  described as an averaged potential and kinetic energy, respec-
andg (the initial value of the phase of the main trapping fre- tively. Here, the most probable ion thermal speed, lit related
quency, which depends on the choice of the origin of timeto the initial translational kinetic temperatufe in the radial

t;) undergoes quasi-periodic motions in the quadrupole fieldirection as follows:

(2). After introduction of the usual dimensionless parameters ) m

4eU/ma®r3 = a, 2¢V/mw?r§ = q,the equations of ion motion Y1 = 2T’ (7)

are significantly simplified. A comprehensive analysis of the ion

motion was given ifi9], where the following integrals and func-
tions ofa, ¢, wt, andy were introduced:

(C(a. 4. (1/2)0)8(a. q. (1/2)/ (ot + ¢)) — Cla, q. (1/2)(wt + 9))S(a, ¢, (1/2)¢))
(—C(a, ¢, 0)S(a, ¢, 0))* @)

v%l(a, q, wt, ) =
vhi(a.q) = ((Bya. g 0n9)),)

(Cla, 4, (1/2)(! + 9))S(a, 4, (1/2)¢) — Cla, 4, (1/2)0)8(a, q, (1/2)(1 + ¢)))°
(—C(a, ¢, 0)5(a, g, 0))° 3)

v%z(a, q, wt, 9) =

vBla. ) = {(3ola. g, o, <p)>¢,>wl-

HereC(a, q, (1/2) (t + ¢)) is the even Mathieu functionwithreal | ot s investigate the general ca & 7 0' In this instance
characteristic value and parametey andS(q, ¢, (1/2) (wt + ¢)) q#0

is the odd Mathieu function. Their derivatives with respectthe RF field contribution into the averaged ion energy is dif-
to the (1/2) ft+¢) variable areC(a, q, (1/2)(wt + ¢)) and  ferent for thex andy radial directions, becau&%l(a, q) and
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109 g=0.3228 q=0.8 should assume that:
A)/ a=20
2 | qg— 0
B 10" / Ey [x(1) < ro
uj —
—] The potential energy was deduced11] to be equal to:
10° Ey 5
e2V?2 X;
=y ) 9)
101 ‘ ‘ dmwery \ 1o
0.2 0.4 0.6 0.8 . .
q per degree of freedom for the quadrupole field (assuming the

Fig. 1. lon energy vs. thg parameter for an ion on the scan line 0.1596;. definition (1) of the RF amplitude; an alternative deduction was
For the case consideredi=27 x 10°s™!, m=250D, y, =103sm!, x,  presented ifi9] and the effective potential model experimental

yi :O-Z?O-IE_X Z”?hEy ard‘? tlhe a"i'_agﬁd ior;egeégiest_formdy direc‘in”tSH validation in[12]). For the linear quadrupole the radial potential
respectively; (A) the radial (combination.o&ndy directions) ion energy for the ion energy is given by:

same ion but for = 0; (B) the radial ion energy between the stability boundaries
corresponding to the selected scan line. 2,2 2
ecV i

b= s () (10)
_ _ - 4maw?rg \ 1o
v%z(a, q) are not symmetrical functions afandg. The stability
boundaries are different for theandy directions; moreover, wherer? = x2 + y2.
they belong to different values of the Mathieu characteristic On this level of approximation, it was expected that a sys-
exponentB(a, q) (Eg. (15) below). On the boundary, the ion tem (an ion in effective potential field) executes small harmonic
energy is very large. Let us consider the scan lire0.1596;, oscillations near a position of stable equilibrium with the poten-
which intersects the stability boundapf0.12767, 0.8)=1 in tial energys, = (m/Z)QinZ, wheres2 is the circular frequency
the x direction ands(—0.05151,—0.32277) =0 in the direc-  of the oscillationss2 is entirely determined by the properties of
tion, presented ifrig. 1L The ion energy for the radial direction the system itself:
(combination of both degrees of freedom) has a clear mini- oV o
mum that is located between the stability boundaries. In thig2 = = 1“

. " . . 2 )
particular case, the minimal ion energy is observed around ﬁmwro 2v2

a=0.064,¢=0.4. Eq.(6) allows evaluation of the averaged Thjs approximation to the ion potential energ) and (10) is

ion energy of complex ion mixtures simultaneously present insrorisingly powerful considering the strict limitations (see Eq.

the trap. . (8)). To demonstrate, let us evaluate the accuracy of Ef).in
The overall structure of the dependence of the ion energy ojescribing the oscillation frequendsig. 2represents the power

theg parameter is somewhat as expected: the field contributiogpecirum of the ion trajectories in the ideal quadrupole field for
increases with approach to the stability boundary, where |on3: -0

(11)

eventually become unstable. The instance ef 0 should be . Itis evident that for the first harmonic of
considered as a special case. Formally, this region is also close? = {(_)’1’ _0‘4’ 0.7} )

to the stability boundary. However, the RF field is negligible the oscillation frequency, the exact (see Etp) in [8]) and
in comparison with the ion inertia, and instability is difficult

to distinguish experimentally from severely limited acceptance |F(@)| . ‘
(which is largely defined by geometric matching of the ion beam 10 1
— quadrupole assembly pair). Also, it is apparent that for low

(g— 0) strength of the RF field the3,(a, ¢) parameter should

not be less than one. In fact, this parameter should never be less

than one (the radial ion motion cannot collapse complé1li). g=0.4
However, for exampleu%z(o.l, 0.1) = 0.53, which is counter- 0.1 1

g=0.1

intuitive. To understand that, one should consifigerwhich is =07
the sum of unequal contributions of both degrees of freedom. An  0.01 {
ion trajectory is stable (the ion energy is less than infinity) when 165 10 p 1(‘)7

the Mathieu characteristic exponent is a real numigéo:1,

0.1)=0.32493, howeverd(—0.1, —0.1) =—0.30893. There-  Fig. 2. Power spectrunF(z)| of the ion trajectory in the ideal quadrupole
fore, this trajectory is unstable and no value for the averageti!d forw =27 x 1°s* andg={0.1, 0.4, 0.3. Herew is the frequency vari-
ion energy can be assigned to it. Table 1only instances of able. The ion oscillation frequency was calculated according tqE)in [8]

; .. . . . . (2, =wln+ B(a, ¢))/2)|, n=0, £1, £2, ..., dashed line) and Eq11) (solid
stable trajectories in both radial directions are considered. line). £2o0=$2 is the frequency of ion secular motion. Notice that contrary to

To be consistent witffi3,11] in estimating the energy of an popular believes (the main trapping RF angular frequency) is not present in the
ion in the quadrupole field within the first stability region, one frequency spectrum.
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approximate Eq(11) values are very close, which was also 3
observed experimentally (see, for examglE3]). Significant
deviation is observed only fay>0.4. Certainly, higher order
resonances:(> 0) cannot be described directly by E1). 14 a
Unfortunately, there is no direct way to demonstrate from
first principles the separation of the ion trajectos) into com-
ponents of a smooth drift and rapidly oscillating terms, as was
hypothesized if3]; it can only be postulated. Time averag-
ing with Maxwell-Boltzmann (MB) ion velocity distribution -2 1
function was used if9]; both procedures discriminate against (A)
the rapidly oscillating terms. However, for the smooth drift-like ~0 25 50 75
oscillations the situation is different. Assuming thatanion under- @2
goes free oscillations in the potential field (see Ed)), the 2
corresponding equation of motion has a solution that can be
written as:

21 b,c

X(t)/x;
o

-2 -2 -
2. N . -1 Xi X
1) = “+—L cos(§2r ; cos =4/1 . =
x(1) = ||+ COS21 + ) 07 =11+ 55 s
12)
. a=20
The smooth driftterm can also be presented for the as;::é
q . . . ‘
as afirst harmonic of the Fourier series of the ion trajed@®8): 0 25 50 pie 75
- wt Fig. 3. Theion trajectory(z)/x; (curvea) for g =0.1 (panel A) ang = 0.4 (panel
x(t) COS(E'B (0’ Q)) K (13) B) in comparison with approximation according to E&3) (curveb) and Eq.
(12) (curvec).

and with proper choice of the origin of time, we have

Al > 9) = —. (14)  thisis notthe case for the ion energy, which depends on the initial
@ conditions as well as on the properties of the system itself.
Here the Mathieu characteristic exponent is The energy of a system executing small one-dimensional
1 c( ) oscillations is:
a5 517
,q) = £—arccos| ——— 2 m .
) Eo= B020P 45 a7)
1 S(a. q. - . .
— 4+ arccos| .(a q, ) Y 2nn =0 41 42, ... For cpnc_iltlo_rls(S) employing Eq.(11) and averaging over the
S(a, g, 0) MB distribution analogous to E¢6) we have:
(15) v o m (1
. . . . . E. ="‘"=— R e 2.2 2 -2 22
which is a rational number for a stable ion traject{8)g]. Iso- AV (8mw xiq” 437 ) expyLi)dy
lating the cas and in combining with Eq(11), we = ZmoXiq~ + ——,
g—0 16 4y (18)
have the well known approximation for the Mathieu character- 1 55,5, m
isti . EV = amw y[ q + DR
Istic exponent: ’ 16 4yf
1 m
pO.9) = 5. (16) &= ggn it 52
Comparative graphing of the ion trajectory according toBy. Direct comparison with Eq(6) reveals thatv%l(o, q,9 =

in [9] (plot &) with approximations (according to Eqd2) and  0) ~ (1/2)¢%(not averaged overg). Different levels of

(13)) (plots ¢ and b, respectively) is presented Fig. 3. It is v%l(o, q, wt, ) averaging were presented[Bj.

apparent that the small error in the oscillation frequency for Eg.(18)was developed assuming the time average values for

q =0.4 (panel B) diminishes with reduction @{see panel A). ¢ =0only, which is not quite satisfactory. This is especially clear
This clear success of the description of the oscillation fre4in the vgl(o, q) dependence on thgparameter, which is much

quency with rather simple Eg&l1) and (12fould be explained closer t0v§1(0, q) ~ g% (seeTable ). Therefore, this obser-

by the fact thak2 is determined only by the system and is inde-vation implies that the definitior{18) (based on the secular

pendent ofx;, yi, zi }, {xi, ¥i, zi} ande. Its value is also easy to frequencys2 =w(B(0, ¢)/2) only) underestimates the potential

measure experimentally (see, for exam#d). Unfortunately, energy of the ion oscillations by a factor of two. The rapidly
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oscillating part (which includes2?,, =w|n+ (8(a, ¢)/2)|, n=0, annulus around the quadrupole axis. The averaged ion energy
+1,42,...) of ion motion contributes equally into the potential is obtained after averaging of 1000 ion trajectories. As could
energy at least fay < 0.4, which allows formal consideration of be seen irFig. 4, comparing reveals no significant difference
both terms as independent degrees of freedom. The situationlietween the direct simulation and analytical result obtained via
less clear forg>0.4 where this separation cannot be justifiedEq. (6).

and Eq.(6) has no equivalent. Taking the factor two into con- However, this is not the case if only trajectories with the
sideration, Eq(6) is comparable to approximatiqt8) around  maximum radial displacement of less tharare taken into con-
¢<0.4, which is a well-accepted limit of the effective potential sideration. As can be seen kig. 4 panel B, the averaged ion
formalism. energy for only “transmitted” or “accepted” ion trajectories is
significantly different. The acceptance of the ideal quadrupole
field was described systematically in detail [B], and can-
not be simplified. Comprehensive investigation of acceptance

Direct simulation of the ion trajectories was conducted and Phase space is a very challenging task. We have to limit
the results are presentedFfiy. 4 The procedure of the direct OUr investigation at this point. The formalism of the effec-
simulation was described in detail[8]. Briefly, for an ionwith V& potential does not suggest any solution for this problem
given initial conditions, its trajectory in the ideal quadrupole field &ither- . o
is numerically calculated according to the Mathieu equation of Ve Speculate that in the presence of collisions, the number
motion. Its energy is averaged similar to &) for given time of transmitted trajectories is less dependent ongtmEaram-

period (0.5, arbitrarily chosen). A new ion is generated with€ter due to thermal relaxation of the ion begw] followed
random initial conditions (including) within {0.1, 0.25, 0.5,  PY radial collapse closer to the quadrupole axis (see(&y.
r— 0). In this case the dependence of the averaged ion energy

on the RF field contribution should be similar that presented in
Fig. 1
At the moment we do not have proper experimental setup to
perform the state of the art quantitative measurements of the RF
field energy contribution. This section should be considered as
a demonstration of the most prominent features of the RF field
interference with thermodynamics of ion molecule reactions,
which could be observed experimentally on standard analyti-
cal equipment. We speculate that following effects should be
attributed to the RF field influence and cannot be explained by
formalism of the effective potential.
An increase in the contribution of the RF field to the ion

' ‘ w . energy should result in an increase in the center-of-mass energy
02 04 06 08 of ion — neutral molecule collisions. Collisions do not alter the
fundamental dependence (according tog).of ion energy on
1001 r=0.5r, @ thea andg parameters since that after every collision the ion tra-
jectory has an altered set of initial conditions. However, energy
coupling between different degrees of freedom is activated by
collisions.
% 1 The RF field, as an external heat source, is able to contribute
w enthalpy to an ion molecule reaction through frictional heating
with buffer/reaction gas, suppressing some exothermic or pro-
100 r=0.25r, moting endothermic processes. It is also expected that exother-
@ o mic reactions that require some additional energy to overcome
107 L] an activation barrier, could be activated. For example, cluster
of formation occurs only on the “low energy tail” of the reactant
1B e ion energy distribution, which can be depopulated by an exter-
, nal heat source. On the contrary, the product of an endothermic
qg 08 reaction is produced from the “high energy tail” of the precur-
sor ion energy distribution. It is feasible to distinguish between
" _0 exothermic and endothermic reactions by analyzing the inten-
{ obtained by direct simulation of the ion trajectories (closed circles) andsity ratio of a product ion to a reactant ion as a function of the

a7 .0 ) ) 5 RF field contribution. The ratio is less sensitive to variations in a
according to Eq(6) (open circles). For the case considered: 2 x 10°s71, . . .
m=250D, T =1000K, r={0.1, 0.25, 0.5r,. Panel A: all trajectories are reaction cell transmission. The contribution can be represented

included: panel B: only trajectories with maximum radial displacement lesd?Y théa andg parameters or quantified directly By according
thanrg are considered; (6) the averaged radial energy according #GJEqQ. to Eq. (6)

3. Results and discussion

1004

10 4

E,eV

0.14

101 L]

0.2 0.4 0.6

Fig. 4. Comparative plot of the averaged ion energy versug gegameter for
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All measurements were performed with an ELAN DR¢
ICP-MS instrument (Perkin-Elmer Sciex, Shelton CT) equipped
with the dynamic reaction cell (DRC) — gas-filled RF-driven
quadrupole operated in the first stability region. The DRC power
supply provides operational control of the dc and RF trap-
ping potentials. Carbon dioxide (Coleman Grade, 99.99%, BOC

Gases) was used as a reaction gas. Operating conditions were

as described elsewhef#5]. The plutonium sample was the
long-lived isotop€4?Pu, purchased from NIST (SRM 4334G,
Gaithersburg, MD), and diluted to 1 ng mL(1 ppb) in 1% nitric
acid.

The DRC is equipped with an axial or drift field, which is
provided by a set of additional electrod@$] biased to a dc
potential. The axial field is not significant to provide a mea-
surable contribution into the reaction enthalpy. On the othe

45

10’ 1

10%1

Energy, eV

KT, v5(0v)

0.2 0.4 0.6

ig. 5. The ion energy vg parameter according to E¢L9) for the case of a

. . . requency-scanned quadrupatgrg =0.05,V=200V, T =500K.
hand, the thermalized ion beam is expected to collapse along the

quadrupole axis where the RF field contribution is not eXpeCteﬂomologous!) to the amplitude-scanning mode of operation (for

to be significant either (see E@)). Collisional relaxation leads
to a decrease of the potential energy of ion motion (associated

a

0, seeFig. 1, curveb).
To demonstrate the effect of the RF field on ion chemistry,

with vfz(a, g)) due to diminution of radial amplitude of the ion ¢a\eral reactions were selected:

trajectory. The kinetic energy (associated ngg(a, q)) of ther-

malized ions depends on the neutral gas temperature and the figld £ mation of ammonia clusters of Ziis exothermic and

and will not decrease beyond a certain lif@if9]. However, in

the presence of collisions, the coupling between axial and radial
degrees of freedom leads to an increase in the amplitude of the
ion trajectory, which prevents the ion beam from completely col-
lapsing. Therefore, the axial field contributes into the enthalpy
of the ion molecule reaction indirectly by increasing the RF field
contribution and directly into the kinetics by a reduction of the
ions’ residence times inside the DRC. The result is a combined
effect, which is difficult to dissect.

The DRC has a frequency scanning power supplyiq a
function of ion massy is constant), as opposed to the more
common RF amplitude-scanning is a function of ion massy
is constant). In this case E() (for « = 0) can be rewritten as:

ma)zriz

E,
8

m
v5,(0. q) + 72“%2(07 q)
2y7

i
4q

and the total ion energy, formally independent of mass, will be:

Ti

-

2
) v31(0, g) + ks T 1 v3,(0, ), (19)

i

-

i
4q

E =

2
1
> v§1(0, q) + ks TJ_U%Z(Os q) + ez + ékBTz,
(20)

wheres; andT; are the ion beam axial energy and kinetic tem-
perature, respectively. The direct contribution of the axial field
is neglected later on. The averaged translational ion energy as a
function of theg parameter calculated according to EtQ)is
presented irfrig. 5. Note that this dependence is different from
that presented iRig. 1due to the alternative frequency scanning
mode of the DRC power supply (&t=200 V). The RF field con-
tribution increases faj — 0 as a result of increasing frequency.
Therefore, the DRC should have two regions of elevated avek

is electrostatic in nature. It is observed (deig. 6) that
additional enthalpy provided by the RF field suppresses the
forming of clusters close to the stability boundary of the
reactant ion. Therefore, the experimental data suggests an
anti-Arrhenius dependence of the rate constants for cluster
formation on temperature. A decrease of ion-molecule reac-
tion rate with increasing temperature is quite common for
exothermic association reactions being a consequence of the
equilibrium shift between reactant and the collision complex
toward the reactant. In special cases, even entropy effects
were considered to be responsible for this trfi]. These
effects allow additional suppression of cluster formation
in the DRC-equipped elemental analyzer without effecting
more exothermic or endothermic bimolecular ion molecule
reactions.

. Oxidation of Zrf by CO, and Cd by O, are endothermic

by 4.2 and 2.3 eV, respectivelig. 7demonstrates relatively
low efficiency of these reactions in concordance with their

* s T . . }(NHS);
. ) ¢ . Zn(NH,),*
L ]
ot e o ° o
. . °
RS 0.53 S, o
o o 0.1 . .
) o o o O
Ll
£ Z )
NI 0.27 * e ©
O *0
0.01 . : : : : — .
01 02 03 04 05 06 07 08
g (for Zn™)

Fig. 6. Reaction of Zh+ NHs. Ratio of ion signals of zinc-ammonia clusters
to reactant Z# as a function of the parameter (for Zh) and ammonia flow.
Three ammonia flows were used (0.27, 0.53, and 0.8 mL/min) to demonstrate

aged ion energy near the stability boundaries analogous (but ngktent of the ion molecule reaction. The axial field was 0.35 V/cm.
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10 1 P +, +
o 1001  Xo.1 uon
o
1 o 0.5 mL/min
+ CoO*/Co* | 50 . . T
E -
o o1 o000 . £ 085 mLimin,_ »
= oo ° e oo
o° . = 10 1
001 ©°°" . 8 o
o e PUO*/PU* gggg‘\
S n0%znt . gggsﬁeg'
0.0011 e - gepelesett® 0.25 mL/min
*ese’ hsgog08e®
‘ . ‘ . 83
0.2 0.4 0.6 0.8 1 2 T T - -
q (for M+) 0.2 0.4 0.6 0.8
g (for M)
Fig. 7. Reactions of Ziv CO, and Cd + O,. Ratio of ion signals of metal _ ' _ _ _
oxides (MO to reactant ion M as a function of the; parameter (for M). Fig. 8. Reactions of Pu+CO, and U+ COp. Ratio of ion signals of metal
Here M=Zn and Co. The axial field was 0.35 V/cm and reactant gas flows wer@xides (MO) to reactantion M as a function of the parameter (for M). Here
0.5 mL/min CGQ and 0.57 mL/min @. M=Pu and U. Three C®flows were used (0.25, 0.5, and 0.85 mL/min) for

reaction with Pdi. The axial field was 0.35 V/cm for data represented by circles.

. Closed triangles represent Weaction with CQ (0.25 mL/min) with axial field
endothermicity. Moreover, the dependence of Zfdd* asa  ( 35v/em. gestep ( )

function of the g parameter mimics the RF field contribution

trend rather successfully. Reaction betweef @ud 0xygen yoaction with weak dependence on the external enthalpy source.

requires less energy for promotion and one can observe thgg,e yor/u* ratio is almost three orders of magnitude larger
some other processes could contribute to the efficiency of thig, 5, the PuCYPU" for all ¢ values indicating a very efficient
ion molecule reaction. We speculate that this trend is due tP,5tion.

the contribution of the collision energy prior to ion thermal-
ization in the reaction cell. This contribution to the overall )
enthalpy is relatively higher (compared to the RF contribu-4° Conclusions
tion at lowg) for reaction of C& with oxygen. Despite that, . . . . .
Fig. 7strongly suggests an Arrhenius dependence of the rate Careful th_eoret|_cal, num_erlcal modeling and _S|mple expert-
constants for oxide formation, with clear acceleration closéT1enta| cons_lderatlon_s ponﬂrmed that t.h € effective potent|a_1l IS
to theg — 0.9 stability boundary. Inadequate in Qescrlptlon of the RF. field effects on the ion
3. Oxidation of Pli by CO, is exothermic by 20 or 36 kcal/mole molec_ule reactions. A novel theorgtlcal T“Ode' f_or the aver-
depending on the bond dissociation energy assumed fof Pu ged ion energy, albeit more gomphcateq n practical handllng,
[18]. It was observell 8] that the efficiency of the reaction as b_ee_:n propo_s_ed and confirmed qua_htatlvely t_o b_e useful in
under thermal conditions is low. This has been explained irgescrlbmg S_pec'f'c features of _the RF field c_ontrlbu_tl_on _to the
part to the activation energy required to promote a5felectror‘?nthalloy of lon molecule re actions. Qu_antgtwe verification of
to 6d (1.087 eV) and in part to the significant rearrangemenrlhe model will be reported in future publications.
required for the reaction to proceed. Oxidation dflty CO;
is exothermic, requires only 0.04 eV to promote a 7s electroricknowledgements
to 6d, and is observgd8] to proceed with higher efficiency.
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g parameter at three different flows (0.25, 0.5 or 0.85 sccm) ofxperimental data on Zrcluster formation with ammonia and
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