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We present a detailed study of the energies of the ions stored in a quadrupole ion trap mass
spectrometer (QITMS). Previous studies have shown that the rate constant, k; for the charge
exchange reaction Ar+ + Nz -> Ni + Ar increases with increasing ion-molecule center-of
mass kinetic energy (K.E. c m ) ' Thus, we have determined k for this chemical "thermometer"
reaction at a variety of Ar and Nz pressures and have assigned K.E' cm values as a function of
the qz of the Ar+ ion both with and without He buffer gas present in the trap. The K.E' cm
energies are found to lie within the range 0.11-0.34 eV over the variety of experimental
conditions investigated. Quantitative "cooling" effects due to the presence of He buffer gas
are reported, as are increases in K.E' cm due to an increase in the qz of the Ar+ ion.
"Effective" temperatures of the Ar " ions in He buffer arc determined based on a Maxwell
Boltzmann distribution of ion energies. The resulting temperatures are found to lie within
the range'" 1700-3300 K. We have also examined the K.E' n n values arising from the
chemical thermometer reaction of 0i with CH 4 , as previous assignments of effective ion
temperatures based on this reaction have been called into question. (j Am Sac Mass Spec/rom
1992, 3, 716-726)

I
n recent years the quadrupole ion trap mass spec
trometer (QlTMS) has seen increased use in both
routine and more advanced methods of tandem

mass spectrometric analyses. The ability to sequen
tially mass-select and store reagent ions of a single
mass-to-charge ratio allows MS n analyses [1-4J as well
as selected-reagent ion chemical ionization (Cl) [5].
The QITMS has also been used in the study of ion
molecule reaction kinetics [6-10], in proton affinity
[11-14] and relative gas-phase basicity determinations
[IS}, and in recent ion structural studies [16, 17], As
the ion trap becomes increasingly popular in both
fundamental and applied mass spectrometric studies,
knowledge of the average ion energies under a variety
of experimental conditions becomes increasingly im
portant.

The energy of the ions stored in a QITMS is a
function of both the heating effects induced by the
radiofrequency (rf) field and the cooling effects due to
collisions with background gases. Theoretical estima
tions of the ion kinetic energies have been performed
by using a variety of numerical methods including a
pscudopotential well model of the ion motion [18, 19],
a "smoothed general solution" of the first derivative of
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the Mathieu equation [20, 21], and a phase-space dy
namical model of the ion cloud [22, 23], These models,
which may or may not incorporate collisional pro
cesses, result in average kinetic energies in the range
0.1-30 eV for the Ar+ ions, with maximum ion kinetic
energies as high as 50 eV, based on the qz of the ion,
where the qz value is directly proportional to the
amplitude of the rf drive potential applied to the ring.
These models have been summarized in detail else
where [24, 25]. Andre and Vedel et al. [26-30] have
presented a three-dimensional model of the ion cloud
based on the temporal invariance of the statistical
properties of the ions. According to this model, if
space charge effects are ignored, collisions with the
buffer gas give rise to an equilibrium repartition of the
spatial and velocity components of the ion cloud in the
form of a Gaussian distribution. This allows calcula
tion of a "pseudotemperature" to describe the ion
cloud. Typical calculated pseudotemperatures for Cs I

ions in 10-4 torr of He buffer at 300 K vary from
500-5000 K based on the working point of the ion on
the stability diagram [27], This model has been
extended to incorporate space charge effects [28, 29].

A number of experimental detcrminations of the
average energies of trapped monoatomic species have
also been reported. Bolometric methods [31, 32], opti
cal measures [33-391, and a time-of-flight method for
profiling the extracted ion cloud [40] have been used to
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probe ion energies in the absence and presence of He
buffer gas, In the absence of He buffer, the ion energies
were found to be approximately 10% of the pseudopo
tential well depth, eD (eV) [31, 33-35L although a
lower average energy equal to 2% eD was also re
ported [39]. Ion energies measured in the presence of
He buffer vary from 10% -n [38] to energies between
0.2% and 5% eD [35, 36, 40]. The results of these ion
energy measurements have also been summarized in
rei 30.

To date, the experimental determination of the ener
gies of the stored ions by using chemical It thermome
ter" reactions has been limited. Early reports by Law
son et al. [7] estimate the average ion energy to be on
the order of 1-3 eV with no He buffer gas. These
energies were based on the relative abundances and
known appearance potentials of the rn/z 15 (CH!) and
m/z 27 CCzH;) ions from ionized methane and on the
appearance of the rn/z 16 (NH~) and rnjz 18 (NHt)
ions from ionized ammonia. An "effective" ion tem
perature of 335 K has been reported as the internal
energy for a series of substituted proton-bound pyri
dine dimer ions in a QITMS following collisional acti
vation [15]. Nourse and Kenttarnaa [10] report effective
ion temperatures of between 600 K and 700 K for 0;
in He buffer gas prior to resonant excitation, and a
temperature of approximately 1300 K for Oi follow
ing excitation. These effective temperatures of the 0;
ions are based on the rate constant, k, and the branch
ing ratio of the endothermic product ions arising from
the reaction of 0; with CH 4 [41,42].

We have carried out a detailed kinetic study to
probe the average energies of ions stored in a QITMS
prior to resonant excitation. Our approach is similar to
that of Nourse and Kenttamaa [10]; however, we have
determined the rate constant, k, for the well-known
charge exchange reaction [43-47],

(1)

Previous flow drift studies have shown that k for
reaction 1 increases with increasing ion-molecule
center-of-mass kinetic energy (K.E. c m ) [43-45]. Thus,
this reaction can be used as a chemical thermometer to
estimate the K.E.cm of reaction 1 under a given set of
experimental conditions in the QITMS [48]. We have
determined k for reaction 1 and assigned K.E. cm val
ues at a variety of Ar and N2 neutral gas pressures
and pressure ratios, as a function of He buffer gas
pressure, and q~(Ar+) values.

We have also reexamined the reaction at 0; with
CH 4 in the QITMS. A recent study by Viggiano et al.
[49] concluded that the original variable temperature
data reported in [41] and utilized by Nourse and
Kenttamaa to assign effective ion temperatures is in
error at low temperatures. They further concluded that
the relation ~K.E'cm equals nkTeff developed in ref 41,
where .:l.K.E.cm is equal to the added kinetic energy of
the drift tube, is incorrect. Thus, the ion temperatures
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arising from the k versus Teff curve reported in ref 41
have been called into question.

Chemical thermometer probes using the reaction of
Ar + with N 2 have been performed on a Fourier trans
form ion cyclotron resonance mass spectrometer by
Bruce and Eyler [50] and are presented in a companion
paper in this issue.

Experimental

Instrumental

All experiments were performed on a Finnigan MAT
(San Jose, CA) quadrupole ion trap mass spectrometer
(ITMS) with an rf drive frequency of 1.1 MHz, and a
ring electrode radius, rOf of 1 cm. Reagent and He
buffer gases were introduced into the ion trap chamber
via Granville-Phillips (Boulder, CO) variable leak
valves. The He buffer gas line was cryocooled to re
move excess water. The ion trap manifold temperature
was 100 DC.

The reaction rate constants were determined by
performing an rf/dc isolation of the reactant ion of
interest by using the upper apex of the stability dia
gram (apex isolation) and then allowing the ions to
react for a variable reaction time, t. A schematic of the
scan function employed is presented in Figure 1. The
reagent ions were formed by electron ionization (El)
within the volume of the ion trap. In the ITMS, the
ionizing electron energy is a function of both the am
plitude of the rf voltage applied to the ring during
ionization and the phase of the rf as the electron enters
the trap. As such, no single electron energy can be
assigned. However, simulations of the electron energy
have shown that for an rf amplitude of 112 VCl - p (low
mass cut-off = 10 u), the average electron energy varies
from 6-55 eV over one cycle of the rf [51]. The ioniza
tion time was varied to minimize space charge as
witnessed in distortions of the peak from a Gaussian
profile in full-scan mode. Typical ionization times var-

ri/deiSolation

I
dataacquisition-.

I
reactlon~me

--... lonlzaUon

time(ms)

Figure 1. Schematic scan function (not to scale) for perfonning
ion-molecule reactions rate studies on a QITMS,
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ied from 0.5 to 1 ms with no He buffer gas, and 0.05 to
0.5 InS with He buffer gas.

Reactant ions of a single mass-to-charge ra tio were
isolated by first ramping the amplitude of the ring rf
voltage so that the ions of interest defined a qz "" 0.75
located under the upper apex of the stability diagram
and then applying a negative de pulse to the ring
electrode for 0.30 ms, The optimum dc amplitude was
approximately equal to the mass of the reactant ion of
interest, that is, - 38 V for Ar I and - 30 V for Or
Following isolation, the ring rf amplitude was ramped
to a chosen Vo p value so that the reactant ion defined
the specific q z of interest in the reaction rate determi
nation. No ion "cooling" times were employed for the
isolated Ar ' ions prior to reaction with N 2. Rate con
stants for the reaction of O~ with CH 4 were deter
mined with a 200 ms "cooling" time to quench the
excited states of the O~ ions prior to apex isolation of
the 0; ions. A similar cooling time was reported
in ref 10.

The reaction time was varied using a FORTH pro
gram written with the FORTH programming option
available with the ITMS software. A supplemental rf
voltage at the resonant frequency of N2+ (as calculated
by the ITMS software) was applied to the end cap
electrodes during the reaction time. In so doing, the
Ni product ions were ejected from the trap, thus
preventing the reverse charge exchange reaction
[43,44]. At high supplemental rf amplitudes (3 Vo_p)

and long reaction times (lOO ms) the Ar " ions could
also be brought into resonance at the uptimum fre
quency for Ni ejection. Thus, to avoid possible excita
tion of the Ar+ ions, a relatively low 1.5 Vo_ p ampli
tude was chosen tu eject the N; ions. Experiments in
our laboratory have shown that upon application of
the supplemental rf voltage the Ni ions are ejected in
less than 100 us; thus, translational driving uf the
reverse reaction due to the ejection of the Ni ions can
be neglected. No supplemental rf voltages were em
ployed in the study of 0; with CH4 .

The reaction products were detected by performing
a mass-selected instability scan [52] with no axial mod
ulation applied during the acquisition ramp. The ion
intensifies were extracted using CHROLIST, a data
reduction program developed in our laboratory, and
plotted with a commercial graphing program (GRA
PHER, Golden Software, Inc., Golden, CO).

All gases were obtained from Alphagaz (LaPorte,
TX) and were of greater than 99.9% purity except the
02' which was of 99.5% purity.

Neutral Gas Pressure Determination»

The rate constants, k, were determined from the
pseudo-first-order rate equation [53],

[A +]( = [A +]uC-kjIljt

where [A +] is the reactant ion intensity (counts), [B] is
the pressure of the neutral gas species (molecules

cm 3), t is the ion-molecule reaction time (s), and k is
the rate constant (cm ' s" 1). The neutral gas pressures
were measured with a Bayard-Alpert type ionization
gauge mounted on the ion trap chamber. Ion gauge
sensitivity factors for methane and nitrogen were
determined by calibrating the ion gauge controller
(Granville-Phillips, Boulder, CO, series 280 digital con
troller) with a capacitance manometer (MKS model
390HA-0000lSPOS, Andover, MA) over the ion gauge
pressure range 1 x 10-°-1 X 10- 4 torr. This was
accomplished by fitting the sensing head of the capaci
tance manometer to the end of a hollow solids probe.
The sensor was introduced into the vacuum chamber
through the solids probe inlet, allowing pressure mea
surements "" 1" from the ion trap. The ion gauge sensi
tivity factors were then calculated from the slopes of
the capacitance manometer versus the ion gauge read
ing curves. Each calibration was performed three times.
A sensitivity factor of 0.80 ± 0.06 was found for
methane over the pressure range 4.0 X 10-6-1.1 X
10- 4 torr, and 1.14 ± 0.02 was found for nitrogen over
the pressure range 2.4 X 10 61.1 X 10- 4 tUH. The ion
gauge readings were corrected with the appropriate
sensitivity factor prior to the calculation of the rate
constants. Note that while corrected ion gauge read
ings were used in the rate constant calculations,
uncorrected ion gauge readings will be presented
throughout this article.

Calibration Reaction

The reaction

(2)

was used as a "calibration" reaction for the method of
k determinations employed in this study. The rate
constant for reaction 2 is independent of ion energy
(kw = 1.1 X 10 9 crrr' s 1 [54]); thus, significant devi
ations of the experimentally determined k from kw
would indicate an error in the neutral gas readings
due to a pressure differential between the ion trap and
the ion gauge. The rate constant for the calibration
reaction was calculated from the first-order exponen
tial decay of the normalized m r z 16 ion signal as a
function of time. The m r» 16 ion signal was normal
ized with respect to the principal ions formed: mj z 15,
16, 17, 19, and 29 (no mlz 27 or m/z 41 ions were
seen). The decay of the m rz 16 was chosen as opposed
to the growth of the mlz 17 ion as CH; ions react
with background water at a greater rate (k = 3.7 X
10-9 cm' S-1) than the CHt ions (k = 2.5 x lO-y crn '
S-I) [54].

K.E' c lIl Deierminaiions

Rate constants for the reaction of Ar " with N2 were
determined from the first-order exponential decay of
the /rIlz 40 ion signal as a function of time. A normal-
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Results and Discussion

0.006 eV, was subtracted from the KE."m values as
signed from [45].

The rate constant for the reaction of at with CH 4

was calculated from the first-order exponential decay
of the normalized m/z 32 ion signal as a function of
time. The mjz 32 signal was normalized with respect
to the ions at mrz 19,29,32,33, and 47. KE. cm values
were assigned based on the flow drift studies in He
buffer gas at 298 K presented in ref 55, consistent with
the approach taken for the reaction of Ar" with Nz. No
attempt was made to correlate the branching ratios of
the endothermic ion-molecule reaction product ions
with the K.E' cm for this reaction as any endothermic
product ions were of < 2% relative intensity over the
range of reaction times studied.

Calculation of Experimental Error

Errors in the KE. cm values are expressed as the 95%
confidence limits of the mean for at least three deter
minations, according to Shoemaker et a!. [56]. Experi
mental values with no accompanying reported error
are the results of a single k determination. The esti
mated precision of the assigned KE' cm values is
±30%.

1.

CH/ + CH4 ---'> CH/ + CH3 Calibration Reaction

Typical plots of ion intensity versus time for the reac
tion of CH! with CH4 without and with He buffer gas
are presented in Figure 3a and b. In addition to the
calibration reaction of interest (reaction 2), possible
reactions leading to the products observed following

Figure 2. k versus K.E.cm for the reaction Ar " + Nz -> Ni + Ar
as reported in ref 45. The first 13 data points from Figure 3 in ref
45 have been replotted here.

~
E
c

!!
b
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ized mj'Z 40 ion signal was not used in these determi
nations as the N; product ions were ejected during
the reaction time. To correct the Ar " ion signal for
trapping losses or losses due to side reactions, the
decay of the m/z 40 ion signal was first determined
when the mass-selected Ar " ions were allowed to
react with the Nz at a given total pressure of Ar and
Nz for a given reaction time. The decay of the m/z 40
ion signal was then determined at the same total
pressure for the same reaction time with only Ar gas in
the trap. This second decay was subtracted from the
first for the calculation of k. This approach assumes
that the loss of Ar+ due to inefficient trapping or side
reactions is more a function of the total pressure in the
trap than the composition of the background gases.

The range of ionizing electron energies produced in
the ITMS is sufficient to form both the Ar" ep3 / Z ) and
Ar " ePl/Z) electronic states. Previous studies [46] have
shown that the thermal rate constant for the reaction of
Ar+ ePI / Z) with N2 is three times greater than for Ar"
ep3/ Z) ' However, the collisional quenching of Ar "
ePl/Z) by Ar, Nz, and He competes with the charge
exchange reaction 1. Because a range of background
gas compositions was emgloyed in this study, evi
dence of the excited Ar+ ( P1jz) state was sought in
significant deviations of the mjz 40 ion signal from a
first-order exponential fit at short reaction times [50].
No evidence of excited Ar ' ePI/) was found in any
of the studies involving He buffer gas. However, in
some studies at low total pressures (1-2 x 10-0 torr)
slight deviations of the m/z 40 Signal from a first
order fit were seen in the first 5-15 ms, Refitting of the
data, having excluded the points obtained within the
first 5-15 ms, resulted in no significant changes in the
rate constant and assigned KE. cm values; that is, the
refitted results fell within the reported experimental
error.

KE' cm values for the reaction of Ar+ with Nz were
assigned using the k versus KE' cm curve obtained in
the flow drift studies reported in [45] and presented in
Figure 2. This curve had been obtained at 298 K with
He buffer gas. In a recent variable temperature-selected
ion flow drift study, Viggiano et al. [47] report that k
for the reaction of Ar + with Nz varies as a function of
the neutral gas temperature for a given KE. crn over the
range 0.05-0.20 eY. This increase in reactivity is at
tributed to an increase in the rotational temperature of
the Nz molecules. Therefore, they present changes in k
as a function of average total energy (eV), where the
average total energy is equal to the KE. crn plus the
average rotational energy for Nz at a given tempera
ture ( = kT). In the present analysis of the ion energies
in a QITMS, the KE' crn values were assigned based on
flow drift experiments performed at 298 K, which
corresponds to 0.026 eV of Nz rotational energy. At the
temperature of the ion trap in our experiments (373 K),
Nz has 0.032 eV of rotational energy. Thus, to correct
for any possible rotational energy contribution from
Nz, the difference between the rotational temperatures,



Figure 3. Ion intensity versus reaction time for the calibration
reaction, CH; + CH 4 -+ CH ~ + CH 3" Methane at 1.0 X

10- 6 torr; qz(CH~) ~ 0,732; m r: 16 ion signal shown with"
first-order exponential fit. (a) No He buffer gas; (b) with He
buffer gas added to 1.0 x 10 -4 ton.
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of m/z 16 is greater than that of mlz 17. As mrz 17
increases, reaction 5 will begin to compete with reac
tion 3. Without He buffer gas (Figure 3a) the relative
intensity of m/z. 15 is seen to be slightly greater than
0.05 at reaction times < 10 ms. This may be due to
CID of m/z 16 with CH 4 (reaction 4). Upon addition
of He buffer gas (Figure 3b), m rz. 15 is seen to increase
in intensity from 0 to 15 ms and then decrease with an
accompanying increase in the mlz 29 ion intensity.
This is likely due to an increase in the rate of the CID
reactions with He buffer (reaction 4) and (reaction 6),
followed by the formation of mlz 29 ions via reaction
7 at reaction times> 15 ms,

Rate constants for the calibration reaction at a vari
ety of methane pressures with no He buffer present in
the trap arc presented in Table 1. All k values were
obtained at a qz(CHn = 0.732 with no He buffer in
the trap. The higher k values at lower methane pres
sures are due to an increase in CH~ loss due to
reaction 3, as the relative amount of background water
(base pressure » 4 X 10-~ torr) is greater at lower
methane pressures. An average k = 1.03 ± 0.02 X 10- 9

cm ' 8-
1 is found at methane pressures above 2.2 X

10- 6 torr. This value agrees with the published value,
kUI = 1.14 X 1O-~ crrr' S-1 [54], indicating that no
pressure differentials are present between the ion gauge
and the ion trap reaction volume [50]. Thus, ion gauge
readings corrected only for neutral species sensitivities
can be used for the calculation of reaction rate con
stants. Further, the average value is in good agreement
with those reported by Bonner et al. [6] (k ~ 1.1 ± 0.4
X 10- 9 cm" S-1), Lawson et al. [7] (k ~ 1.1 ± 0,1 X
10- 9 cm:' S-I) and McLuckeyet aJ. [57] (k ~ 1.5 ± 0.5
X 10 9 cm" s -1).

Table 1. Rate constants for the calibration reaction of CH!
with CH 4 with no He buffer in the trap

Total

'All k values determined with Q,(CH11 = 0.732 during the reac·
tion time.

mass-selection of the m I z 16 ion include

CHt+ H 20 --> HJO++ CH 3 (3)

CH;+ M --+ CHi+ H + M (4)

CHt+ H 20 --> H 10++ CH 4 (5)

CH~+ M --> CH~+ H z + M (6)

CHi + CH 4 --> CzH; + H 2 (7)

where, M = CH 4 or He. The decrease in m r z 16 in
Figure 3a and b from reactions other than 2 can be
attributed to proton transfer with background water
(reaction 3) and collision-induced dissociation (CID)
with either CH 4 or He (reaction 4). Reaction 3 has a
thermal rate constant of k = 2.5 X 10 -9 cm? s -1 [54];
thus, it can be considered to be a significant side
reaction at reaction times where the relative intensity

CH 4 pressure
(/10- 7 torr)

1.8
2.6

3.6

4.3

4.9

5.8

7.2

8.3
9.5

12

22

29
34

40
50

reaction time
{msl

240
240

240

240
240

250

240

240
150

100

100

60

50

40

25

1.32
1.30

1.30

1.32

1.25

1.185 ± 0.029

1.18

1.16
1.16

1.128 ± 0.042

1.04 ± 0.16
1.04

1.01 ± 0.13
1.04

1.01
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The thermal rate constant for reaction 8 is 1.54 X

10- 9 cm ' S-I [54], and as such reaction 8 is a signifi
cant side reaction on the time scale of these experi
ments. However, the subtraction procedure used for
the calculation of k should correct for any loss of Ar "
due to reaction with background H 20. The symmetric

Rate constants for the calibration reaction at a vari
ety of He buffer gas pressures are presented in Table 2.
A somewhat higher average k = 1.40 ± 0.09 is found
with He buffer present in the trap. This is attributed to
an increased loss of mjz 16 via reaction 3 as an
increase in background water is seen in full-scan mode
upon addition of buffer even with cryocooling of the
He line. The somewhat lower k values found at high
He pressures are due to scattering losses of the CH:
ions evident at these high pressures.

KE.,.rt1 Dependent Ar + + N2 4 N2++ Ar Reaction

Typical plots of ion intensity versus time for the reac
tion of Ar " with N2 without and with He buffer gas
are presented in Figure 4a and b. Figure 4a and b
presents the product ions formed when Ar+ reacts
with N 2 and were not used to determine k for this
reaction as the Ni product ions have not been ejected.
Upon ejection of Ni" only ions of mjz 18 and mjz 40
are seen. In addition to the charge exchange ther
mometer reaction of interest (reaction 1), possible reac
tions leading to the principal ions observed in Figure
4a and b include

100

. m/z 29

80 100

m/l:. 16

m!z 40

m/z 29

20 40 60 80
reaction time (rns)

a

1.00

20 40 60
reaction time (ms)

b
Figure 4. Ion intensity versus reaction tim e for the reaction of
Ar+ with N2 without Ni ejection. 1: 1 Ar: N2 at 1.0 X 10 5 torr;
q.{Ar+) = 0.295. (a) No He buffer gas; (b) with He buffer gas
added to 1.0 X 10-4 torr.

0.80
>.....-
'iij
C
1Il:s 0.60

c
0

al 0040
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E...
~ 0.20

0.00
0

1.00
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>,
+'
'",
<:
e
Eo.60

c
.2

1: 0.40

~
0

Eg0.20

0.00
0

(8)

(9)

(10)

(11)

(12)

Art + H 20 ---> H 20+ + Ar

Ar ' + Ar ---> Ar " + Ar

Nt+ Ar ---> Ar++ N2

Ni+ H 20 ...... H 20 ++ N2

---'I HNt+ OH

Table 2. Rate constants for calibration reaction of CHt
with CH 4 with He buffer in the trap

Total Total
CH" pressure pressure with He reaction time Ii'
(/10- 7 tor rl (/1O- 5 tor r) (ms) (/1O- 9 cm 3 s · ' j

12 2.6 100 1.32 ± 0.09
12 5.4 100 1.43 ± 0.19

t2 10 100 1.41 ± 0.14

12 25 100 1.61 ± 0.25
12 51 100 1.56 ± 0.18

35 5.5 50 1.41

35 10 30 1.34

50 5.5 30 1.28

50 10 30 1.27

Average 1.40 ± 0.09

"All I< values delermined with qz(CH;il = 0.732 during the reac
tion time.

charge exchange reaction (reaction 9) simply serves to
thermalize the Ar " ions. Reactions 10-12 need not be
considered in the rate constant determinations upon
ejection of Nt

Rate constants and assigned kinetic energies, KE' c m l

for the reaction of Ar " and N, with no He buffer gas
are presented in Table 3. The large errors associated
with the K.E'cm values at the lowest pre~sure (13.5 X

10- 7 torr) are due to the fact that one of the triplicate
determinations of the rate constant was a factor of two
smaller than the other two for both qz{Ar+) values.
Performance of the statistical "Q" test did not allow
rejection of these points due to the small number of
determinations considered. The errors in these points
are thus anomalously high in comparison to the re
maining results in Table 3.

Several trends in the data presented in Table 3 are
noteworthy. First, while the K.E.cm for the two q~{Ar+)
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Table 3. Rate constants, k: and KE' om for the reaction of Ar I with N2 with 110 He buffer gas

Total q«Ar I ) = 0.295 q«Ar' ) = 0.454

Total pressure Ar' N2 reaction time
(/10 7 torr l" pressure (rns) k (110- 11 cm 3 s-I) K.E'cm (eY)' k(/1O- 11 cm 3s- l ) K.E'cm (eV)'

13.5 10:4 200 " ± 12 0.26 ± 0.2B 12 ± 12 0.26 ± 0.27

14.7 3:10 lOO 5.6 ± 29 014 ± 0.07 9.5 ± 4.1 0.23 ± 0.10

17.4 10:7 200 7.5 ± 5.3 0.19 ± 0.12 11.3 ± 7.8 0.27 ± 0.19

16.7 4:10 lOO 5.6 ± 4.3 0.14 ± 0.10 9.5 ± 1.8 0.23 ± 0.04

22.3 8:10 200 7.2 ± 25 0.lB±0.06 9.8 ± 5.6 0.24 ± 0.13

22.0 9:10 200 5.6 ± 26 0.14 ± 0.06 8.41 ± 0.56 0.21 ± 0.01

63.0 10:2 200 53 ± 1.7 0.13 ± 0.04 6.8 ± 2.2 0.17 ± 0.05

61.7 2:10 100 5.0 ± 1.1 0.13 ± 0.03 6.6 ± 1.8 0.16 ± 0.04

110 10:1 200 58 ± 2.2 0.15 ± 0.10 6.6 ± 1.1 0.16 ± 0.03

123 1:10 80 4.2 ± 1.4 0.11 ± 0.03 5.3 ± 1.2 0.13 ± 0.03

Average 6.3 ± 16 0.16 ± 0.04 7.6 ± 1.5 0.21 ± 0.03

"K.E. e m values assigned from Figure 2 [451 and corrected for the rotational temperature of N 2 [47],

values agree within experimental error, a lower aver
age K.E'cm is seen at the lower qz(Ar+) = 0.295, as
anticipated at this lower rf amplitude. Second, the
lower overall KE. cm values and higher precision found
for k determinations performed with a higher relative
pressures of N2 likely reflect the higher buffering ef
ficiency anticipated when a greater proportion of the
lower molecular weight N 2 is present in the trap [18].
U may, however, also be due to a bias in the subtrac
tion procedure used to determine the m/z 40 ion sig
nal decay when N 2 is the principal component of the
background gas as opposed to Ar. Finally, a greater
decrease in K.E.cm is seen with increasing pressure at a
q,(Ar+) = 0.454, indicating that buffering of the ions
by the background gases plays a greater role at higher
q,(Ar+) values.

Rate constants and assigned KE' cm values for the
reaction of Ar " with N2 at a variety of He buffer gas
pressures are presented in Table 4. The He range
studied spans the typical operating pressure of 1.0 X

10-4 torr (uncorrected ion gauge reading). It can be
seen that at a qz(Ar+) = 0.295 and an Ar and N2
pressure of 1.0 X 10-5 torr, no significant decrease in
ion energy is seen when He buffer gas is added to the
trap. A somewhat more marked decrease is seen at a
qzCAr+) = 0.454. These relatively small decreases in
KE' cm indicate that the Ar and N 2 can provide a
significant degree of buffering. The trend toward lower
energies at higher He pressures is attributed to the
increase in scattering losses of Ar " ions witnessed at
these higher pressures. Thus, for the experimental con
ditions presented in Table 4, increasing the He buffer
gas pressure above the standard operating pressure of
1.0 X 10-4 torr provides no additional cooling effect.
A similar observation of the effect of increasing the He
buffer gas pressure is reported by Schaaf et al. [35].
Further, the average KE' cm values over the He range
studied for both qz(Ar+) = 0.295 and 0.454 are found
to be approximately equal; this indicates that for an Ar
and N2 pressure of 1.0 X 10 -5 ton, any effect of

Table 4. Rate constants, k, and K.E'cm for the reaction of Ar+ with N 2 at a variety of He
buffer gas pressures

Total pressure with He
(/10- 5 torr]

q<IAr+j= 0.295 q,(Ar 11-0.454

k (/10- 11 cm. S-I) K.E.'m (eVIO k (110 \1 cm 3 s I) K.E' cm (eY)"

No He 5.4 ± 1.5 0.14±004 6.4 ± 2.4 0.16 ± 0.06

2.6 55 ± 089 0.14 ± 0.02 5.82 ± 0.20 0.15 ± 0.01

5.1 5.4 ± 1.4 014±0.03 5.2 ± 1.7 0.13 ± 0.04

10.0 5.5 ± 2,6 0.14 ± 0.06 5.1 ± 23 0.13 ± 0.05

25.0 5.0 ± 0.7 0.13 ± 0.02 5.3 ± 1.5 0.13 ± 0.04

51.0 4.8 ± 1.0 0.12 ± 0.03 4.4 ± 1.3 0.11 ± 0.03

Average with He 5.2. ± 0.4 0.13 ± 0.01 5.2 ± 0.7 0.13 ± 0.02

'All K.E'em values assigned from Figure 214S1 and corrected for the rotationai temperature of N 2 [471.
All values are for. 1; 1 Ar N 2 pres-sure rafio at a lotal pressure of 1.0 X 10 torr prior to addition of
He buffer and a 100 ms reaction time.
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0.40

0.05

Use of the term "temperature" to describe the ions
stored in a QITMS was first introduced by Dehmelt
[18, 19] and extended by Blatt et a1. [58]. In this
description, the ions possess Gaussian spatial and ve
locity distributions; an equilibrium temperature arises
from a balancing of the rf heating effects with those of
the collisional cooling mechanisms active in the trap.
Experimental measures of the ion density distribution
were first presented bl Knight and Prior [34]. In these
measures, profiles of Li+ ions trapped for 1 s at 10-9

torr with no He buffer were observed with a laser
scanning method. The profiles were found to be con
sistent with a Gaussian distribution and observed val
ues for the radius of the ion cloud lead to ion tempera
tures of '" 5000 K. Implied Maxwell-Boltzmann distri
butions of stored ion energies have since been used in
numerous ion temperature de terminations [10, 31, 32,
36, 39, 401. In the present study, the Ar " ions suffer
"" 7 collisions ms- 1 when He buffer is present at
1.0 X 10-4 torr (uncorrected ion gauge reading) [591.
These momentum-loss collisions should serve to bal
ance any heating effects due to the rf field. As such,

"Effective" Ion Temperatures

The increase in precision of the rate constant determi
nations with He in Figure 5a is attributed to an in
crease in the ion extraction efficiency as ions are
buffered toward the center of the trap [52]. The
crossover in K.E.cm in the first two points in Figure 5b
falls within the 30% accuracy associated with single k
determinations, Further experiments are required to
determine if this crossover is reproducible.

It is interesting to note the apparent decrease in
K.E. cm in Figure Sa and b at a qzCAr f) = 0.783. This
q/Ar+) corresponds to the position under the upper
apex of the stability diagram. At this point, the trap
ping efficiency of the Ar ' ions decreases, particularly
with no He buffer gas [15]. Thus, the decays of the
mrz 40 ion signal determined at high qzCAr+) reflect
the loss of Ar " due to decreased trapping efficiencies
to a greater extent than Ar t losses due to reaction with
Nz. This leads to artificially low K.E' cm values, and as
such, the method of k determination employed in this
study breaks down at high qzeAr+) values.

The 95% confidence limits presented in this study
indicate that it is difficult to assign absolute KE' crn
values under any set of experimental conditions, par
ticularly when no He buffer is present in the trap.
However, the average ion energies obtained with the
Ar+IN 2 chemical thermometer reaction reflect antici
pated trends in ion energy and lead to K.E'cm values in
the range 0.11-0.34 eV. These energies are a factor of
10 lower than those reported by Lawson et al. [7] and
correspond to ;:;;; 4% eDz with no He buffer and ;:;;; 2%
cD2 with He buffer present in the trap. (The average
eD; values were calculated for qz values of less than
0.454 by using VO- p rf amplitudes [25].)
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Figure 5. K.E.cm versus qz(Ar+) as determined from k for the
reaction Ar ' -t- N 2 -> Nt -t- Ar, All points for a 100 ms reaction
time. (a) (0) 1: 1 Ar: N2 at 1.0 X 10-5 torr; (D) He buffer gas
added to 1.0 X 10 -4 torr; (b) (0) 1: 1 Ar : Nz at 2.2 X 10- 6 torr;
(D) He buffer gas added to 1.0 x 10-4 torr.
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qz(Ar+) on the K.E.crn is masked by the collisional
cooling of the Ar, N2 , and He.

A thorough examination of the effect of q~(Ar+)

on the KE. cm is presented in Figure 5a and b. In
Figure Sa, the qz(Ar+) for a 1: 1 ratio of Ar : N 2 at a
total pressure of 1.0 X 10-5 torr was varied both with
out and with He buffer gas present in the trap. The
same study was repeated in Figure Sb with an Ar and
N2 pressure of 2.2 X 10-6 torr. In all cases, a decrease
in the average K.E. cm is seen upon addition of He
buffer gas as is a trend toward higher K.E.cm with
increasing qz(Ar+). These trends are much more
marked for a lower total pressure of Ar and N 2 (Figure
Sb). Thus, the amplitude of the rf applied to the ring
during the reaction time has a greater effect on the
K.E'cm for lower partial pressures of Ar and N 2 where
the buffering ability of these neurrals is less effective.
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ion temperatures can be determined assuming a
Maxwell-Boltzmann distribution of ion energies.

We propose a definition of "effective" temperature
for He buffered Ar" ions based on the assigned K.E' cm
values arising from the charge exchange reaction
(reaction 1) where

where reaction 13 is exothermic by 1 eV, and where
the m/z 15 products from the endothermic reaction 14
( - 0.24 eV) react with excess methane to form the ion
at m/z 29. No products arising from the second possi
ble endotherrnic channel ( - 0.60 eV)

(15)

Thus,

were seen in any of the kinetic studies. The 11I/Z 19
ions may arise from either [61],

It is interesting to note that in our studies with He
buffer, an anomalous ion signal at 11I1z 33 began to
appear at a 250 ms reaction time and increased to
:0; 15% by 500 ms. The appearance of this ion distorted
the first-order exponential decay of the 11I1z 32 ion
signal at reaction times greater than 250 rns. This
distortion, coupled with the fact that there is no ac~

companying decrease in the mr»: 47 ion signal, indi
cated that the mr z 33 ion signal was arising directly
from the 0; ions and not from a possible consecutive
reaction. Upon closer examination of the 11I1z 32 peak
profile, it was found that the peak became skewed
toward higher mass at reaction times greater than 250
ms. Thus, the m rz 33 ion signal arose from an error in
the centroiding of the mrz 32 peak by the ITMS data
system. It is assumed that this distortion is due to the
onset of space charge at these long reaction times as no
distortion of the peak profile is seen in any of the
studies with no He buffer. Thus, in calculating the rate
constant for reaction 13 in the studies with He buffer,
the intensity of the 111/Z 33 was added to that of the
mlz 32 over the 500 ms reaction time. This resulted in
an anticipated first-order exponential decay with no
distortions.

A rate constant, k = 8.6 ± 0.5 X 10- lZ cm ' S-1 was
found for the reaction of 0; with CH 4 with no He
buffer gas present in the trap; k = 6.26 ± 0.09 X

10 1Z crrr' s 1 was found with 1.0 X 10 -4 torr of He
present in the trap. Based on these rate constants,
K.E' cm values of D.23 ± 0.01 eV without He buffer and
0.17 ± 0.01 eV with He buffer arc assigned [55). These
values are somewhat higher than those obtained from
the Ar "INz thermometer reaction under similar condi
tions (second points, Figure Sa). However, they do fall
within th .... range 0.11-0.34 eV.

The rate constants presented here are of the same
order of magnitude as those obtained by Nourse and
Kenttamaa [10). However, they report an increase in k
for the reaction of 0;- with CH 4 in the presence of He
buffer (6.6 X 10-12 cm3 S-l ±20% without He buffer
gas versus 8.2 X 10- 12 crrr' S-1 ±20% in the presence
of 1 mtorr of He). By using the present method of ion
energy assignment, these rate constants correspond to
an increase in ion energy from KE' cm ~ 0.18 eV to

or,

(13)

(14)

0;-+ CH 4 .s, CHPi+ H

Od + CH 4 --> CH~ + HOz

3k ( m.m, )lr, r; JK.E'cm = - - + - (eV)
2 rn; + m n m, m ,

and where J.! equals the reduced mass (kg) and vrel

equals the relative velocity of the ion-molecule pair
(ms-I) [60]. Assuming a Maxwell-Boltzmann distribu
tion of energy for both the ion and the neutral species,

K.E.,,,, Dependent O2' + CH4 ---'> CH302+ + H
Reaction

All studies of the reaction of 0; with CH 4 were
performed at a gz(Od) = 0.369 with 1.0 x 10-5 torr
pressure of O2 and CH4 Cl: 1 ratio) and a 500 ms
reaction time. The principal product ion is observed at
m r: 47 both with and without He buffer; minor prod
uds at m!z 29 ('" 2% relative intensity) and l1l/z 19
« 1% relative intensity) arc also seen over the reac
tion time. The mrz 47 and 29 product ions can be
attributed to the exothermic and endothermic reaction
pathways, respectively [42, 61],

where, m j and m n are the masses of the Ar t ion and
Nz neutral species (kg), respectively, Tn is the neutral
gas temperature (K), and T, is the effective ion temper
ature (K). In the case of He buffered ground state Ar"
ions for which the K.E.cm values have been corrected
for rotational contributions from Nz, T, corresponds to
an effective kinetic temperature of the trapped Ar "
ions.

Effective kinetic temperatures for the He buffered
Ar+ ions arising from the K.E' cm values presented in
Table 4 are: 1930 ± 17D K for qz{Ar+) = 0.295 and
1890 ± 320 for qz(Ar+) = 0.454; those for the variable
qiAr+) studies (Figure 5a and b) range from 1700 ± 25
K (for Ar and Nz at 1.0 x 10- 5 torr, and a q,,(Ar+) =
0.386) to 3300 K (for Ar and N 2 at 2.2 X 10- 6 torr, and
a q,(Ar+) = 0.681). Thus, the effective ion tempera
tures are within the range se 1700-3300 K.
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KE.cm = 0.22 eV upon addition of He buffer. The
decay of the m/z 32 signal over a 1.6 s reaction time in
the presence of He buffer presented by Nourse and
Kenttamaa (Figure 2 in ref 10) contains distortions
from a first-order exponential fit at reaction times <
500 ms. These distortions are similar to those wit
nessed in our analyses with He buffer when the growth
of the signal at rn/z 33 at reaction times greater than
250 ms had not been taken into account. Moreover, a
first-order analysis of our distorted rnjz 32 signals
with and without He buffer gas leads to the same
effect on the rate constants as that reported in ref 10;
that is, a higher rate constant was obtained when He
buffer was present in the trap. This suggests that the
data reported in ref 10 may have suffered from the
same centroiding problems due to the onset of space
charge at long reaction times with He buffer, resulting
in an apparent decrease in the rate constant with He
buffer. Given the increase in the rate constant reported
in ref 10 upon addition of He buffer, and the recent
reanalysis [49J of the k versus Tefl curve presented by
Adams et al. [41], we suggest that the present method
of ion energy assignment for the reaction of 0; with
CH 4 is preferable to that presented by Nourse and
Kenttamaa [10J.

Conclusions

We have carried out a detailed study of the energies of
the ions stored in a QITMS. KE'cm values were as
signed based on rate constants for the charge exchange
reaction of Ar " with N2 by using previous flow drift
data. While the sometimes large experimental error
arising from the use of this chemical "thermometer"
reaction makes assignment of absolute K.E'cm under
any set of experimental conditions difficult, certain
trends in the KE'cm values are noteworthy: (1) There is
a consistent decrease in K.E.cm upon addition of He
buffer gas to the reaction system; however, increasing
the He buffer pressure above 1.0 X 10- 4 torr (uncor
rected ion gauge reading) appears to have little addi
tional cooling effect. (2) An increase in K.E'cm is seen
with increasing qz(Ar+) both with and without He
buffer gas. This increase in energy is more marked at
lower pressures of Ar and N2, presumably due to the
decreased buffering abilities of these neutral gases at
lower total pressures. The experimentally determined
KE. cm values arising from the reaction of Ar+ with N2

under a variety of experimental conditions are found
to all lie within the range 0.11-0.34 eV.

We also present a definition of "effective" ion tem
perature for He buffered Ar+ ions based on the as
signed KE'cm and the assumption that the ions are
described by a Maxwell-Boltzmann distribution of
kinetic energies, The resulting ion temperatures lie
within the range '" 1700-3300 K.

We have reexamined the use of the reaction of 0:
with CH 4 as a chemical thermometer for probing ion
energies in a QITMS. We have used a method of

assigning K.E'cm values based on previous flow drift
studies consistent with the approach taken for the
Ar f /N2 reaction. The K.E'cm values arising from the
0;/CH 4 reaction are: 0.23 ± 0.01 eV with no He buffer
in the trap, and 0.17 ± 0-01 eV with He buffer. These
are within the range of KE' cm values arising from the
reaction of Ar ' with N2 . We suggest that the effective
ion energies reported here for the 0; ions are a more
accurate indication of the ion temperatures than that of
600-700 K reported previously [ID].
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