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Simulation of the Collisional Cooling Effect in a Quadrupole ton Trap Mass
Spectrometer

Hui-Fen Wu* ( R&7¥ ), Li-Wei Chen ( FEx7{& ) and Ya-Ping Lin ( #RHEE )
Department of Chemistry, Tamkang University, Tamsui, Taiwan 25137, R.O.C.

Examination of the collisionat cooling effect of the buffer gases on ion trapping and detection in an ion
trap mass spectrometer has been undertaken by the SIMION 3D program. Computation for the Kinetic en-
ergy of ions under various conditions was used to account for the effects of collisional cooling of ions. Sev-
eral parameters that may affect the collisional cooling effects of ions are evaluated including the existence
and the variation of pressure of the buffer gas; the temperature of the ion trap; the size of the inner radius of
the ion trap electrodes; the mass 10 charge ratio of ions; the alternative buffer gases and the g, values which

establish the ion trap trapping environment.

INTRODUCTION

The ion trap mass spectrometer has been widely used
in ion-molecule reactions' since 1983, the year it came on
the market. The reason could be attributed to the advantages
of the ion trap mass spectrometer: high sensitivity, nice
resolution, fast scan rate, reasonable price and especially for
its tandem mass capability.>” The existence of the buffer
gas in the ion trap mass spectrometer is very important be-
cause it provides the function of collision deactivation of the
ions and damps the trajectories of an ion’s motion in the ion
trap leading 10 a reduction of the kinetic energy of the ions.
Therefore, the ion clouds could be more concentrated in the
central area of the three dimensional electrodes of the ion
irap, lavoring the ejection of tons through the small holes on
the end cap for detection. Thus, the resolution and sensitiv-
ity of the ion trap mass spectrometer can be greatly im-
proved. Among all possible buffer gases that have been
used in the ion trap, helium is the best choice, not only be-
cause it is inert to react with ions but also because the mo-
lecular weight of He is only 4 amu; after colliding with ions
it does not change the moving directions of ions and it does
not interfere with the detection of spectra either. Therefore,
1 mtorr of He is typically used in the ion trap to improve the
sensitivity and resolution of the ion trap. The study of the
collisional cooling effect is very important for the operation
of the ion trap because a better understanding of this effect
will provide a lot of useful information for the development
of the quadrupole ion trap to become a more powerfully ana-
lytical instrument.

Some simulations in the ion trap mass spectrometer
have been reported in the literature: Cooks et al. developed

the ITSIM (Ion Trap Simulation Program) to simulate the
motions of ions in the jon trap.® They used the discontinu-
ous colltsion model for ions to collide with a buffer gas in
order to caiculate the collision probability for the pressure
of the buffer gas and then compared it with a random nuin-
ber to determine whether the collision would take place or
not. After collision, it assumed that the moving directions
of ions would not change but that the kinetic energy of ions
would decrease. The reducing values of kinetic energy of
ions may range from 0 to [(m;,, ~ My, e/ (Mg, + My )] X
KF eV, where KE represents the initial kinetic energy before
collision. From the results of their simulation, the resolu-
tion of an ion trap spectrometer would effectively increase
by the addition of a suitable amount of buffer gas inside the
ion trap. Dunbar et al. applied Ar and SF; as possible alier-
native buffer gases to investigate under the condition of vari-
ation of pressure in order to examine the intluence of differ-
ent kinds of buffer gases on an ion’s internal energy and the
collisional cooling rate.’ Andre et ai. used Gaussian func-
tion 1o calculate the ions’ energy and their distribution in the
three-dimensional electrodes of the ion trap after colliding
with different kinds of buffer gases,'®'? Wu and Brodbelt
studied the collisional cooling effect by actually performing
experiments in an ion trap mass spectrometer.'* They exam-
ined many factors that might affect the collisional cooling
effect in the trap such as pressure of buffer gas, g, value,
cooling time and tickle voltage of CAD.

The purpose of this simulation is primarily concemed
with the influence of a buffer gas on an ion’s kinetic energy
under various conditions to examine the collisional cooling
effect. We used simulation methods to evaluate six parame-
ters that may affect the collisional cooling of ions in the ion
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trap including: the existence and the pressure of the buffer
gas, the temperature of the ion trap, the radius of the ion trap
electrodes, the mass to charge ratio of ions, the alternative
buffer gases and the q, values. A better understanding of
these factors that may influence the ion trapping phenomena
and ion energy will be discussed.

SIMULATION EXPERIMENT

The simulation program used in this study was the
"SIMION 3D, version 6.0 program developed by the Lock-
heed Idaho Technologies Company.'* The calculations were
performed on an [IBM compatibie personal computer (Pen-
tium 166 MHz, 32 MB). The sctting parameters of the three
dimensional electrodes in the ion trap mass spectrometer are
provided by this program. This program computed the RF
voltage, velocity of ions, and kinetic energy of ions. The
standard parameters were set as follows: voltage of the elec-
tron ionization source was 70 eV, initial kinetic energy of
ions in the source region was 0 eV, number of ions was 50,
q.=0.5,a,=0,and r, = | cm. The computation results were
recorded by the computer and the items recorded include
number of ions, mass of ion per charge, time of flight of
ions, velocity and kinetic energy of ions. The recording
time for ali data started trom the location where ions were
generated in the ion source region to the time when they
reached the detector. As to simulation for the collisional
cooling effect of the condition of having the buffer gas in-
side the ion trap, since the original program did not provide
the function, we had to write a series of programs and equa-
tions into the original program. For example, altering the
collisional probability to relate with the temperature and
pressure, setting the mass of the buffer gas to 4 amu for He-
livm buffer gas, and assuming that the buffer gas collided
with the ions was elastic collision. The initial velocity of
the buffer gas was set at zero, then the collisional probability
was calcolated from equation 1.'*'®  According to the
Langevin theory,'” the cross section of collision (6) can be
represented as equation 1 when a single charged ion collides
with an atom or a molecule;

o =1 by’ = 2w e/dr €, v) X (o /u}" (0
where ¢ is the electronic charge, €, is the permilttivity of free

space, v is the relative velocity of the collision partners, W is
the reduced mass of the collision system and @, is the elec-
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tronic polarizability of the gas atom. From the collisional
cross section, the probability of a collision per unit of time
can be represented as:

P =nvo (2)

where P is the collisional probability, n is the number den-
sity of collision-gas atoms. Substituting ¢ value from equa-
tion 1 and vsing the ideal gas law to approximate n value and
then to calculate the collisional probability, then the colhi-
sional probability can be represented as in equation 3:'S

P = (e/2 £4) X (0/p)'? % (p/kT) 3)

where p and T represent pressure and temperature of the col-
lision-gas, respectively, and K is the Boltzmann constant.
Random collisions were computed by the following proce-
dures in this simulation program:

1. Set values of temperature, pressure, and mass of the
buffer gas then use these parameters to calculate the colli-
sional probability by using equation 3.

2. From the calculated collisionat probability in proce-
dure 1 to calculate the probability for determining whether
the collision would occur or not by the following equation:

=1 -et® @)

3. Generate a random number from 0 to 1 when calcu-
lating each time step.

4, Compare the probability of collision of each time
step with the random number. If the probability of collision
is larger than the random number, then the collision would
ocCur.

S. After collision, the reduced factor on final velocity
of ion 18 (Mg = Myyger )/ (Myon + Mpysee,), Where my,, represents
mass of ion, and my, ., stands for mass of buffer gas, respec-
tively.®

6. Multiply the original velocity of the ion to the re-
duced factor (In,,, — Myygree)/ (Mo + Myyse) O0 final velocity to
get a new value, then store it as the new velocity of the ion.

7. The new velocity of the ion was transformed to the
three-dimensional velocity"then it was used to calculate the
final kinetic energy of this ion by the program.

Since the original program doesn’t provide the func-
tion for the condition for simulation of the existence of buff-
er gas in the ion trap, the original program was altered by us-
ing the RPN Language of HP calculator to write it as an AS-
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CII file in order to perform the above procedures of simula-
tion.

RESULTS AND DISCUSSION

For all the simulation experiments performed in this
study, 50 ions of the same mass are used in the calculations.
All ions are assumed to be positively, singly charged ions.
In the simulation, one wants to simulate as many ions as in
the real condition in an ion trap mass spectrometer. How-
ever, in this study, the interaction between ionfion collisions
was not considered since only a limited number of ions (50)
are in the trap. If at bigher ion densities, the Coulombic re-
pulsive effects will become important for the ion trajectories
and this may also lead to space charge effects. Thus, the
ion-ion repulsion effects can not be ignored.

Mass dependence and the size of the inner radius of
the ion trap electrodes on the collisional cooling effect
In the ion trap, the presence of the buffer gas can damp
the trajectories of ions toward the center of the ion trap by
reducing the kinetic energies of ions.'® Therefore, calculat-
ing the values of kinetic energy of ions can be used to repre-
sent the effect of collisional cooling effect. In order to ex-
amine the collisional cooling effect on different mass of
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ions, several simulation experiments were performed by
comparing the kinetic energies of ions under both with and
without I mtorr He buffer gas in the ion trap for 50 ions of
the same mass. The mass of ions was varied from 30 to
1000 amu. The temperature was maintained at 375K, a, =
0, and q, = 0.5. The results are shown in Figs. 1-3. Fig. 1
shows the results for computation of the average Kinetic en-
ergy of ions under normal ion trap inner radius (1 cm).
When without I mtorr of He buffer gas in the ion (rap, the ki-
netic energies of all ions (indicated by the lines with the
solid circle mark) from 30 to 1000 amu were approximately
the same (about 66.5 V), i.e. no collisional cooling effect at
all under this condition, all ions possess very high Kinetic
energy. However, under exactly the same condition but with
1 mtorr of He in the trap, we found that the kinetic energy of
all ions (indicated by the lines with the solid triangle mark)
was reduced especially for low mass ions (below 200 amu).
Thus, the collisional cooling effect decreases with the in-
creasing of mass. Similar trends for mass dependence on
collisional cooling effect could be observed in Fig. 2 and
Fig. 3. In both figures, the simulation experiments were
performed under exactly the same condition except at differ-
ent radius of the ion trap electrodes, i.e. r, = 0.5 cm and 0.25
cm in Fig. 2 and Fig, 3, respectively. The results in the three
figures show similar trends. In Fig. 2 and Fig. 3, very simi-
lar cooling effects for the ions with m/z above 350 are ob-
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Fig. 1. Comparison of the kinetic energy variation as a function of mass under both with and without 1 mtorr of He buffer gas inside
the ion trap for 50 ions of the same mass when the inner radius of jon trap was 1.0 cm (temperature =375 K, q. = 0.5).
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served. This is because the reduced factor (my,, — My,
e/ (Mon + Myyge.) in step 5 and 6 of the simulation experi-
ment reaches 0.98-0.99 for the ions with m/z above 350 to
1000. Thus. similar trends of the collisional cooling effect
for heavior ions with m/z above 350 are observed. This
proves that changing the size of the ion trap electrodes
would not have any effect on the collisional cooling effect at
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all: the kinetic energy of ions increased with the mass of
ions. Thus, the collisional cooling effects decreased with
the increment of ion mass.

The next goal is to further examine the relationship be-
tween the size of the three dimensional ion trap electrodes
with the collisional cooling effect. The size of the ion trap
depends on the inner radius {r,) of the three dimensional ion
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Fig. 2. Comparison of the kinetic energy variation as a function of mass under both with and without 1 mtorr of He buffer gas inside
the ion trap for 50 ions of the same mass when the inner radius of ion trap was 0.5 cm (temperature = 375 K, g, = 0.5).
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Fig. 3. Comparison of the kinetic energy variation as a function of mass under bath with and without 1 mtorr of He buffer gas inside
the jon ap for 50 ions of the same mass when the inner radius of jon trap was .25 cm {temperature = 375 K, q; = 0.5).
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trap electrodes, and the values of kinetic energy of ions can
be used to represent the effect of collisional cooling effect.
The simulation was performed by comparing the ion’s ki-
netic energy when under the condition of with and without
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the existence of 1 m torr of buffer gas inside the various in-
ner radius of the ion trap electrodes. The results are shown
in Figs. 4-5. Fig. 4 shows the kinetic energy distributions of
ions when no buffer gas is inside the ion trap for 50 ions of
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Fig. 4. Kinetic energy distributions of ions under the condition of without buffer gas inside the ion trap for 50 ions of m/z 150 at dif-
ferent inner radius of ion trap electrodes (temperature = 375 K, q. =0.5).

30 !
i
70
] ' ) ] |
60 . . .
* . *
50 . :
— Py . *
20| . : : .
= :
. L
£l b4 M H H
* $ L4
3
L ]
. . . !
20 3 : .
. H
. ! ) . ¢
i0 $ . . .
| i . t :
0 * . : . i
0 0.125 0.25 0.375 0.5 0.625 0735 0.875 1 [.125 1.25

To(cm)

Fig. 5. Kinetic energy distributions of ions under the condition of 1 mtorr He buffer gas inside the ion trap for 50 ions of m/z 150 at
different inner radius of ion trap electrodes {temperature = 375 K. q, = 0.5).
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the same mass {150 amu) under various inner radius of ion
trap electrodes (temperature = 375 K, q, = 0.5. The results
show that when the inner radius of the ion trap was smaller,
the distribution of an ion’s kinetic energy would be nar-
rower. Moreover, when the inner radius of the ion trap elec-
trodes (r,) is equal to 0.25 cm, the kinetic energies of all jons
are almost all concentrated at the same point (about 62 eV).
This is because when the inner radius is smaller, the flying
route for ions to reach the detector is shorter and thus the
flying time of ions becomes shorter too, Thus, the distribu-
tions of kinetic energy were narrower. When the inner ra-
dius became larger, the time that ions stay in the ion trap
electrode will be longer, the impact that ions experienced
from the RF electrical field will be larger, and the flying
time will be longer 100. For the condition of no buffer gas to
collide with the ions for damping their trajectories, the tra-
Jectories of ions will disperse in the whole space of the three
dimensional trap electrodes. In contrast to Fig. 4, Fig. 5 is
under the condition of with 1 mtorr of He buffer gas in the
trap, 50 ions of a/z 150 under various inner radius condi-
tions. In this figure one could observe that the collisional
cooling effect of He causes the kinetic energy of ions dis-
tributed from (-70 ¢V because the kinetic energy of some
ions may be reduced by the existence of the He buffer gas.
When the inner radius changed from 0.125to 1 cm. Accord-
ing to the above mentioned two type experiments, one can
make a conclusion that when the inner radius of the ion trap
varied, the collisional cooling etfect of the buffer gas would
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not being affected at all.

Effect of gz on collisional cooling effect

The effect of storing ions at different values of the sta-
bility parameters g, on collisional cooling effect was evalu-
ated by comparing the kinetic energy of ions when they
were under the conditions of both with and without buffer
gas inside the ion trap. The g, value is defined by the fol-
lowing equation;

Q. = 8eV/mr w® (5)

and it is related to the radiofrequency (RF) voltage applied
to create the quadrupole field in the ion trap in which ions
are trapped. The average Kinetic energy of ions is related o
q,. When g, increases, the frequency of ion’s motion will be
affected. The g, parameter directly influence ion’s kinetic
energy.'? Fig. 6 shows kinetic energy variation as a function
of g, values for 50 ions of m/z 250 (temperature = 375 K,
pressure of He = | mtorr). Both curves in the figure show
similar trends: the kinetic energy under both conditions in-
creases slightly with the q, values no matter whether it has a
buffer gas inside the trap or not.

Examination of collisional cooling effect for alternate
buffer gases -
The use of alternate buffer pases other than He has

been reported in the literature.'® ' Since the role of the buff-
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Fig. 6. Kinetic energy variation as a function of qz values for 50 ions of mvz 250 (temperature = 375 K, pressure of He = 1 mtorr).
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er gas is Lo remove the kinetic energies of ions through
ion/neutral collisions, the better target gas should be the one
which can remove more kinetic energies of ions after colli-
sions. Therefore, in order to investigate the collisional cool-
ing effect for alternate buffer gases, we applied a simulation
method to examine several different kinds of buffer gases in-
ciuding helium (4 amu), nitrogen (28 amu), argon (40 amu),
and SF; (146 amu). Since from step 5 and 6 of the simula-
tion experiment, one knows that the average energy ex-
changed per collision depends on the relative masses of ion
and buffer gas. Thus, the reduction of the kinetic energies of
ions (AKE) vs. mass of buffer gas is plotted in Fig. 7. Fig, 7
shows reduction of kinetic energy with different kinds of
buffer gases in comparison both with and without the 1
mtofr buffer gas in the ion trap for 50 ions of m/z 200 (tem-
perature = 375 K, the inner radius of the jon trap = 1 cm, g,
=0.5). The Y-axis represents the reduced value of kinetic
energy (AKE) under the condition of comparing with and
without the existence of I mtorr buffer gas inside the ion
trap. When the mass of buffer gas was heavier, the colii-
sional cooling effect was better. This is because when ions
collide with the heavier buffer gases, they are able to remove
more Kinetic energy from ions. This figure shows that for
using nitrogen, Ar and SF,, the reduction of kinetic energy is
approximately the same (about 24-26 eV). However, for He
itis 19.477 eV. This is because the collisional probability
for a heavier buffer gas to collide with an ion is smaller than
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with a liphter buffer gas. It is also because of the | value
which in collisional probability equation influences the col-
lisional probability. From the resuits we know that He is the
worst choice since it reduces the least kinetic energy for all
ions. SF;is the best choice (26.352 V). Ar and N, got ex-
actly the same results. This is because the Langevin Colli-
sion Theory is used to model the binary collisions. This the-
ory is known to enderestimaie the ion-neutral cross-section
when the ion energy is greater than a few eV. However, an
initial 70 eV of energy of ion was used in the simolation.
Therefore, the similarity of AKE between N, and Ar can be
seen in Fig. 7,

Effect of buffer gas pressure on collisional cooling ef-
fect

Set the temperature at 375 K but in different pressures
to observe the collisional cooling effect of the buffer gas.
When the pressure is reduced, the amount of the buffer gas
will be less, and the energy to move the ion will be sinall.
When the pressure is increased, the buffer gas increases
also, and the energy to move the ion will be raised. Fig. &
shows the results of collisional cooling effect by changing
the pressure of the buffer gas under the condition of 50 ions
of equal mass; the butfer gas was He and the temperature
was sct at 375 K. According to the following equation: {from
equation 3 one knows that the collisicnal probability s pro-
portional 1o the pressure of the buffer gas. Therefore, when
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Fig. 7. Reduction of kinetic energy at different kinds of buffer gases in comparison of both with and without the 1 mtorr buffer gas in
the ion trap for 50 ions of m/z 200 (temperature = 375 K, the inner radius of the ion trap = 1 cm, gz = 0.5).
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the pressure increases, the number of atoms of the buffer gas
inside the ion trap would increase, thus the collisional prob-
ability would be larger and the kinetic energy of ions could
be reduced atter collisional deactivation by the buffer gas.
Fig. 8 shows the simulation resulis of kinetic energy vari-
ation as a function of pressure of the He cooling gas for 50
ions of m/z 100 (temperature = 375 K, the inner radius of the
ion trap electrodes = 1 cm, q, = 0.5). The results are in

Wu et al.

agreement with the above-mentioned phenomenon. The ki-
netic enerpy of ions is 66.5 eV when without any He buffer
gas inside the ion trap. As the pressure increases the curve
goes down, i.e. the kinetic energy of ions decrease. The col-
lisional cooling effect shows a linear relationship with the
He pressure. This phenomenon is in agreement with the ex-
perimental results of Wu and Brodbelt.'® When the He pres-
sure equals 1 mtorr, the kinetic energy of ions is reduced to
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the small value of 42.0 eV,

Effect of temperature on collisional cooling

Investigation for the collisional cooling effect of a
butfer gas with the variation of temperature was plotted in
Fig. 9. It shows the results for the collisional cooling effect
with variation of reduction of kinetic energy as a function of
temperature for 50 jons of m/z 100 under various tempera-
tures from 375-600 K. The He pressure was 1 mtorr, q, =
0.5. The longitudinal axis (AKE) represents the kinetic en-
ergy change value; whether under the condition of with or
without buffer gases. Since collisional probability is in-
versely proportional o temperature (p oo 1/T), when the tem-
perature increases, the collisional probability decreases;
note that this means the number of collisions with the neu-
tral He buffer gas would be reduced. However, the kinetic
energy of ions would become larger at high temperature be-
cause the average Kinelic energy of ions would rise at higher
temperatures. Thus, the collisional probability between
ions with ions in fact might be increased. Qur simulation re-
sults show that the collisional cooling effects decrease with
lemperature: at 375 K, AKE was 30.23 eV, showing the targ-
est collisional cooling effect; and then it drops with the in-
creasing of temperature. At 600 K, AKE is reduced to the
smallest value of 17.39 ¢V, i.e. the collisional cooling effect
of buffer gases reaches the smallest value.

CONCLUSION

According to ali simulation resulis obtained above, the
existence of buffer gas inside the ion trap or not would dra-
matically influence the kinetic energy of ions and thus
greatly affect the collisional cooling effects. The standard 1
mtorr of He buffer gas would be the best choice. All the
simulation resuits are in good agreement with the experi-
ment results found by Wu and Brodbelt."® Also, variation of
the operational parameters in the ion trap and using different
kinds of buffer gas affect the collisional cooling effect in the
ion trap.
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