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Axial collision induced dissociation (CID) and high-pressure resonance CID were imple-
mented and compared with normal low-pressure resonance CID in a miniature ion trap mass
spectrometer to obtain more complete fragmentation spectra. Axial CID was realized simply
by applying a potential to the discontinuous atmospheric pressure interface (DAPI) capillary
without performing parent ion isolation before dissociation. High-pressure resonance CID
employed a double-introduction pulse scan function, by means of which precursor ions
isolated at low-pressure (	10�3 torr) were dissociated at high-pressure (0.1 torr–1 torr) with
higher excitation energy, so that tandem MS of isolated precursor ions was achieved and
extensive fragmentation was obtained. A simple peptide (Leu-enkephalin) and dye molecule
(rhodamine B) ionized by ESI were used to investigate both methods and compare them with
normal low-pressure resonance CID. (J Am Soc Mass Spectrom 2010, 21, 209–214) © 2010
American Society for Mass Spectrometry

Collision-induced dissociation (CID) is often used
to fragment mass-selected parent ions in tan-
dem mass spectrometry [1–3]. Dissociation is

achieved by energetic collisions with neutral gas mole-
cules, resulting in internal energy accumulation and
bond cleavage. Partial or complete precursor ion struc-
ture can be determined from the fragmentation infor-
mation. The kinetic energy of the parent ions deter-
mines the amount of energy which can be converted to
the internal energy and the collision frequency deter-
mines the conversion rate. Different kinetic energy
deposition methods and collision pressure regimes usu-
ally give different fragmentation patterns of the precur-
sor ions [4].
Resonance CID conducted at low-pressure (	10�3

torr) is commonly used to dissociate precursor ions in
ion trap mass spectrometers [5, 6], and it is the usual
way to dissociate ions in many miniature ion trap mass
spectrometers [7–9]. In low-pressure resonance CID,
kinetic energy is deposited by resonance excitation
using an AC waveform set at the secular frequency of
the precursor ions to be dissociated. The amplitude of
the excitation AC waveform is usually small and the
excitation period is usually long to achieve dissociation
while still preventing the ejection of isolated ions [10,
11]. Because fragment ions are off-resonance with re-
spect to the excitation signal, only a small amount of
internal energy can be deposited and little sequential

fragmentation is obtained. Thus, low-pressure reso-
nance CID is good at identifying specific low-energy
fragmentation pathways. More complete fragmentation
spectra usually can be obtained by axial CID or high-
pressure resonance CID compared with low-pressure
resonance CID. Axial CID is usually realized by accel-
erating the primary ions in the axial direction of the
collision cell, which is often a quadrupole operated at
elevated pressure [12–14]. When the kinetic energy of
the precursor ion is sufficiently high and collisions with
background gas are frequent enough, the precursor ion
internal energy increases rapidly above the dissociation
threshold. If the precursor ions fragment fast in the
region with a non-zero acceleration field, the fragment
ions can be further accelerated and dissociated, result-
ing in sequential CID. A related method, “in-source
CID”, shares a similar fundamental mechanism with
axial CID [15–17]. However the primary ions are not
isolated and the dissociation is usually conducted in the
skimmer region after the mass spectrometer orifice.
Approaches to high-pressure resonance CID were re-
ported on bench top mass spectrometers to achieve
more efficient dissociation. A pulsed valve has been
used in some benchtop mass spectrometers to introduce
a gas pulse to increase the dissociation pressure (up to
10�3 torr–10�2 torr) before implementing CID [18, 19],
and an extra high-pressure ion trap (10�3 torr–10�2 torr)
has been incorporated into other mass spectrometers to
enhance dissociation [20].
The discontinuous atmospheric pressure interface

(DAPI) was initially developed to couple atmospheric
pressure ionization (API) sources to miniature ion trap
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mass spectrometers with limited pumping capabilities
[9, 21, 22]. Using DAPI, gases carrying ions from an
external ion source are pulsed into the ion trap at a high
flow rate for short periods rather than continuously at a
low flow rate. This allows API sources to be used with
minimum requirements on the pumping system. Dur-
ing ion introduction through DAPI, the introduced ions
undergo very frequent collisions with gas molecules
due to the high-pressure (�1 torr). Therefore, dissocia-
tion can be achieved simply by providing sufficient
kinetic energy to these ions.
In this communication, axial CID and high-pressure

resonance CID are reported as means of fragmenting
ions in miniature ion trap mass spectrometers. Axial
CID was realized simply by applying a voltage to the
DAPI capillary to create an accelerating electrical field
at the exit of the DAPI; fragmentation spectra showing
extensive dissociation were obtained. A high-pressure
resonance CID method was also developed to isolate
introduced ions at low-pressure and dissociate them at
higher pressure, so that tandem MS with precursor ion
isolation was achieved compared to axial CID and
fragmentation as extensive as that of axial CID can be
obtained at the same time.

Experimental

A modified Mini 10 mass spectrometer with DAPI was
used in these experiments (a differential rf rather than a
single phase rf was used to drive the RIT). The config-
uration of the mass analyzer assembly is shown in
Figure 1. During operation, ions generated at atmo-
sphere are transferred via DAPI into a standard recti-
linear ion trap, driven by a 1 MHz differential rf signal
without DC offset, for mass analysis [23]. An electron
multiplier (Detech 2312; Detector Technology Inc.,
Palmer, MA, USA) is used to detect ions ejected from
the ion trap. The DAPI interface consists of two stainless
steel capillaries S1 (i.d. 0.25 mm, o.d. 1.59 mm, length
100 mm) and S2 (i.d. 1.2 mm, o.d. 1.59 mm, length 50
mm), connected to each other via a conductive silicone
tube (i.d. 1.59 mm, o.d. 3.18 mm, length 5 cm; Simolex
Rubber Corp., Plymouth, MI, USA). The conductive sili-
cone tube goes through a normally closed pinch valve
(390NC24330, ASCO Valve Inc., Florham Park, NJ), which
controls the open/close status of the interface. An adjust-

able potential, rather than ground as in previous studies,
is applied to the capillaries S1 and S2.
In the standard scan function, a �24 V DC pulse

signal lasting for a few milliseconds is applied to the
pinch valve to open the interface for ion introduction;
then the interface is closed and the pumping system
reduces the manifold pressure to its base value in a
period ranging from several hundred milliseconds to a
few seconds. Thereafter, the multiplier is turned on;
both the rf signal amplitude and resonance AC signal
amplitude are scanned from low to high values to eject
ions in mass sequence from the ion trap and also to
record a mass spectrum. The DC voltages on both ion
trap z-endcap electrodes are maintained at �20 V
during the whole scan cycle. The scan function may
vary a little for different purposes, as given for specific
cases later.
An external electrospray ionization (ESI) source op-

erated at �4 kV DC voltage and 80 psi sheath gas
pressure applied was used as the ionization source in all
experiments. The electrospray sprayer was made using
a Swagelok T-piece and two coaxial capillary tubing.
The internal fused silica capillary had an i.d. of 100 �m
and an o.d. of 190 �m. It extended through the T-piece
and was connected to a syringe pump. The outer
silica capillary tubing had an i.d. of 250 �m and an
o.d. of 0.5 mm and was 10 mm long. All samples were
prepared with 1:1 methanol/water solution with 1%
acetic acid and supplied at a flow rate of 1 �L/min
during analysis.

Results and Discussion

A 5 ppm Leu-enkephalin (YGGFL) peptide solution
was ionized by ESI and used to demonstrate axial CID.
Leu-enkephalin was selected because the relationship
between its fragmentation pattern and internal energy
is well understood. A scan function with 15 ms ion
introduction time and 1 s pumping time was used in
this experiment. Mass spectra were recorded at DAPI
capillary voltages varying from 0 to �220 V at 10 V
intervals, while the voltages on both z-endcap elec-
trodes of the ion trap were maintained at �20 V.
Typical mass spectra collected at voltages of 0, �70,
�90, �100, �110, and �130 V are shown in Figure 2a.
The intensity of protonated YGGFL as well as major
fragment ions b4, a4, b3&y2, and a1 are plotted versus
the capillary voltage from 0 to �130 V in Figure 2b (b3
and y2 are plotted together since they are not always
well separated in the miniature mass spectrometer). The
results show little fragmentation until the capillary
voltage rises to �70 V, which confirms that the trans-
lational energy does not provide sufficient energy to
dissociate the introduced ions. However, decreased
baseline noise and increased precursor ion (m/z 556)
signal intensity (by just 45% when the DAPI capillary
voltage increased from 0 to �60 V), which corresponds
to a higher trapping efficiency, were observed with
increasing capillary voltage. The improved signal to
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Figure 1. Configuration of the mass analyzer, including discon-
tinuous interface (DAPI) connecting the atmospheric pressure
region to the vacuum region, rectilinear ion trap, and electron
multiplier.
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noise ratio and increased intensity of the precursor ion
are ascribed to the dissociation of background and
matrix derived ions, e.g., solvent adducts, similar to
observations reported for in-source CID [24, 25]. Frag-
ment ions are observed in abundance when the DAPI
capillary voltage reaches �80 V, and the intensity ratio
of low m/z and high m/z fragment ions increases with
continued increase in the voltage, indicating increased
internal energy deposition and sequential CID. The
appearance of the low m/z fragment ions also suggests
a rapid dissociation process, in which initial fragmen-
tation of the original precursor ions occurs in the region
close to the DAPI exit where the axial acceleration field
is non-zero, and initially formed fragments are further
accelerated and dissociated. No ions could be detected
after the capillary voltage reached �220 V, showing
that all ions are lost at a high DAPI capillary voltage.
There are two explanations for this latter phenomenon.
One is that although the acceleration field in mainly in
the axial direction of the ion trap, there are still field
components in the radial direction. Once the DAPI
capillary voltage is large enough, this field causes the
loss of introduced ions. Also, the kinetic energy of the

introduced ions gained in the axial direction can be
transferred in part to the radial direction through colli-
sions which again causes loss of introduced ions. The
other reason is that product ions may further dissociate
until the product ion’s mass to charge ratio is lower
than the low mass cut off, which causes ion loss. It is
hard to identify the major factor in the experiment,
although the common result is that all ions are eventu-
ally lost. Besides the double-phase rf operation used in
the RIT system presented, axial CID is also applicable to
single-phase rf RIT systems although the experimental
parameters are different since the center potential of a
single-phase rf-driven RIT varies over a large range.
The same experiment was repeated using a 5 ppm
rhodamine B solution, and the results are shown in the
Supporting Information. Ions produced by multiple
stages fragmentation were able to be obtained simply
by raising the DAPI capillary voltage.
To compare the axial CID experiment described

above with normal low-pressure resonance CID, the
fragmentation spectrum of Leu-enkephalin was re-
corded using both methods. The axial CID spectrum
shown in Figure 3a was obtained simply by applying

Figure 2. (a) Axial CID spectra of protonated YGGFL obtained by applying DAPI capillary voltages
of 0, �70, �90, �100, �110, and �130 V. (b) Intensity variation of protonated YGGFL and major
fragment ions b4, a4, b3 and y2, and a1 as a function of DAPI capillary voltages from �70 to �130 V.
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�105 V DC to the DAPI capillary. The scan function
shown in Figure 3b was used to obtain the low-pressure
resonance CID spectrum with a �60 V DC voltage
applied to the DAPI capillary. Protonated YGGFL mol-
ecules with m/z 556 were first isolated as precursor ions
by applying a notched broadband waveform for 10 ms,
after a 750 ms pumping period. Then a 0.2 Vp-p, 67 kHz
resonance AC waveform �q � 0.19� was applied for 50
ms immediately after the isolation to dissociate the
isolated ions at a background pressure of �10�3 torr.
The product ion spectrum shown in Figure 3c was
finally obtained by resonance ejection of all fragment
ions after another 200 ms pumping time. In the low-
pressure resonance CID spectrum Figure 3c, fragment
ions b4 and a4 are dominant ions, corresponding to
the fragments from a major dissociation pathway of
P¡b4¡a4, which requires little internal energy [26]. On
the other hand, many more fragment ions appear in the
axial dissociation spectrum Figure 3a, which is similar
to that obtained by axial CID in the quadrupole colli-
sion cell of a Q-TOF mass spectrometer [26]. The higher
internal energy deposition is apparent.
The difference in dissociation pressures (1 torr and

10�3 torr, the pressure estimation is validated in the
Supporting Information) of the two methods contrib-

utes to the different fragmentation patterns. In axial
CID, the high accelerating field causes dissociation of
introduced ions though high-frequency collisions with
gas molecules (�107 Hz) rather than allowing their
escape from the ion trap [27]. The excitation energy is
applied in the axial direction, so that there is no
limitation on the dissociation q value of the parent ions
�q � 0.1 in Figure 3a), which is another reason why a
more complete product ion spectrum is obtained by
axial CID. However, in low-pressure resonance CID,
parent ions isolation must be conducted at low-pressure
to achieve efficient isolation, so that the following CID
event is conducted at even lower pressure. The excita-
tion energy transfer must therefore be low, and the
dissociation q value of parent ions has to be reasonably
high during the dissociation process, otherwise, the
precursor ions will be ejected from the ion trap because
of insufficient numbers of cooling collisions with neu-
tral molecules. Both the advantages and the disadvan-
tage of axial CID are therefore obvious, the latter
following from the fact that no prior ion isolation can be
performed before dissociation, making it unsuitable for
complex mixture analysis.
To achieve both precursor ion isolation and also

obtain extensive fragmentation of the precursor ion at

Figure 3. (a) Fragmentation spectra of protonated YGGFL obtained by axial CID at �105 V DAPI
capillary voltage. (b) Scan function used for normal low-pressure resonance CID, precursor ions are
isolated at low-pressure by broadband isolation and dissociate at lower pressure by resonance CID,
dissociation time is long and excitation energy is small. (c) Fragmentation spectra of protonated
YGGFL obtained by low-pressure resonance CID at �60 V DAPI capillary voltage. (d) Double-pulse
scan function used for high-pressure resonance CID, parent ions are isolated after the first ion
introduction at low-pressure, and dissociated after the second air introduction pulse at high-pressure
by resonance CID, dissociation time is short and excitation energy is large. The actual length of the
scan function is twice of that of the scan function used for low-pressure resonance CID. (e)
Fragmentation spectra of protonated YGGFL obtained by high-pressure resonance CID at�60 V DAPI
capillary voltage.
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the same time, a high-pressure resonance CID method
was developed for miniature ion trap mass spectrome-
ters fitted with DAPI using the double-pulse scan
function shown in Figure 3d. In this method, precursor
ion isolation is performed after the first ion introduction
pulse as usual at low-pressure (	10�3 torr). After that,
the pinch valve is opened again and only air is intro-
duced in the second pulse, then resonance CID is
conducted. The dissociation pressure can be controlled
easily by changing the air pulse width and the pumping
time between the second air pulse and CID. Therefore,
the isolated precursor ion can be dissociated at high-
pressure (0.1 torr–1 torr), allowing more excitation
energy to be applied to achieve more complete frag-
mentation. (The Supporting Information shows the
small loss in the isolated parent ions due to the air
introduction pulse). The excitation resolution of high-
pressure resonance CID may drop due to the increased
pressure, which is due to the uncertainty of the ion
secular frequency. The result is that ions being excited
can pick up less energy from the excitation field.
However, this can be compensated for by increasing the
excitation signal amplitude.
In these experiments, the DAPI capillary voltage was

maintained at �60 V. Protonated YGGFL molecules
generated by ESI were introduced into the ion trap in
the first pulse lasting for 15 ms and a notched broad-
band waveform was applied to isolate precursor ions of
m/z 556 after a sufficiently long pumping time (750 ms).
Then, the pinch valve was opened again for another 10
ms, the ESI source was blocked this time so that only air
was introduced (air pulse introduction can also be
achieved using another pinch valve). Next, a 1.5 Vp-p, 67
kHz resonance AC waveform �q � 0.19� lasting for 2 ms
was applied to dissociated the isolated ions at high-
pressure (0.1 torr–1 torr) 80 ms after the air introduction
pulse. After another 1 s pumping period, fragment ions
were ejected and mass analyzed using resonance ejec-
tion. A fragmentation efficiency of 70% was obtained
from the resulting mass spectrum shown in Figure 3e. It
can be observed that the fragment ions obtained are
very similar to those recorded using axial CID except
that the intensity of low m/z fragment ions is lower,
mainly due to the higher dissociation q value of the
precursor ions. Note that the dissociation q value in
resonance CID has to be higher than that used in axial
CID because the trapping potential well depth in the
radial direction has to be high enough to prevent the
escape of the precursor ions during resonance excita-
tion, which is also in the radial direction. Another
difference is that almost all precursor ions were disso-
ciated due to the efficient resonance excitation. The
high-pressure resonance CID obviously has the advan-
tages of parent ion isolation and complete fragmenta-
tion of precursor ions. Also, the parent ions can be
accumulated using multiple ion introduction pulses
method for several cycles before the final dissociation
step to achieve a better signal to noise ratio [22].
Nevertheless, axial CID still holds the advantages of

being easily achievable for all ions, and of operating at
low q values of the precursor ions. Moreover, by disso-
ciating all introduced ions simultaneously, axial CID
may be used to identify several compounds of interest
simultaneously by comparing the obtained mass spec-
trum with the fragmentation spectrum of each of them.
Peptide GFSPFR was used as another example to com-
pare these CID methods in the Supporting Information
with analogous results.

Conclusion

Axial CID and high-pressure resonance CID were used
in a miniature ion trap mass spectrometer operating
with DAPI interface to obtain more complete fragmen-
tation spectra than that available with convention
low-pressure resonance CID. In axial CID, extensive frag-
mentation was obtained due to the higher dissociation
pressure, higher excitation energy, and lower dissocia-
tion q value of the precursor ions. This method is easily
implemented for all ions, but there is no precursor ion
isolation. High-pressure resonance CID using a double-
pulse scan function was developed to achieve tandem
MS with precursor ion isolation and more complete
fragmentation. Precursor ions isolated at low-pressure
are dissociated in high-pressure by resonance CID, so
that higher CID dissociation energy can be applied
compared with low-pressure resonance CID. Both new
methods presented appear to have value in improving
analytical capabilities of miniature ion trap mass spec-
trometers.
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