
A SYSTEM SOLUTION TO AUTOMATED METHOD DEVELOPMENT

 

OVERVIEW

Aim

• To evaluate a method of coupling a travelling 
wave device to an oa-ToF with a view to increas-
ing the duty cycle.

Results

• The observed duty cycle has been significantly 
increased over a restricted mass range by synchro-
nisation of the pusher with the travelling wave.

• A further refinement using two T-Wave devices 
has increased the mass range over which the duty 
cycle may be enhanced.

INTRODUCTION 

When a continuous ion source is coupled to an oa-ToF 
mass analyser the duty cycle, or sampling efficiency, 
is typically about 25% for the highest mass ions, and 
less for lower mass ions. Once a packet of ions have 
been orthogonally accelerated from the continuous 
beam all the ions that arrive afterwards are discarded 
for a period equal to the time of flight of the ion with 
the highest m/z value. This leads to a duty cycle for 
ions with the highest m/z value set by the width of 
the pusher or detector and the separation between 
pusher and detector. The duty cycle decreases for ions 
of lower m/z in proportion to the square root of their 
m/z values.

A known method to increase the duty cycle involves a 
method of accumulating and storing ions from a 
continuous ion source in a trapping region, and then 
extracting them in a pulse. This can increase the duty 
cycle over a narrow mass range, but for ions outside 
that range the duty cycle will be reduced.

It has been shown previously that the movement of 
ions can be precisely controlled using a collision cell 
utilising a combination of a stacked ring rf ion guide 
and programmable travelling wave1. A photograph of 
the device is shown in figure 1. The stacked-ring ion 
guide has opposite rf phases applied to adjacent ring 
electrodes and confines ions near to its central axis. 
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Figure 1. Photograph of a T-Wave collision cell.
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Figure 2. Schematic diagram of the T-Wave system.
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Figure 3. Schematic diagram of the experimental 
system.
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Figure 4. Schematic diagram of the optical restrictions 
in the ToF analyser.

In addition to the rf voltage each ring electrode has 
a transient DC potential applied. The polarity of the 
transient DC voltage is such as to cause ions to move 
away from that electrode. The application of the pulse 
to several ring electrodes distributed evenly along the 
length of the ion guide effectively confines ions axially 
into small packets or wells. To propel ions in one 
direction along this axis, the DC voltage is switched 
to an adjacent ring after a given time and so on 
along the guide as shown in figure 2. This takes the 
form of a travelling wave thus supplying a means of 
transporting ions and then releasing them in packets. 

A schematic diagram of the system used in this study 
is shown in figure 3. Once a pulse of ions has been 
released from the gas cell it must be transported 
to the orthogonal acceleration region. During this 
process the spatial spread of the ion packet will 
increase due the difference in flight times of the 
various ions it contains.

There are two possible optical restrictions on the mass 
range that may be selected from the ion packet; the 
size of the orthogonal acceleration region and the 
MCP aperture. These are shown schematically in 
figure 4. Here the defining aperture is that in front of 
the MCP. 

In order to maximize the mass range over which the 
duty cycle may be improved this spatial spread must 
be minimized. The flight time, T (µs), of a given ion of 
mass, m (Da), energy, E (eV), over a distance, d, is 
given by:

At a given time T,

Therefore to make ∆m/m as large as possible; 
maximize ∆d/d and minimize ∆E/E. [Note: E is fixed 
by the ToF geometry].

EXPERIMENTAL

A test platform was constructed to investigate the 
feasibility of this technique. The system was modified 
such that the pusher was controlled by the T-Wave 
programmable logic device (PLD) and a new PLD 
program was written allowing the ion packets 
leaving the cell to be profiled by modifying the 
delay between packet release and pusher trigger in 
steps incrementing every 20 seconds, this is shown 
schematically in figure 5.

RESULTS

In all of the data presented here the rf applied to 
the various ion guides/gas cells was constant and 
optimised for best overall transmission. Figure 6(a) 
shows the profile obtained from the fragmentation of 
100 fm/µl of Glu Fibrinopeptide B infused at 5µl/s. 
The scan time was 1.9 s with an inter-scan delay 
of 0.1s, the starting delay was 10µs with an 1µs 
increment in pusher delay every 10 scans. Figures 
6(b) and (c) show the mass spectra of two pusher 
delays at the edges of the ion packet. Figure 6(d) 
shows the mass spectrum obtained by combining 
across the whole packet. 

By measuring the pusher delay times of a number of 
ions the value of k in the ToF equation shown above 
may be calculated for the transfer optics used. This 
is shown in figure 7. This in turn allows E to be 
determined.

The theoretical duty cycle of the oa-ToF analyser used 
in this study is given by 

where Dasync is the asynchronous or theoretical duty 
cycle, SE is the sampling efficiency of the oa-ToF 
(= 0.223) and mmax the highest m/z of interest. The 
enhancement in duty cycle may be determined by 
comparison of the intensity of data obtained with 
and without the pusher synchronisation and the 
relationship below

where Dsync is the enhanced duty cycle, Isync and 
Iasync are the measured ion intensity with and without 
the pusher synchronisation respectively. In two 
separate experiments the pusher delay was optimised 
for m/z 240 and then for m/z 685. The duty cycles 
versus m/z for the two settings are shown in figures 8 
and 9 respectively.

FUTURE DIRECTIONS

This study has shown that the duty cycle of an oa-
ToF may be enhanced over a small mass range. It 
would be desirable if this range could be extended. 

or

acceleration field is applied in synchronism with their 
arrival. To achieve the maximum duty cycle the mass 
range within a given well must be small enough that 
it can be sampled with minimal loss. The design of 
the system is based on the following mathematical 
consideration.

If the distance in metres from the ion guide entrance 
to the second T-Wave cell is L1, the length of the 
second T-Wave cell is L2 and the ions have an energy 
of E electron volts, then the flight time (in µs) through 
the ion guide for an ion with mass m is 

The velocity, v, of these ions at the entrance will be 

If it is arranged that the velocity of the travelling 
wave, v, is always equal to the velocity of the ions 
arriving at the entrance to the second gas cell then

where λ is the wavelength of the travelling wave and 
Tw is the cycle time of the waveform. Therefore the 
cycle time, Tw, varies in proportion with the elapsed 
time Tf if wave cycle N starts at time T(N) from the 
release of the ions from the first gas cell

    

where T0 is the arrival time of the lowest mass of 
interest i.e. the time that travelling wave starts moving 
and N=0. If the time at which the ions leave the 
second gas cell it Tx the distance, ∆d, travelled in the 
cell is:

Therefore

hence the velocity of the ions at the exit of the gas 
cell, vx, is equal to that of the travelling wave at the 
time of exit and is

also, if the energy of the ions as they exit the cell is 
Ex then

Hence the energy of the ions as they exit the 
travelling wave is a constant fraction of their input 

of results are shown in figure 12. The ion energy 
spread, δE, used was +/-0.5eV for which the profiles 
matched those presented in figures 8 and 9.

Using this information and the following equations the 
mass window that can be successfully transmitted and 
recorded by the ToF can be estimated.

The flight time, Tmcp, for the centre mass ion in a 
given well to reach the centre of the MCP is

where L3 is the distance between gas cell 2 and the 
centre of the pusher, L4 is the distance between the 
centres of the pusher and detector and E2 is the ion 
entrance energy to the ToF analyser. E1 is calculated 
from the value obtained for k in figure 7.

If the oa field is activated at Tmcp then the high and 
low mass limits are

One possibility is to vary the pusher delay over an 
acquisition. This will broaden the mass range over 
which an increase in duty cycle may be achieved, 
but the increase in duty cycle will now be less than it 
would otherwise be. A preferred method will now be 
described and preliminary results presented. 

Figure 10 shows a schematic diagram of the 
prototype system used for this investigation. The new 
system has an additional hexapole ion guide and T-
Wave gas cell inserted between the existing collision 
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Figure 5. Schematic diagram of the principle of 
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Figure 10. Schematic diagram of the experimental 
system.

Pusher Detector

DetectorPusher

A pulse of ions is released from
the first collision cell

The pulse separates in time in
proportion to the square root of
the ions m/z
The velocity of the T-wave in the 2nd
cell is set the same as that of the ions
arriving at its entrance.  Different mass
ranges are collected in different
travelling wells.

The oa
extraction field
is timed for the
ion packet
arrival with the
delay increasing
with increasing
well number

Low MassHigh Mass

HexapoleCell 1 Cell 2

Figure 11. Schematic diagram of the principle of 
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Figure 15. Oscilloscope traces showing the 
timings used.

Figure 6. (a) Profile of an ion packet, (b) mass range sampled at a short pusher delay, (c) mass range sampled at a 
short pusher delay and (d) mass range in the whole packet.

cell and the transfer optics. The principle of operation 
is shown schematically in figure 11.

Ions are accumulated in the first collision cell and 
released in a pulse. They travel through the hexapole 
ion guide where they separate according to their 
m/z values. On arrival at the second travelling wave 
collision cell they are collected in a series of wells in 
the travelling wave such that each well contains ions 
with a restricted range of m/z values. The ions from 
each well are released in turn, and the orthogonal 
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Figure 7. Relationship between ion time of flight and 
root m/z.

Figure 9. Theoretical and measured duty cycles 
obtained at a pusher delay optimized for m/z 685.
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Figure 8. Theoretical and measured duty cycles 
obtained at a pusher delay optimized for m/z 240.

energy and is therefore independent of the ion 
m/z. This is a particularly favorable result as it is 
a characteristic of oa-ToF analysers that all ions 
irrespective of their m/z need to be injected into the 
oa region with the same axial energy. Therefore all 
that is now required is to accelerate the ions through 
a constant potential difference to give them the 
required axial energy for the oa-ToF.

The ion distribution in each travelling well may be 
modeled using a Monte Carlo simulation, which also 
allows an initial spatial, and energy distribution to 
be incorporated. The arrival time at the entrance of 
the second gas cell for a given ion of mass to charge 
ratio m/z is

where δd is a starting point set randomly between 
0 and 6mm and δE is an initial energy set randomly 
between set limits. The flight times of 1000 ions 
at m/z from 100 Da to 2000 Da in steps of 10 
Da were calculated and compiled into histograms. 
The histogram data was then processed to give 
the number density of the ions in each well. A set 
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Figure 14. Profile of ions leaving the second gas cell as a function of delay time (a) and the mass range contained 
in various wells (b,c&d).
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Figure 13. Monte-Carlo simulation results with mass 
range sampled by the oa-ToF analyser.

Figure 12. Monte-Carlo simulation results.

0

20

40

60

80

100

0 500 1000 1500
m/z

D
ut

y 
C

yc
le

 (%
)

actual
theory

Figure 16. Duty cycle enhancement achieved as a 
function of m/z.

where w is the width of the aperture in front of the 
MCP array. Three such windows are shown in figure 
13 for wells 7, 8 and 9.

Figure 14(a) shows a profile of the ions exiting 
the second gas cell as a function of time from their 
release from the first gas cell. The sample was again 
the daughter ions of Glu Fibrinopeptide B but the 
concentration was reduced to 10 fm/µl. The delay 
was increased in 2 µs steps every 10 scans. Figures 
14(b) to (d) show the mass range held in three sample 
wells. From the timing in figure 14(a) the ideal time 
for the oa field to be initiated may be determined. 

The PLD was then reprogrammed to activate the pusher 
at these times. The applied waveforms, measured using 
an oscilloscope, are presented in figure 15. 

Using these empirically derived delay times the duty 
cycle across the mass range has been measured and 
is shown in figure 16. This preliminary data now 
shows an increase in the duty cycle across the whole 
of the mass range for which measurements were 
recorded. However the increase in duty cycle shows 
some periodicity, which may have been expected 
from the Monte Carlo simulation shown in figure 13.

CONCLUSIONS

• The duty cycle may be increased over a 
limited mass range by using a T-Wave device 
synchronized with the oa-ToF pusher.

• A further refinement utilizing a second T-Wave 
device allows the duty cycle to be enhanced over 
a much larger mass range. 
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