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Abstract 
Enhancing the sensitivity of low abundance ions in a complex mixture without sacrificing 

experiment throughput is highly desirable. This work demonstrates a way to greatly improve the 

sensitivity of ion mobility (IM) selected ions by accumulating them in an array of high-capacity ion traps 

located inside a novel structures for lossless ion manipulations ion mobility spectrometer (SLIM-IMS) 

module. The array of ion traps used in this work consisted of seven independently controllable traps. Each 

trap was 386 mm long and possessed a charge capacity of ~4.5×108 charges, with a linear range extending 

to ~2.5×108 charges. Each ion trap could be used to extract a peak (or ions over a mobility range) from an 

ion mobility separation based on arrival time. Ions could be stored without losses for long times (>100 s) 

and then released all at once or one trap at a time. It was possible to accumulate large ion populations by 

extracting and storing ions over repeated IM separations. Enrichment of up to seven individual ion 

distributions could be performed using the seven independently controllable ion traps. Additionally, the 

ion trapping process effectively compressed ion populations into narrow peaks, which provides a greatly 

improved basis for subsequent ion manipulations. The array of high charge-capacity ion traps provides a 

flexible addition to SLIM and a powerful tool for IMS-MS applications requiring high sensitivity. 

Keywords: charge capacity, enrichment, high resolution, ion mobility spectrometry, ion trap, mass 

spectrometry, SLIM, traveling waves 
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Introduction 
Ion mobility spectrometry-mass spectrometry (IMS-MS) has been integral in the analyses of 

complex biological samples largely because of its sensitivity and speed compared to other analytical 

methods. In IMS-MS, ions of the same mass-to-charge ratio (m/z) but different structures can be separated 

through collisions with a neutral buffer gas under the influence of an electric field.1 Common ion 

mobility-based approaches are field asymmetric ion mobility (FAIMS)2, trapped ion mobility 

spectrometry (TIMS)3, traveling wave ion mobility spectrometry (TWIMS)4, and drift tube ion mobility 

spectrometry (DTIMS).1, 5, 6 The ion-neutral collision cross sections (CCS) can be calculated directly from 

the ions’ arrival time distribution (ATD) using DTIMS or indirectly through a calibration procedure (e.g., 

TIMS and TWIMS). In early DTIMS designs, ion gates such as the Tyndall 6 or Bradbury-Nielson 

design7 were used to pulse ions from a continuous source, such as electrospray ionization (ESI), into the 

drift region. This pulsed ion introduction approach reduced ion utilization efficiency (percentage of ions 

that are utilized in the measurement) and overall sensitivity due to ions lost while the gate was closed.8 

When complex biological samples are of interest the reduction in sensitivity can be compounded by ion 

suppression and competition effects.9 The impact of ion suppression can be minimized by dilution or 

reducing sample complexity by using, e.g., liquid chromatography (LC).9 With little instrument 

modification multiplexed approaches such as Hadamard and Fourier transform IMS have been 

implemented to improve the utilization efficiency of gated continuous source ions.11-13 More generally, to 

improve ion utilization efficiency, storage devices such as multipole ion traps and the electrodynamic ion 

funnel trap (IFT) have been used to collect and store source ions.8, 14-18 Ion storage devices also had the 

benefit of improving the signal-to-noise (S/N) of the IMS-MS measurements because larger ion 

populations could be pulsed from the storage device into the IMS.8, 15, 17 For example, Hoaglund and co-

workers reported S/N improvements by factors of 10 – 30 and duty cycles of nearly 100 % when ions 

were stored before separation.15 Clowers and coworkers reported improved signal intensities by up to a 

factor of 7 and duty cycles >50 % when ions were stored in an IFT.8 Although storing source ions 

increased ion utilization efficiency and sensitivity, ions inside the storage device could be lost due to the 

mass discrimination effects of excessive space charge.18-20 Space charge can affect lower m/z ions by 

changing the secular motion 19 which is observed as a reduction of the boundary q value.20 To reduce 

spectral complexity and increase the sensitivity of low abundance species, ions were isolated and 

accumulated over extended times in a quadrupole ion trap.15 Similarly, FAIMS has been used to select 

ions for accumulation in an ion trap,21 which increased the utility of the trap. However, ions that are not 

selected for accumulation are effectively lost in these approaches. 
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Ion traps have also been used after an ion mobility separation for ion dissociation.22-27 For 

example, mobility-selected ions have been subjected to collision-induced dissociation (CID) in linear ion 

traps 22, 24 and structures for lossless ion manipulations (SLIM).25 Mobility-selected ions stored in traps 

have also been subjected to electron transfer dissociation (ETD) 23 and ultraviolet photon dissociation 

(UVPD).22-24 In these examples, storage, enrichment and activation of mobility-selected ions have the 

drawback that it interferes with the separation of other ions because they must traverse ion optics 

sequentially. An exception to the above are SLIM traveling wave (TW) based mobility separations that 

can simultaneously separate and store mobility-selected ions.25, 28 When the conditions are fixed SLIM 

devices can also achieve considerably higher resolutions than traditional DTIMS because ions are 

separated over a much longer path length.29 Because TW voltages are low and turns that can be 

implemented without significant loss of ions are feasible, long serpentine paths can be used with SLIM to 

achieve ultrahigh resolution separations.10, 30-36 Such serpentine paths have also been stacked to create 

longer physical separation paths (>40 meters).35 Additionally, the multi-pass operation of the serpentine 

path provided effective path lengths that are only limited by the ion lapping phenomenon.10 

The flexibility of electrodes laid out on a SLIM surface makes it feasible to seamlessly integrate 

ion manipulations such as mobility selection and storage of ions in conjunction with a mobility 

separation. In 2018 we presented a SLIM array of ion traps that could store mobility-selected ions.28 The 

array consisted of thirty-two SLIM-based TW ion traps that were each 25.4 mm long and located near the 

end of a separation path. Each trap of the array was controlled simultaneously, to trap, store, and release 

ions. Subsequently, Rizzo and coworkers demonstrated similar SLIM-based ion traps that were used in a 

tandem IMS workflow to store and dissociate mobility-selected precursor ions.25 Because SLIM-based 

ion traps can store mobility-selected ions without disrupting separations, low-abundant ions can be 

enriched by collecting them multiple times while other ions continue to separate. The accumulated ions 

are then sent to the mass analyzer for detection and providing broad coverage of the other sample 

components. 

In this work, we present a new incarnation of the SLIM array of ion traps where each trap of the 

array is independently controlled for a better performance. The array of traps was integrated into the last 

level of a multilevel SLIM module.35 The multilevel SLIM was used because of its high separation quality 

(compared to a single level SLIM) and optimized ion utilization because ions not selected for trapping 

will be detected by the mass spectrometer. The trap lengths were also increased from 25.4 mm to 386 mm 

to increase the charge capacity of the traps and provide a basis for repeated analysis steps or more 

complex manipulations. We present the charge capacity and performance metrics of the array of traps. 

We then illustrate how each ion trap can be independently controlled and showcase improved sensitivity 
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when different mobility-selected ions were accumulated in different traps over multiple collection events. 

Finally, we discuss the potential utility of the traps for subsequent measurements and applications. 

Experimental Setup 

Instrumentation and Measurements 

Experiments were performed on a 3-level SLIM module integrated with an Agilent 6230B time-

of-flight mass spectrometer (ToF-MS) (Figure 1).35 The first 2 levels were used for mobility separation 

while the 3rd level contained an array of seven independently-controlled ion traps and a bypass. A more 

detailed diagram of the boards’ layout is provided in the Supporting Information (Figure S1). Each trap 

was 386 mm long and, similar to the rest of the SLIM levels, had an electrode arrangement of 6 RF 

electrodes interleaved with 5 traveling wave electrodes. SLIM was operated using helium as a buffer gas 

at a pressure of 3.5 torr. A more detailed description of the experimental setup is provided in the 

Supporting Information. 

The SLIM Array of Ion Traps 

Each ion trap of the array was independently controlled by a state-timing sequence (STS). An 

example of an STS is presented with a simplified SLIM array of traps experiment diagram in Figures S2A 

and S2B, respectively. In this work, a typical experimental sequence consisted of four major steps: (1) ion 

injection, (2) TW-based mobility separation, (3) mobility-selected ion trapping, and (4) MS readout. To 

illustrate, the experiment STS diagram in Figure S2A shows six traces that together portray the potentials 

applied to a single ion trap that accumulates a population of the same ions from three separation and 

collection events. In this example, the stored ions are released after three collection events near the end of 

the third separation. The top black trace represents the injection of ions by the lowering of the CL 

potential in the high-pressure ion funnel. Separation was performed by first lowering the separation TW 

amplitude (TWs to 0-5 Vpp) for a selected pre-separation time (Figure 1A) and then raising the TWs 

amplitude (to 20-25Vpp) to start the mobility separation. Lowering the TW amplitude during the pre-

separation allows incoming ions to accumulate inside the 2.5 m region of the first level; note that ions 

travel slowly through the SLIM when TWs possess low amplitudes. Ion separation occurs during the 

period when the green trace is high. When an ion population reaches an intersection with one of the traps 

(horizontal cyan-colored paths in the region marked TWT, Figure 2B), the ions can either be directed into 

the trap or sent through the bypass by controlling the states of the blocking electrodes (S1-yellow trace, 

S2-red trace) with a solid-state switch.37 For clarity, only the blocking electrode regions of the first trap 

are labeled in Figure S2B. When the state of a blocking electrode voltage is high, a static DC voltage is 

applied to those electrodes. When the state is low, a TW is applied. As an example, the states of the 
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blocking electrode regions denoted by S1 and S2 are low and high, respectively. In this configuration, 

ions will not be directed to the trap because of the static DC voltage applied to S2. Instead, ions will 

continue down along the left-hand vertical path and exit through the bypass. Alternatively, when the 

states of blocking electrode regions are reversed (S1 = high, S2 = low), ions are unable to continue along 

the green separation path because of the static DC voltage applied to S1. Instead, ions will be directed into 

a trap. For each separation, the duration that S1 is high and S2 is low defines the time ions are moving 

into the trap (i.e., the trap collection time). After mobility-selected ions have been collected, the states of 

S1 and S2 return to their default values. Ions inside a trap are confined between the blocking electrode 

regions S2 and S3 (magenta trace) by a static DC barrier applied to both sets of electrodes. The duration 

between the end of ion collection and subsequent release is defined as the storage time. Ions are released 

from a trap when the state of the S3 blocking region is low and the trap TWT (cyan trace) is high. The 

release time is defined as the duration S3 is in the low state. During ion release, the TWT amplitude 

increases to match that of the separation TW. This causes ions inside the trap to move to the vertical 

separation path on the right side and towards the exit. Ion storage times can be lengthened to allow for 

multiple collection events. For example, the storage time for the mobility-selected ion in Figure S2A is 

three times longer than a single separation because three collection events were performed before the 

accumulated ions were released from the trap. It is also possible to release stored ions during the same 

separation from which they were collected; however, ions are typically held over many separations to 

accumulate larger populations. 

In this work, the STSs were generated using a custom-made desktop application. The state 

sequences were downloaded to a microcontroller, which executed changes to the array of trap switches 

and TWs based on the injection pulse (black trace) that signals to the microcontroller at the start of an 

experiment. In all cases, the separation and bypass paths possessed the same TW conditions (i.e., speed 

and amplitude). During the release, TWT also possessed the same TW conditions as the separation and 

bypass paths. Except where noted, the amplitude of TWT during collection and storage was 0 V. 

Results and Discussion 

Charge Capacity of a Trap 

A Faraday charge detector was installed behind the segmented quadrupole (see Figure 1) and 

used to characterize the charge capacity of a single SLIM trap. Since each trap in the array is identical in 

design, we expected uniform performance for all traps. Singly charged leucine enkephalin ions were 

injected into the SLIM and then moved through the first and second levels under separation conditions 

before reaching the array of traps level. When the ion distributions reached the front of trap 7 (see Figure 
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S1C for trap designations), they were collected (S1 high, S2 low, S3 high) for a duration of 200 ms, 

stored (S1 low, S2, and S3 high) for 500 ms, and then released (S1 low, S2 high, S3 low). In this 

experiment, the collection and storage times were fixed; however, the amount of charge in the trap was 

varied by adjusting the ion injection time (see Figure S2A). For each injection event, ion currents were 

measured after ions were released from the trap. Control experiments were performed by sending 

mobility-separated ions through the bypass (i.e., without trapping). The amount of charge measured from 

the trap and bypass for each injection duration is plotted in Figure 2A. For each injection duration, the 

current peak area for the released ions was used to calculate the number of charges that were stored in the 

trap. The linear range of the trap extends to an injection duration of ~750 ms corresponding to a ‘linear 

trap capacity' of ~2.5×108 charges; above this amount, the charge continued to slowly increase, and the 

maximum observed (~4.5×108 charges) compares well to a previously published value of 1.15×106 

charges per mm in a SLIM device.38 The trapping efficiency for up to 4.0×108 charges is shown in Figure 

2B. Trap efficiency is defined as the number of charges measured after trapping divided by the number of 

charges measured after ions traversed through the bypass. As can be seen, trapping efficiency was 

relatively consistent for <2.5×108 charges. However, there was a noticeable decline in trapping efficiency 

beyond this value. After ~4.0×108 charges, no more charges were detected even when injection time was 

increased. This data shows that the high-charge capacity traps had a linear charge capacity of up to 

~2.5×108. For context, the ion funnel trap (IFT) has a linear range extending to ~1.5×107, and an Orbitrap 

has a charge capacity of ~106 charges.8, 39  

Performance Metrics of the SLIM Array of Ion Traps 
The array of traps confines ions in the axial dimension by applying blocking voltages to the 

entrance and exit electrodes of a trap (electrode regions S2 and S3). Ions are confined in the lateral 

dimension by the DC guard electrodes, and orthogonally by RF pseudopotentials. In the current design, 

the same guard electrodes and applied voltages are used throughout the separation and trap regions that 

possessed the same DC voltage. Similarly, the blocking voltage selected to direct ions to the escalators in 

the separation region were the same as in the trap region (S1, S2, and S3). The following experiments 

were performed using the ToF mass spectrometer. 

We studied how storage time affects trapping efficiency using leucine enkephalin ions. In this 

study, the guard and blocking voltages were 10 V and 102 V, respectively, which were optimum for ion 

mobility separation and ion escalator operation. Ions were collected from one separation cycle using trap 

7 and stored for durations ranging from 5 – 100 seconds. Before trapping ions for each different duration, 

they were sent through the bypass as a reference. The signal intensities for ions released from the trap and 

using the bypass are plotted in Figure 3A. Figure 3B shows the trap efficiency for each storage time, 
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calculated as the peak area of the ions released from the trap divided by the peak area of the ions sent 

through the bypass. These results indicate good efficiency (80-90%) for up to 100 seconds. Most 

importantly, any ion losses as a function of storage time were minimal. 

We then evaluated how trapping efficiency was affected when the guard and blocking voltages 

were varied independently. Leucine enkephalin ions were collected from one separation cycle and stored 

for 100 seconds. Figure S3A shows the trap efficiency (calculated as above) when the guard voltage was 

increased from 4 to 14 V while the blocking voltage was held at 102 V. The results showed that using a 

guard voltage of 10 to 12 V yielded the best trapping efficiency (~80%). Figure S3B shows the effect of 

blocking voltage on the trap efficiency when the guard voltage was held at 10 V. As can be seen, the 

blocking voltages that gave the highest trapping efficiency were between 82 and 92 V. However, it is 

noteworthy that using a blocking voltage of 102 V, which is the optimum voltage for the switches at the 

escalator regions, provided a trapping efficiency of ~73 %. The drop in efficiency due to higher voltage 

highlights the need to have independent control of the switches at the array of trap region to maximize 

efficiency. 

 Unlike the guard and blocking voltages, which are defined for the entire system, the TW in the 

trap and separation regions can be independently controlled. We evaluated the trap efficiency at different 

trap TWT amplitudes (0 – 32 Vpp) for singly-charged tetraoctylammonium cations stored for 2 and 10 

seconds (Figures S4A and S4B, respectively). The profiles for the 2 and 10-second plots were nearly 

identical. At higher TW amplitudes, the trap efficiency declined from 80 to 60 %. This decline is likely 

due to ‘pushing’ ions against the blocking voltage at the S3 blocking region at the end of the trap. Using 

lower TW amplitudes allow ions to spread throughout the entire trap volume. This data shows that using 

conditions that allow ions to spread easily through the trap volume will not only optimize ion trapping 

efficiency but will also maximize the effective ion trapping capacity. 

Independent Control of Each Trap of the Array 
The independent control of each trap of the SLIM array of ion traps level was first demonstrated 

by collecting mobiligrams of negatively charged Agilent tuning mixture ions (Figure 4) using a Faraday 

detector. Figure 4A shows a reference mobiligram where ions were mobility separated in the first two 

SLIM levels and then sent through the bypass of the array of traps level. ATDs were assigned numeric 

labels based on the order they were detected. The ATD peaks 1 through 9 correspond to the nine 

negatively charged Agilent tuning mixture ions of m/z 302, 602, 1034, 1334, 1634, 1934, 2234, 2534, and 

2834. The ability to control the ion traps independently was demonstrated by selecting two of these ions 

and storing them in separate traps. The ions that correspond to peak 4 (1334 m/z) were directed into trap 

7, and ions of peak 6 (1934 m/z) were directed into trap 6. All other ions were sent through the bypass. 
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Stored ions were released in the same order they were collected (Figure 4B) after the untrapped ions had 

cleared the bypass. Interestingly, when the stored ions were released, the peaks were narrower and had 

higher intensity than the corresponding peaks obtained without trapping. The narrow and more intense 

pulse of ions is an effect of ion bunching and has been observed in other trap experiments.15, 18, 40 In our 

system, an ion bunching effect is caused by the TW in the trap during ion storage. The low amplitude TW 

tends to build the ion population near the trap exit until the ion population space charge effect becomes 

sufficient to push back against the TW. This highlights the role of the trap TW amplitude; that it is not set 

so high as to lead to ion heating or loss from the trap. We note that if the TW amplitude is set too low and 

ions are also introduced too quickly (i.e., a high ion current), that excessive space charge can alternatively 

occur at the trap entrance, and lead to ion heating or loss.   

A similar demonstration of independent trap control is shown in Figure 4C where ion peaks 3 – 7 

were accumulated using different traps (traps 7, 6, 5, 4, and 3 respectively) and later released in the same 

order. However, in this experiment, the times between the release of ions from adjacent traps were 

intentionally different. The effect of the varied times used in this experiment, for example, caused the 

adjacent ion peaks 4 and 5 to arrive more closely to each other than adjacent ion peaks 6 and 7 when they 

were released. The ions released from the trap in Figures 4B and 4C were detected as narrow and well-

resolved peaks which also retained their relative intensities. This suggests that the ion traps could be used 

to compress broad peaks of low intensity, which may be otherwise difficult to quantify, into narrower 

peaks of higher intensity to improve quantification.  

We also found it is feasible to store different ions (e.g., multiple IMS peaks) in the same trap and 

later release them simultaneously. Figure S5 shows mobiligrams of negatively charged Agilent tuning 

mixture ions acquired using the Faraday detector. Figure S5A shows the reference mobiligram (i.e., ions 

sent through the bypass), and the cyan box indicates the mobility range selected to send to an ion trap. In 

this case, the selected mobility range encompassed at least two ion peaks (m/z 302 and 602) and a 

possible contaminant. These ions were collected, stored, and released from the same trap at 2.8 s (Figure 

S5B). Although it has not yet been demonstrated in a SLIM device, the array of ion traps could be 

implemented using a dual polarity SLIM configuration 41 to enable ion-ion reactions, such as charge-

reduction or dissociation.42 

Ions collected in different traps do not need to be released in the order they were collected. Figure 

S6A establishes a reference mobiligram for negatively charged Agilent tune mixture ions. Figure S6B 

demonstrates the accumulation of 1334, 1934, and 2534 m/z ions and their subsequent release in the same 

order. In Figure S6C ions were collected in the same order as above and released as 2534, 1334, and 1934 

m/z. Lastly, Figure S6D demonstrates the release of the ions stored in the three traps simultaneously. The 
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figure is zoomed in to show the ion peaks are nearly resolved. In this case, the separation primarily results 

from the exit path and the rear ion funnel. 

Accumulation of Ions from a Complex Mixture by Successive Collection Events 
In a complex mixture, some ion populations may be challenging to detect or study further (such 

as by MS/MS) among other highly abundant ions unless there is an initial selection or purification step. 

Quadrupole mass filters and ion traps, and FAIMS can be used to improve the sensitivity by filtering out 

other ions. However, the SLIM array of ion traps could be used to enrich the mobility-selected ions 

without removing or impacting the study of other ions from the sample. Here we demonstrate the 

accumulation of mobility-selected bovine serum albumin (BSA) tryptic digest ions over multiple 

separations. 

A 3D heat map of a single separation of BSA digest ions is shown in Figure 5A. The area bound 

by the gold box emphasizes a region containing ions of moderate abundance. To demonstrate the 

enrichment capability of the traps, all ions in this region were accumulated for 1 to 30 separations (i.e., 

using 1 to 30 collection events). For this study, we focus the discussion on the enrichment of the 653 and 

752 m/z ions (Figure 5A, circled gold). The improved sensitivities for these ions after they were 

accumulated are evident in Figure S7A as the enrichment ratio (the ion peak area after enrichment for n-

collection events divided by the peak area of the ion from one collection event). Ion peak areas should 

increase linearly with the number of collection events assuming the ion source is stable and there is no ion 

loss; however, the accumulation of these ions plateaued after 10 collection events yielding a maximum 

enrichment ratio of approximately 10.  

From the isotopic peak distributions, it is evident that the 653 and 752 m/z ions were doubly 

charged. The lower-than-anticipated enrichment ratios observed for these ions may have in part been due 

to charge reduction (e.g., proton transfer) due to reactions during ion storage arising from, for example, 

gas phase impurities or (less likely) ion activation.43, 44 After 10 collection events, the peak areas of these 

doubly charged ions plateaued, and the region of the 3D heat map where stored ions were released 

became sensitive to the formation of new higher m/z ions. The signals of these higher m/z ions from the 

trap increased with the number of collection events and were most prominent after 30 events. Of the 

observed higher m/z ions, we note the formation of the singly charged 1305 and 1503 m/z ions (circled 

gold in Figure 5B) correspond to a proton loss by the 653 and 752 m/z ions, respectively. Figure S7B 

shows the areas of the 1305 and 653 m/z ions and their summed values. Initially, the summed area was 

predominantly formed by the 653 m/z ions. After 10 collection events, the area of the 653 m/z ions no 

longer increased; however, the 1305 m/z peak area continued to grow. Similarly, Figure S7C shows the 

formation of the 1503 m/z ions from the proton loss by the 752 m/z ions. When the areas of the charge-
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reduced ions were included in the comparisons (Figure S7D) the peptide ions having initial mass-to-

charge ratios of 653 and 752 m/z reached enrichment ratios of 25 and 20 following 30 collection events, 

respectively. This result indicates that charge reduction does not adversely affect the enrichment of the 

analyte; however, future work to assure the purity of the gas phase environment is needed to better 

mitigate the charge reduction during storage.  

Potential Applications 

In this work, we demonstrated a SLIM array of ion traps that can accumulate and enrich mobility-

selected ions while simultaneously making IMS measurements of ions not selected for storage. The 

capabilities of these traps provide the basis and flexibility for more complex ion manipulations. The 

parallel operation of SLIM traps is not only useful for the enrichment of low abundant ions but could in 

conjunction with its spatial ion compression properties be used to facilitate post-IMS ion manipulations 

(e.g., CID and UVPD). For example, A SLIM ion trap could be used to accumulate different mobility-

selected precursor ions which could then be subjected to UVPD or CID without disrupting the separation 

of other ions. Similarly, two SLIM ion traps could be used to accumulate and store the same precursor ion 

from different separation events; the ions of one trap could then be subjected to CID, and ions in the 

second trap could be subjected to UVPD. Parallel activation of ions by multiple methods could improve 

the throughput of certain experiments. Storage and dissociation of enriched mobility selected ions could 

also be implemented as a step in an IMSn workflow. Precursor ions of the same type could be enriched 

and stored in separate traps. These ions could then be subjected to activation by UVPD after which 

fragment ions in one of the traps could be immediately mass analyzed, and ions from the other trap could 

undergo additional IMS separation to glean structural information. Mobility-selected fragment ions from 

the additional separation step could be stored and subjected to additional activation and separation. This 

process could be repeated numerous times if the array of traps were implemented in a cyclic SLIM.10 

An important observation from this work is the utility of the ion accumulation and storage 

process that uses gentle traveling waves to essentially compress the accumulating or stored ion population 

(see Figures 4, S5, and S6). This compression yields higher intensity peaks that retain their relative 

intensities to other stored ion populations. This peak compression can effectively increase the 

detectability of ions, but more importantly, provide a basis for more efficient and subsequent use of select 

ion populations. For example, ion populations can be selected for storage in a trap to compress them into 

narrow and more intense peaks. These compressed ion populations can then be used for subsequent multi-

pass separations in which isomers of very similar mobility are resolved.34  
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Conclusions  
In this work, we presented a SLIM array of ion traps that was integrated with the multilevel 

SLIM.35 The traps have a linear capacity of 2.5×108 charges and high storage efficiency. Each trap of the 

array was controlled which allowed different ions to be collected and stored together or in separate traps. 

We demonstrated flexibility in the order and timings of their subsequent release. The independent control 

of each trap of the array was then used to accumulate mobility-selected ions through a process of 

successive collection events (from different separations). We observed ion peak areas to linearly increase 

with the number of collection events. We also observed that charge reduction plays a role when ions are 

kept in the trap for long times highlighting the need to control gas impurities. Additionally, we described 

potential applications of the SLIM array of ion traps in an IMSn workflow wherein mobility-selected ions 

stored together or in separate traps could be subjected to different forms of activation followed by 

additional separation. Finally, we note the utility of the effective ion peak compression that can be 

achieved by storage in the traps, and the important role of the (relatively low) TW amplitude in this 

region, as well as its potential utility not only for enhancing detection but also as a prelude to a 

subsequently targeted ultra-high-resolution IMS. 

Associated Content 

Supporting Information 
 A detailed experimental setup, a schematic layout of SLIM levels used in the current work, 
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BSA tryptic digest mobility-selected ions through the accumulation 
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Figure 1: A schematic diagram of the multilevel 
SLIM and the array of traps. The cyan arrows 
within the inset depict the path ions take through 
the levels. 
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Figure 2: (A) Leucine enkephalin charges measured 
through the bypass (control) and after they were 
stored for 500 ms. (B) A plot of the efficiencies 
calculated from (A) for a trap to store up to 4×108 
charges. 
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Figure 3: (A) Signal of leucine enkephalin ions 
through the bypass and storage durations from 5 to 
100 s. (B) The trap efficiency (ITrapped/IBypass). Guard 
voltage = 10 V, blocking voltage = 102 V, and TW 
= 0 V. 
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Figure 4: Mobiligrams (single unsummed) of negatively 
charged Agilent tune mix ions acquired with a Faraday 
detector. The peaks are labeled numerically in the order 
the ATDs were measured. (A) Reference (no trapping), 
(B) when peaks 4 and 6 from (A) were stored in the first 
and second trap nearest the bypass then released after the 
separation was complete, and (C) when peaks 3 – 7 from 
(A) were collected in the five traps nearest the bypass 
then released. (C) The time between the release of ions 
stored in adjacent traps was adjusted to affect the spacing 
between the pulses of released ions. 
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Figure 5: (A and B) 3D heat maps (unsummed) of a bovine serum albumin (BSA) digest. The 
gold rectangle encloses the mobility and mass range of digest peptide ions collected in trap 7 for 
up to 30 collection events. (A) The gold circles highlight the ions having the m/z of 653 and 752. 
(B) Release of stored ions after their accumulation over 30 collection events. The gold circles 
highlight the reduced charge state ions (1305 and 1503 m/z). The scales of A and B were truncated 
for figure clarity. The trap TW was set to 2 VPP for all collection events. 
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