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Abstract

We report on the development and characterization of a traveling wave (TW)-based Structures for
Lossless lon Manipulations (TW-SLIM) module for ion mobility separations (IMS). The TW-
SLIM module uses parallel arrays of rf electrodes on two closely spaced surfaces for ion
confinement, where the rf electrodes are separated by arrays of short electrodes, and using these
TWSs can be created to drive ion motion. In this initial work, TWs are created by the dynamic
application of dc potentials. The capabilities of the TW-SLIM module for efficient ion
confinement, lossless ion transport, and ion mobility separations at different rf and TW parameters
are reported. The TW-SLIM module is shown to transmit a wide mass range of ions (m/z 200-
2500) utilizing a confining rf waveform (~1 MHz and ~300 V) and low TW amplitudes (<20
V). Additionally, the short TW-SLIM module achieved resolutions comparable to existing
commercially available low pressure IMS platforms and an ion mobility peak capacity of ~32 for
TW speeds of <210 m/s. TW-SLIM performance was characterized over a wide range of rf and
TW parameters and demonstrated robust performance. The combined attributes of the flexible
design and low voltage requirements for the TW-SLIM module provide a basis for devices
capable of much higher resolution and more complex ion manipulations.
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lon mobility separations in conjunction with mass spectrometry (IMS-MS) provides a
versatile tool for analytical separations, characterization, and detection.1=® IMS can, e.g.,
separate structural isomers, resolve conformational features of macromolecules, and
augment MS in a broad range of metabolomics, glycomics, and proteomics
applications.1.6-11

There is an increasing number of IMS formats used for chemical and biochemical analyses,
including constant field drift tube ion mobility spectrometry (DTIMS),12 high-field
asymmetric ion mobility spectrometry (FAIMS),13 differential mobility analysis (DMA),14
and traveling wave ion mobility spectrometry (TWIMS).6 DTIMS typically uses weak
electric fields to separate ions according to their collision cross sections with an inert buffer
gas. lons having larger collision cross sections (i.e., low mobility) arrive at the detector after
ions of smaller collision cross section.3 Practical constraints on temperature, voltages, and
size limit the resolving power achieved by DTIMS.12:15-18 Alternatively, traveling wave
approaches based upon, e.g., the transient application of dc potentials, such as used in the
present work, can eliminate the need for increasingly higher voltages as the drift length
increases.”19 While a traditional drift tube uses a fixed voltage drop over the length of the
drift tube, a TW approach uses the application of transient and dynamic fields to drive ion
motion in the direction of the wave motion.6:7:19.21-23 The key variables affecting ion
motion in TWIMS are the TW amplitude, the TW velocity, and the operating pressure (as
well as temperature).2:6:1924 The ability of ions to “keep up” with a TW depends on their
mobilities;8:2% higher mobility ions tend to move more closely to the TW speed (and stack
up at the wavefront without separation in “traveling traps”, sometimes referred to as “ion
surfing™), whereas lower mobility ions tend to slip behind the TW (i.e., be passed by waves)
more often.20:21 Jons with speeds lower than the TW have longer drift times and are
dispersed to different degrees, thus achieving ion mobility separations.®20 TWIMS, like
conventional DTIMS, can be applied to separate essentially any charged particles, including
peptides, proteins, lipids, glycans, etc.2:6:7.26-28 By applying a confining rf field in addition
to TW potential, ions can be efficiently transported as they separate. However, present
commercially available TWIMS have limited separation power due to practical limitations
on size and complexity of the electrode structures, providing resolutions inadequate for
many potential applications, a challenge that is general to IMS, particularly where high
sensitivity is also desired.?2> A recent attempt to increase the resolution achievable with
TWIMS has involved the construction of a cyclic ion path device where the total path can be
increased by multiple passes through the cyclic path.2%:39 Although promising, this approach
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ultimately limits the separable range of mobilities; as the number of cycles increases, the
fastest ions start to approach the tail of the slowest, while the ion packet width also increases
(due to diffusional broadening), limiting the range of ion mobilities that can be cycled
simultaneously.

Recently our laboratory introduced Structures for Lossless lon Manipulations (SLIM),31-34
where initial designs utilized two planar surfaces having arrays of dc “guard” electrodes to
confine ions laterally in conjunction with rf and dc potentials applied to arrays of “rung”
electrodes (located between the guard electrodes) to confine ions between the two
surfaces,31:32 and initially implemented utilizing printed circuit boards (PCBs). PCB-based
SLIM can be rapidly fabricated at low cost and alternative arrangements rapidly
prototyped.3435 A SLIM drift IMS module was implemented using a static dc voltage
gradient coapplied with the rf to the rung electrodes and provided good performance, along
with ancillary capabilities such as the ability to select, trap, and accumulate selected species
after separation.3:36 Other ion manipulations demonstrated in SLIM include lossless ion
transmission over a wide m/z range,32:34 efficient trapping for as long as 5 h, accumulation
with near 100% efficiency,3° execution of 90° turns, and switching to alternative paths.31:33
Although drift IMS has been demonstrated using SLIM, the high voltage constraints limit
the drift path lengths that are practical and thus the achievable IMS resolution,29.33:34.37

Here we describe a new platform combining the SLIM advantages of flexible design and
low voltage requirements for traveling wave IMS. In contrast to current commercial
TWIMS, rf and TW potentials are independently applied to different sets of electrodes,
simplifying the electronics. The performance of this initial short TW-SLIM module has been
evaluated for a wide range of the parameters that affect the ion transmission, ion mobility
resolution, and resolving power.

EXPERIMENTAL SECTION

Singly charged phosphazine ions from Agilent low concentration ESI tuning mix (Agilent,
Santa Clara, CA) were generated by a nanoelectrospray ionization source (3000 V) using
chemically etched emitters38 and infused utilizing a syringe pump (Chemyx, Stafford, TX)
with a flow rate of 300 nL/min. lons were introduced into the first stage of vacuum through
a stainless steel 500 um i.d. stainless steel capillary heated to 140 °C (Figure 1A). After
exiting the heated capillary ions were focused and stored for 10 ms in an ion funnel trap (1.3
MHz and ~160 V_p) at 3.95 Torr.353839 ons were released from the ion funnel trap by
lowering the voltage applied to the exit gate for 324 ps and then traversed a 2.5 cm long
convergent region of the ion funnel, a conductance limiting orifice (2.5 mm i.d.), and a 2 cm
long quadrupole (1.1 MHz and ~180 V), which directed ions into the TW-SLIM module
(4 Torr). A differential positive pressure of 50 mTorr between TW-SLIM and ion funnel trap
effectively prevents solvent and contaminants from entering the TW-SLIM module.34 lons
exit TW-SLIM into an 18 cm long “rear” ion funnel (830 kHz and ~350 Vp) having a 16.5
V/cm dc field which refocuses ions prior to a 2.5 cm long quadrupole (960 kHz and ~340
Vp-p) to an Agilent 6538 QTOF mass spectrometer with a 1.5 m flight tube (Agilent
Technologies, Santa Clara, CA). Data was recorded with a U1084A 8-bit ADC digitizer
(Keysight Technologies, Santa Rosa, CA) and processed using in-house developed software.

Anal Chem. Author manuscript; available in PMC 2016 February 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamid et al.

Page 4

The TW-SLIM module was fabricated using PCBs33-3% and consisted of a pair of parallel
PCBs (30.5 cm long x 7.6 cm wide) spaced by a gap of 4.75 mm for this work. Details of
the electrode design arrangement are shown in Figure 1B. The TW-SLIM used 5 arrays of
TW dc electrodes, separated from adjacent rf electrodes by 0.13 mm, with each electrode
having a length of 1.98 mm and width of 0.43 mm. The dc guard electrodes were 5.08 mm
wide (Supporting Information, Figure S-1). rf waveforms at 1 MHz, 180° out-of-phase for
adjacent electrodes, were applied to the six 30.5 cm long rf electrodes on each surface to
create a confining pseudopotential inhibiting loss of ions to the two surfaces. The TW dc
potentials were applied to a subset of each set of eight electrodes, while the other subset was
maintained at ground potential. In this work the TW was created by switching the dc on and
off cto individual electrodes of each eight electrode set, to create the TW (Figure 1C). The
TW sequence can be varied between 10000000 and 11111110, where 0 means applying 0 V,
while 1 means applying the traveling wave amplitude (e.g., 30 V) to the specified electrode.
For example, in a sequence of 11110000, 30 V was applied to electrodes 1-4 while a0 V
was applied to electrodes 5-8. In this work the applied voltages were stepped one electrode
at a time in the direction of ion motion (see Fig. 1C), such that in the next time step
electrodes 2-5 have 30 V applied, while electrodes 6-8 and 1 have 0 V applied, to create the
traveling wave.

lon currents were measured with a Keithley 6485 picoammeter (Keithley Instruments, Inc.,
Cleveland, OH) using a conductive probe positioned between the two parallel SLIM
surfaces.

RESULTS AND DISCUSSION

The TW-SLIM module ion transmission was initially evaluated using ion trajectory
simulations as well as total ion current measurements at several positions along the ion path.
To investigate and initially optimize separations in the TW-SLIM module we explored the
effects of TW speed, TW sequence, TW amplitude, guard bias, and rf confinement potential
upon ion mobility resolution.

lon Transmission through the TW-SLIM Module

Previously, we have utilized ion simulations to understand the ion motion in SLIM operating
with static dc fields to drive the ion motion.31:32 |n this study, ion trajectory simulations
were performed using SIMION 8.1 (Scientific Instrument Services Inc., Ringoes, NJ) in
which TW-SLIM geometries, designed using Eagle CAD software (Pembroke Pines, FL),
were imported. A Statistical Diffusion Simulation (SDS) collision model was used to model
ion motion at 4 Torr.31 A detailed theoretical study and modeling of SLIM traveling wave
ion motion and separations will be reported elsewhere.#0 Simulations utilizing a SLIM with
6 rf electrodes and 5 interspersed dc electrodes are shown in Figure 2A. Figure 2A (Top)
shows the ion trajectory viewed from above (i.e., perpendicular to) the SLIM surfaces. A
view between the surfaces (Figure 2A, bottom) shows the trajectories of two ions (out of
1000 ions used) where the periodic looping nature seen in the trajectory occurs due to the
ions falling back over the TW, and the consequent velocity reversal is evident. Although a
splitting of the ions into two ion populations is evident (centered ~1 mm from each electrode
surface as illustrated in Figure 2A, bottom), this splitting had no observable effect on
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achieved resolution, either by experiment or simulations, but a more detailed study of the
effects of this phenomenon will be the subject of future work.40 lon trajectory simulations
were performed to evaluate ion confinement and ion transmission. SIMION was used to
calculate the effects of rf and TW potentials on ions in the TW-SLIM. The illustrated
simulations were performed utilizing a TW speed of 84 m/s, a TW amplitude of 30 V, and
15 V applied to the guard electrodes. A nVz range of 50-3500 was simulated with 250 singly
charged particles per ionic species and space charge effects neglected. The simulations
suggest lossless ion transmission between m/z 200 and 2500 (Figure 2B). The lower m/z cut-
off at m/z 200 is rather sharp, whereas the high m/z cutoff is comparatively broad.*! The m/z
range can be adjusted by changing the rf frequency and amplitude parameters, as with rf
multipole devices.*2

The TW-SLIM ion transmission from ESI of the Agilent tuning mix (118-2722 Da) was
evaluated using the total ion current directly measured as a function of position along the ion
path using the same TW parameters as the simulations. Three sets of measurements were
conducted by positioning the probe at 1, 16, and 29 cm from the entrance of the TW-SLIM
module where the measured ion currents were 140.1 + 1.3, 143.9 £ 12.6, and 139.7 £ 7.0
pA, respectively, indicating essentially lossless ion transmission through the TW-SLIM
module, as predicted by ion simulations (Figure 2B).

Characterization of IMS Performance for the TW-SLIM Module

Previous theoretical studies indicated that the ratio of peak ion velocity (vinax) to TW speed
(s) has a significant impact on the resolving power of TW IMS separations. The ratio (c) can
be calculated using eq 1:20

_ ,UIllélX _ KEIIIELX

c= = ()

S S

Here K is ion mobility constant (at 4 Torr pressure p in this work) and Ep,, is the applied
electric field at the traveling wavefront.

In the case of symmetric TWs (e.g., 30 V applied to 4 consecutive electrodes and 0 V
applied to the other 4 electrodes), the steepest average electric field experienced by ions can
be estimated as ~35 V/cm (30 V over ~8.5 mm distance). The ion drift velocity for m/z 622
ion is ~78 m/s (vmax = KEmax) at a distance of ~1 mm from the surfaces. Therefore, a TW
speed of 78 m/s would give a value of ¢ = 1. To study the effect of c on the performance of
TW device, the resolving power was calculated using eq 2:4344

t
lvi =—
resolving power=—- %)

where t represents the arrival time measured at the middle of the peak while At is the full

width at half-maximum (fwhm). It is worth noting that the resolving power of TWIMS is not
equivalent to that for DTIMS and does not effectively describe the resolution achievable for
a specific TWIMS application. Figure 3A shows the effects of variation of the TW speed (or
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the ratio “c”) on the observed resolving power for m/z622. Atc > 1 (i.e., a TW speed <78
m/s for m/z 622), the ions are expected to be confined to “traveling traps” as their mobilities
allow them to “keep up” with the wave speed. Thus, the peak widths are smaller as the
effects due to diffusion are effectively constrained but no mobility based separation takes
place. At ¢ < 1, where the speed of the TW is greater than that of the lower mobility species,
ions begin to separate. We note that a maximum resolving power of 27.0 £ 0.1 was achieved
for m/z622 upon applying a TW speed of 125 m/s. As the c decreases further, the effective
time for which ion experience the driving TW field progressively decreases as it quickly
travels past the ions. Thus, the net ion motion in the direction of the wave is reduced and a
significant portion of the decreased resolving power can be attributed to ion diffusion over
the longer drift period.44

Thus, while resolving power gives information about a single peak, it can be misleading as
to the quality of separations achievable. The resolution obtained for specified species
provides a more useful measure of separation performance and is used here. For instance,
although the highest resolving power of 30.6 + 0.8 was achieved for m/z 622 upon applying
a TW speed of 21 m/s, only very low resolution was achieved (Supporting Information,
Figure S-2). The resolution of m/z 622 and 922 ions (Rg22_g27) Was calculated using eq 3:

2(toza—t622)

R . =
0227927 Ntggn+Atas

Here tg» and tgoo represent the arrival times of m/z 922 and 622 ions while Atgy, and Atgo)
are the fwhm of the m/z 922 and 622 peaks, respectively. Figure 3B shows the impact of TW
speed on the measured resolution. For higher ¢ (c > 1) at slower TW speeds (2-52 m/s) ions
can move faster than the TW, and no useful IMS separations are achieved (Supporting
Information, Figure S-3A).20 Significantly improved resolution was observed as the TW
speed increased from 53 to 63 m/s, ¢ ~ 1, where ions are traveling with mean velocities
comparable to the wave velocity sbut occasionally fall backward over the tops of the
waves.20 Upon further increasing the TW speed, an increase in resolution was observed as
the measured separation of the arrival times of m/z 622 and 922 ions increased without a
significant increase in fwhm (Supporting Information: Figure S-3A-3B), where the higher
mobility ion (mVz 622) is passed fewer times by the TW compared to the mVz 922 ion.19:20 A
plateau was observed in the measured resolution upon varying the TW speed from 63 to 111
m/s, implying that reasonably high IMS resolution can be achieved over a broad range of
TW speeds and that good separations can be achieved for a wide range of mobilities. The
separation between m/z 622 and 922 ions increases linearly with TW speed, with no further
increase in resolution. The relatively longer separation times resulted in an increase in fwhm
due to factors that appear to be primarily diffusion (Supporting Information, Figure S-3B).
The maximum resolution of 9.8 £ 0.1 was achieved at a TW speed of 84 m/s. Upon further
increasing the TW speed from 116 to 210 m/s, the resolution decreased somewhat to 8.0 +
0.1 at 210 m/s, consistent with previous studies using conventional TW designs which
suggested lower resolution upon approaching the low c limit where ions oscillate with only
slight axial displacement as waves pass, reducing the overall separation achieved.20:21
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While resolution gives information on the separation between two charged species, broader
metrics of performance evaluation are useful for TWIMS. The separation peak capacity, the
number of peaks that can be separated within a separation window, is a useful metric for
performance. Peak capacity is a dimensionless measure of overall resolution; a measure of
the range over which features are separated divided by the peak width associated with the
selected species,1845-47 and can be calculated using eq 4:18:46

to120—tg22
(At) 4

average

peak capacity=

In the present study, the peak capacity is estimated by dividing the separation range (122 —
tgo0) Where to122 and tgpo represent the arrival times of m/z 2122 and 622 ions, respectively,
by (At)average Which is the average fwhm of m/z 622, 922, 1222, 1522, 1822, and 2122 ions.
We note that since the lower myz species were excluded (n/z 322 moved with the TW and
not separated from any other species), this somewhat underestimates the actual peak
capacity. Figure 3C shows the impact of the TW speed on the measured peak capacity. The
maximum peak capacity of 31.8 + 1.0 was achieved at a TW speed of 59 m/s, while the
maximum resolution which was obtained at 84 m/s (Figure 3B). Higher m/zions are better
separated at lower TW speeds than lower myzions, shifting the maximum measured peak
capacity to lower TW speeds (Supporting Information, Figure S-3C).

As the overall throughput of applications is important, another attractive universal measure
is the peak generation rate, which we define here as the ratio of the peak capacity to the full
separation time (i.e., the rate at which peaks can be generated across multiple separations).
Assuming separations can be staged to effectively eliminate any gap between subsequent
separations, the peak generation rate can be obtained using eq 5:48

eak capacit
peak generation rate= beax capacity
ta122—tg22

We have estimated the peak generation rate as a function of the TW speed from 2.1 to 210
m/s. At 59 m/s, the measured peak generation rate was 874 + 36 s~1. This peak generation
rate is approximately 3 orders of magnitude greater than those in condensed phases (e.g.,
liquid chromatography with peak generation rates of ~0.1-1.2 s™1) due to the greater
maximum speeds of gas-phase ions.45:46.48-51

Since the TW speed affects both resolution (Rgp2—g22) and peak capacity similarly, we used
the resolution (Rg22_g22) Of the most abundant m/z 622 and 922 ions to evaluate TWIMS. As
discussed above, the maximum resolution was achieved at a TW speed of 84 m/s. Therefore,
we evaluated other parameters that may affect the separation parameters at a TW speed of
84 m/s, including TW sequence, TW amplitude, guard bias, and rf amplitude.

lon mobility separations change as a function of the TW sequence due to the distribution of
the applied voltages in a repeating pattern to each set of eight electrodes, as shown in Figure
4A. The optimal TW sequence was determined in this work based on the resolution
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(Re22—922); symmetric and near-symmetric TWs (11000000-11111100) resulted in optimum
resolution of 9.6 + 0.2, as displayed in Figure 4B, while a relatively low resolution of 6.6 £
0.1 was observed utilizing 10000000 or 11111110 TW sequences and can be attributed to
the relatively longer field free periods between waves (and reduced overall motion of ions).
These sequences also result in slower separations and more significant ion diffusion, leading
to wider peaks.

Using a symmetric TW at 84 m/s, the TW amplitude was varied between 15 and 60 V
(lower ion intensities were observed at <15 V and >60 V). Resolution was sensitive to the
TW amplitude; a TW amplitude of 30 V provided the optimum resolution of 9.8 + 0.3
(Figure 5A). In addition, the ion mobility resolution was measured as a function of the guard
bias, as shown in Figure 5B. The dc guard voltage is applied to effectively confine the ions
in the transverse direction32 and was varied between 7.5 and 50 V (signal decreased
significantly for guard bias <7.5 V or >50 V). lon intensities reported in Figure 5B were
normalized to that for the most intense m/z 622. While the guard bias has little effect on
resolution, the signal intensity was sensitive to changes in the guard bias. The ion losses at
extremely low guard biases can be attributed to the ineffective lateral ion confinement, while
at high guard biases ion losses can be ascribed to insufficient rf confinement as ions are
effectively pushed toward the electrode surfaces due to increased field penetration by the
guards.31:34 The resolution increased as the guard bias increased from 7.5 to 10 V and
plateaued at >10 V. The applied rf had no significant effect on resolution between 200 and
320 Vp.p (Supporting Information, Figure S-4). Electrical breakdown occurred at rf voltages
>320 Vp.p, and <200 Vo resulted in a high m/z cutoff (Supporting Information, Figure
S-5). The rf effective potential provides confinement of ion motion in the direction
orthogonal to the two TW-SLIM surfaces.31:32:34 The observed effects on the guard and rf
voltages are similar to those reported previously for other SLIM arrangements.32:34 Figure 6
shows a separation for the Agilent tuning mix ion species by TW-SLIM (30 cm) ata TW
speed of 84 m/s and a TW amplitude of 30 V, which we note are roughly comparable in
quality to both existing TWIMS and DTIMS having comparable or somewhat longer
separation paths, respectively.

CONCLUSIONS

Traveling waves can be used to conduct ion mobility separations in SLIM devices and can
achieve essentially lossless performance. The present TW-SLIM module utilized rf
confinement of ions between the SLIM surfaces, static dc potentials to prevent lateral losses,
and the application of transient potentials applied to separate electrodes to create TWs and
drive ion motion. The TW speed was optimized to maximize separation quality (a maximum
resolution for the m/z 622 and 922 peaks of 9.8 + 0.1 was achieved). Peak capacities and
peak generation rates were estimated to be 31.8 + 1.0 and 874 + 36 sL at a TW speed of 59
m/s, respectively. In addition to TW speed, the TW amplitude and TW sequence applied
have significant effects on the IMS resolution and resolving power. However, we find that rf
amplitude and guard bias have negligible effects on the separation parameters within the
range of optimal TW amplitudes, illustrating the robustness of TW-SLIM modules. Our
results are consistent with previous TWIMS reports from both theoretical and experimental
investigations.26.7.20.44
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On the basis of the combined attributes of the flexible design of SLIM and low voltage
requirements of TW ion mobility separations, TW-SLIM have a significant potential for
enabling extended ion separations and other ion manipulations for a wide range of
applications unattainable using present platforms. This work clearly suggests an effective
route for increasing the ion path length significantly without the need for higher voltages. In
addition, other TW-SLIM configurations are being evaluated to, e.g., assess the impact of
turns on IMS resolution, and will be reported elsewhere.*® The development of TW-SLIM
raises the possibility of achieving the elusive combination of ultrahigh IMS resolution in
conjunction with extremely high sensitivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Schematic diagram of the instrumental arrangement. (B) Illustration of a portion of the
30 cm long TW-SLIM module showing the rf, traveling wave, and guard electrodes on one
of the two PCB surfaces. The TW voltages are applied to subsets of eight electrodes

numbered 1 through 8 forming a traveling wave. The sequence is repeated for the length of

the module, on b

oth surfaces. (C) The application of a 11110000 sequence to electrodes 1-8

is shown with the first step in the sequence indicated by the dashed red line (see text).
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(A; Top) Simulated trajectories of a thousand ions for a traveling wave at 84 m/s; (Bottom)

A side view of two ions trajectories between the SLIM surfaces; (B) lon transmission
efficiency from simulation of ions between myz 200 and 2500.
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(A) Resolving power for m/z622; (B) resolution for the m/z 622 and 922 peaks; (C) peak
capacity as a function of TW speed for a TW amplitude of 30 V, a symmetric TW sequence
of 11110000, guard bias of 15 V, and rf amplitude (Vy.p) of 320 V.

Anal Chem. Author manuscript; available in PMC 2016 February 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hamid et al. Page 15

(A) ES N N N N B A AN T electrodes

30V

10000000

11000000

11100000

11110000

11111000

11111100

L 11111410

(B) 10.0
' == [

Resolution
3 ©
o o
T N

)
=}
!

o
1

TW sequence

Figure4.
Resolution measured at TW speed of 84 m/s as a function of (A), the various TW sequences

considered in the present study. The measured resolution for m/z 622 and 922 ions for the
various TW sequences (B) was obtained for a TW amplitude of 30 V, a guard bias of 15 V,
and rf amplitude (Vy.p) of 320 V.
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(A) Mass spectrum obtained using the TW-SLIM module. (B) Nested mass and mobility
display of the abundant ions analyzed by TW-SLIM module. (C) Arrival time distribution of
the ions present in the mixture analyzed by TW-SLIM module obtained at the optimum
conditions: traveling wave speed was set to 84 m/s using a symmetric square wave
(11110000), traveling wave amplitude was set to 30 V, guard bias was set to 15 V, and rf

amplitude (Vp.p) was set to 320 V.
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