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Abstract 

The design and performance of an ion trap storage-reflectron time-of-flight mass spectrometer (IT-RETOF MS) 
combination have been explored for detection of ions generated from both internal and external ionization sources. 
Ions were generated inside the trap using laser-induced resonance enhanced multiphoton ionization at 266 nm, while 
ions were generated external to the trap using either an atmospheric pressure or low pressure d.c. plasma source or an 
electrospray ionization source. It is demonstrated herein that the ion trap provides an effective means of storing ions from 
10 ps up to 10 s prior to mass analysis via pulsed d.c. extraction into the RETOF MS device. In addition, it is shown that 
the storage capabilities of the device provide enhanced resolution and sensitivity as the storage time is increased. A 
resolution of nearly 2100 at m/z 93 is demonstrated using external injection from the atmospheric pressure dc. plasma 
source when a storage time of 9 s is used before ejection. Further, a resolution of =3300 at m/z 1000 is demonstrated using 
external injection from an electrospray ionization source into the trap with a storage time of 931 ms. The IT-RETOF 
storage capabilities are shown to provide the potential for nearly 100% duty cycle in converting a continuous ion beam 
into a pulsed source for TOF. The detection limit of the device is demonstrated with liquid injection techniques for a 
typical sample and found to be in the low femtomole range. In addition, the r.f. voltage was shown to be an effective means 
of eliminating low mass background ions from the trap and, thus, from the TOF mass spectra obtained. 

Key words: Ion trap storage; Reflectron; Resonance enhanced multiphoton ionization; Electrospray ionization; Atmos- 
pheric pressure ionization 

Introduction 

In this article we present the design and perfor- 
mance of a novel ion trap storage-reflectron time- 
of-flight (IT-RETOF MS) mass spectrometer 
combination. This hybrid instrument provides cap- 
abilities which combine some of the best features of 
the ion trap and time-of-flight devices. The time-of- 
flight mass spectrometer has recently become 
widely used because of several distinct advantages 
[ 1- 171. These advantages include the fact that TOF 
devices can rapidly measure an entire mass spec- 
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trum on every ionization pulse. This property of 
time-of-flight is particularly important in exper- 
iments where the ionization source has a low duty 
cycle as in laser ionization [3,5,6,8] or in experiments 
where rapid monitoring of transient species may be 
required. Other advantages include the potentially 
high resolution that can be achieved with TOF 
devices. A number of methods including super- 
sonic jet cooling [5,6,8] and an ion reflecting 
mirror, i.e. a reflectron [7-111, have been used 
to achieve resolution well in excess of several 
thousands using a variety of ionization sources, 
including laser ionization and electron impact. An 
increasingly important property of TOF devices 
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has become the ability to measure high mass with 
high transmission, especially in matrix-assisted 
laser desorption ionization (MALDI) experiments 
where masses in excess of 200000~ have been 
detected using TOF mass spectrometers with high 
voltage acceleration [14]. In addition, TOF devices 
are relatively simple, rugged and inexpensive and 
require only d.c. power supplies with essentially no 
current load to bias the acceleration region. There 
are no moving parts, scanning electric fields or slits 
to limit the throughput. 

A major limitation of TOF devices is that there is 
no storage of ions in the acceleration region. Ion 
storage is particularly important in studies invol- 
ving ion/molecule chemistry, for studies of very 
slow formation of metastables, for enhancing the 
detection limits by integration of the signal, and for 
interfacing a continuous ion beam to a TOF device. 
Although there have been several attempts to store 
ions using d.c. fields, the ion storage time via this 
method is limited [15]. However, a more versatile 
method for achieving ion storage and tandem MS 
is the ion trap mass spectrometer. 

The quadrupole ion trap in itself is a powerful 
tool for mass analysis and storage of ions over a 
wide mass range with excellent sample detection 
limits [l&20]. The ion trap has been used with 
numerous ionization sources, including electron 
impact [19], chemical ionization [21] and photo- 
ionization [22], which can create ions directly 
inside the trap. Alternatively, techniques which 
require ion introduction from an external source 
into the trap such as atmospheric pressure sam- 
pling glow discharges and electrospray [23] have 
been interfaced to ion traps. The trap has been 
used to analyze ions in excess of 70000 Da and 
recently has been able to achieve extraordinarily 
high resolution [24]. In addition, an important fea- 
ture of the trap is its ability to perform multiple 
stages of tandem mass spectrometry in combina- 
tion with collisional or photodissociative fragmen- 
tation techniques [24]. A key feature of the ion trap 
is its ability to obtain high sensitivity through ion 
storage and integration of the signal over an 
extended period of time [25]. 

The ion trap also has several inherent disadvan- 
tages. Although the trap can store high mass ions, 
it is often difficult to scan the radiofrequency to a 
sufficiently large value of the voltage in order to 
scan out high mass ions. A technique has been 
developed known as axial modulation to scan out 
high mass; however, this usually occurs at the 
expense of the accuracy of the mass calibration 
[24,25]. In addition, very high mass resolution can 
be achieved in the trap by scanning the r.f. voltage 
or the r.f. frequency very slowly [26,27]. However, 
the rate at which the mass is scanned, i.e. 4 m/z per 
second in the latter work, is impractical for many 
applications. The commercial Finnigan ion trap at 
this time has a resolution of only 185 at m/z 69 and 
1700 at m/z 502 and can only scan to m/z 650 at a 
scan rate of 5000 us-’ [25]. 

The goal of our work has therefore been to inter- 
face an ion trap storage device as a front end source 
for a TOF MS [28]. This device combines the stor- 
age capabilities of the ion trap with the relatively 
high resolution, speed and high mass capabilities of 
the TOF to potentially produce a hybrid instru- 
ment with unique capabilities. This article 
describes the design of an ion trap-time-of-flight 
device in which ions are initially produced either 
inside the trap via resonance enhanced multi- 
photon ionization (REMPI) or external to the 
trap using an atmospheric pressure d.c. plasma 
source, low pressure glow-discharge source and 
electrospray ionization (ESI). Once ions are pro- 
duced in the trap, they are stored for a time inter- 
val ranging from 10~s to 10s and subsequently 
ejected into a RETOF for mass analysis. The ejec- 
tion method utilizes a d.c. pulse which is applied to 
the exit endcap of the ion trap. This d.c. pulse 
destabilizes the trap and the entire contents of the 
trap are simultaneously ejected for analysis into the 
RETOF. 

In the present article we demonstrate the design 
and operation of an IT-RETOF MS. The IT is 
shown to be an effective means of storing ions 
prior to mass analysis by the RETOF and conse- 
quently the storage properties of the IT provide 
enhanced resolution and sensitivity for analysis 



B.M. Chien et al./Int. J. Mass Spectrom. Ion Processes 131 (1994) 149-179 151 

by TOF. It is also shown that as the storage time is 
increased from 10 ps to 10 s the resolution is 
enhanced significantly with the addition of a buf- 
fer gas. A resolution of nearly 2100 at m/z 93 can 
be obtained using the extended storage time pro- 
vided by the trap, while at m/z 1000 a resolution of 
nearly 3300 can be obtained using an electrospray 
source. In addition, the IT-RETOF is shown to be 
an effective means of interfacing a continuous ion 
beam source to a TOF, achieving a high duty cycle 
using a low pulse-out extraction rate. A detection 
limit in the low femtomole regime can be typically 
obtained for injection from external ionization 
sources. Further, it is demonstrated that the trap 
is an effective means of ejecting low mass back- 
ground prior to analysis by TOF. 

Experimental 

The experiment consisted of two modes of 
operation, trapping internally produced ions and 
trapping externally produced ions. The experimen- 
tal setup of the internal ion production experiment 
is shown in Fig. 1, while that of the external ioniz- 
ation experiments is depicted in Figs. 2-5. Both 
configurations consisted of a differentially 
pumped angular RETOF MS (Model D850) inter- 
faced to a quadrupole ion trap storage device 
(Model C-1251 manufactured by R.M. Jordan 
Co., Grass Valley, CA) [28] and a liquid injection 
sample ionization source. 

For the internal ionization experiment, a liquid 
injection sample source was used to deliver the 
sample, dissolved in a solvent, through a heated 
stainless steel tube to the first vacuum chamber. 
In this chamber, pumped to approximately 
150 mTorr, the sample and solvent are vaporized, 
most of the solvent is removed and the sample 
passed through a skimmer cone to the ion 
trap region. In the ion trap, the sample is ionized 
via 266nm radiation generated by a Quanta 
Ray DCR-3 Nd:YAG laser which passes 
directly through the trap. The resulting ions are 
then stored in the trap until the trapping potential 

is shut off and subsequently an extraction pulse 
is applied to the exit endcap of the ion trap. 
The timing and characteristics of the ionization- 
trapping-extraction processes are described in 
detail below. This extraction pulse triggers the 
start for the TOF mass analysis. Upon leaving 
the trap, the ion packet enters the field-free drift 
region M 1 m long, at the end of which its velocity 
is slowed and reversed by the ion reflector. The 
newly focused ion packet then retraverses the 
drift region and is detected by a dual 40 mm micro- 
channelplate detector with a gain of about lo6 
to 107. 

Internal ionization sample injection system 

An ISCO Model pLC-500 micropump LC syr- 
inge pump was used to deliver the sample through a 
50 pm fused silica capillary directly to the vaporiz- 
ation chamber. The flow rates were typically 
50 PL min-’ and the solvent used was methanol 
degassed in an ultrasonic bath. The 50pm fused 
silica capillary was inserted through a zero-dead- 
volume-tee into a 1 in long, & in diameter stainless 
steel (SS) tube with 0.02 in i.d. A tightly fitting g in 
copper tube was placed over this SS tube and was 
tightly wound with & in thermocoax cable heater. 
This copper tube was added to the sample intro- 
duction assembly to reduce the stress on the wound 
thermocoax cable heater. The working temperature 
of the nebulizer was controlled by a thermocouple 
and a temperature controller. Working tempera- 
tures were generally 90-l 10°C; however, the 
actual sample temperature is expected to be much 
lower due to the expansion and heat carried away 
by the solvent vapor. This assembly is directly 
inserted and o-ring sealed to the back of the vapor- 
ization chamber (Fig. 1). The vaporization cham- 
ber is pumped to a pressure of approximately 
150 mtorr by a 650 L min-’ mechanical pump. 
The sample vapor is injected from the vaporiz- 
ation region through a skimmer fitted with a 3 in 
long stainless steel tube (0.04 in i.d.) into the ion 
trap region via the pressure difference. 
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Fig. 2. The sample introduction source including nebulizer, vaporization chamber, API glow discharge chamber, ion beam condenser 
lens, and differentially pumped dual orifice interface. (Reprinted with permission from ref. 34.) 

Internal ionization and trapping 

The sample vapor present in the ion trap is 
ionized by UV laser radiation (X = 266 nm) which 
is directed through 3.1 mm holes in the ring elec- 
trode of the ion trap. Ions which are selectively 
produced by laser-induced REMPI are trapped 
by the applied r.f. potential, while other ions and 
unionized sample and solvent vapor are pumped 
away by the 6in diffusion pump located directly 
below the ion trap. 

The ion trap consists of two endcap electrodes 
with a ring electrode between them. These elec- 
trodes have hyperbolic surfaces and are contig- 
ured as shown in Fig. 6. The ion trap was 
completely enclosed with ceramic spacers placed 
between the ring and endcaps except for an inlet 
and exit aperture 3.1 mm in diameter on the end- 
caps and two (3.1 mm) holes for the laser beam to 
pass through. A & in stainless-steel tubing with 
0.02in i.d. was tightly fitted into a hole on the 

ring electrode in order to introduce helium or 
other gases into the trap to increase the local pres- 
sure when needed. A Vernier needle valve was used 
to finely control the amount of gas admitted into 
the trap. Typical pressure in the ion trap ranged 
from 5 x 10e4 to 10e3 Torr. During operation, 
both endcaps are held at OV while an r.f. signal 
of constant frequency (1 .O MHz) and variable 
amplitude (O-460 V,,) is applied to the ring elec- 
trode. This applied r.f. field serves to trap ions 
present within the volume of the trap. Varying 
the r.f. amplitude varies the m/z range of ions 
that are stable within the trap. Ions with appropri- 
ate m/z for a particular r.f. amplitude have a stable 
trajectory within the trap and, therefore, are 
trapped [25]. The mass range of the ions that will 
be trapped was approximated by computer simula- 
tion [29]. After a selected m/z range has been 
trapped, a d.c. pulse was applied to the exit endcap 
to simultaneously extract all ions from the trap for 
TOF analysis as detailed below. 
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Fig. 4. Detail of the ES1 source. 

The ionization, trapping, extraction, and detec- 
tion processes were timed as follows: the Q-switch 
output pulse of the laser was used to trigger a 
Systron-Donner Corp. Datapulse 1OOA Pulse Gen- 
erator (PG) and a California Avionics Labora- 
tories, Inc. Model 112AR Digital Delay 
Generator (DDG). The PG output pulse was 
used to trigger the r.f. power supply (which pro- 
vided the trapping potential to the ion trap). The 
DDG output pulse triggered the extraction pulse 
supply and the LeCroy Model 9400A digital 
oscilloscope (DOSC) data collection system. In 
Fig. 7, a typical experimental cycle is depicted 
and is described in detail with the timing of the 
internal ionization experiments. 

The external ionization and trapping exper- 
iments consisted of both a plasma ionization 
source and an ES1 source. For plasma ionization, 
the liquid injection source was used to deliver the 
sample, dissolved in a solvent, through a heated 
pneumatic nebulizer assembly to the vaporization 
chamber where the sample is vaporized and the 
solvent removed. The sample then passes through 
a channel to a separate second chamber and is 
ionized via a d.c. plasma source in 1 atm He. The 
resulting ions are injected through a pair of differ- 
entially pumped skimmers (x 1.5 Torr), which 

sample the on-axis component of the ion beam. 
Alternatively, the vaporized sample can be 
sampled through the first skimmer and ionized in 
the differentially pumped region via a glow dis- 
charge mechanism under reduced pressure. A 
third method of external ionization used was elec- 
trospray which has its own detailed description 
below. The ions produced externally, regardless 
of method, were transported into the mass spectro- 
meter region and collimated by a set of Einzel lens 
into the ion trap device. The ions were stored or 
accumulated until the trapping potential is shut off 
and subsequently an extraction pulse is applied to 
the exit endcap of the ion trap, starting the TOF 
mass analysis as described above. The timing and 
characteristics of the trapping-extraction pro- 
cesses are described in detail below. 

External ionization sample injection 

In order to inject a variety of samples, including 
samples of relatively low volatility, into the TOF 
system, a liquid chromatography-atmospheric 
pressure ionization interface (LC-API) using a 
relatively high current plasma source in 1 atm He 
was employed [30]. The system consists of a heated 
pneumatic nebulizer, a vaporization chamber, a 
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Fig. 6. Detailed construction of the quadrupole ion trap. 

plasma source ionization chamber, and a differen- 
tially pumped dual orifice interface. The details of 
the system are as follows (Fig. 3). 

An LC syringe pump (Varian Model 8500) was 
used to deliver the sample through a 180 pm fused 
silica capillary to the vaporization chamber. The 
flow rates were typically varied from 30 PL min-’ 
up to 0.5 mLmin_’ and the solvent used was 
methanol degassed in an ultrasonic bath. The 
180 pm fused silica capillary was inserted through 
a zero-dead-volume tee into a coaxial & in stain- 
less-steel tube with a 0.01 in i.d. The liquid was 
pneumatically nebulized into fine droplets using a 
high velocity jet of helium (1.2 Lmin-‘) at the end 
of the fused silica capillary [30,31]. The generated 
mist was then swept through a iin heated 
brass tube with another helium gas stream 
(-_ 200 mL min-‘) into the vaporization chamber. 
The helium flow prevents the sample from deposit- 
ing on the surface of the heated tube and conducts 
heat to vaporize the solvent. Two fine control flow 
meters were used to control the gas flow of the 
nebulizer in order to achieve the best signal. A 
h in thermocoax heater was used heat the gin 
brass tubing. The heated section is a i in long, 4 in 

in diameter cylindrical brass block tightly wound 
with &in thermocoax cable heater through which 
the h in tube is inserted. This assembly is directly o- 
ring sealed to the back end of the vaporization 
chamber. The vaporization chamber consists of a 
1 .O in x 1 .O in. diameter cylindrical brass chamber 
and a heated brass block with a 0.5in x 0.03 in 
diameter channel connected to the ionization 
chamber. The vaporized samples were transferred 
through the heated narrow channel into the ioniza- 
tion chamber. The temperatures of the pneumatic 
nebulizer and vaporization chamber can be con- 
trolled independently using a thermocouple and 
temperature controller. The typical working tem- 
perature was 150-250°C. However, the actual 
working temperature of the sample is expected to 
be much lower than the body temperature of the 
vaporization chamber or pneumatic nebulizer since 
heat is carried away by the vaporized solvent and 
carrier gas. Because of the solvent vapor and high 
He flow used in the nebulizer, the actual pressure in 
this chamber is slightly greater than 1 atm. 

External ionization 

Ionization was produced at atmospheric pres- 
sure or at reduced pressure in the differentially 
pumped interface with the plasma ionization 
source or at atmospheric pressure with the ES1 
source. The atmospheric pressure ionization pro- 
cess provides soft ionization, where the proto- 
nated molecular ion generally is the predominant 
peak observed. In the reduced pressure ionization 
process relatively soft ionization or fragmentation 
can be controlled by altering the experimental 
conditions. 

API. The ionization chamber (Figs. 2 and 3) is 
directly attached to the skimmer and consists of 
1.0 in x 0.8 in (diameter) brass cell with two tin 
Cajon ports with quartz windows for observation 
and one gin Cajon port for the discharge electrode. 
The glow discharge is formed with the use of a 
0.04in diameter tungsten rod which is ground to 
a sharp tip. The rod is covered with glass or Teflon 
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insulation and only the tip is exposed to prevent an 
unstable discharge from occurring on the side of 
the rod. In order to initiate the plasma source -1 
to -2 kV was applied to the electrode. When a glow 
was obtained, the actual operating voltage was 
dropped as much as lOO-500V from the initial 
breakdown voltage and a current of 0.1-0.6 mA 
was maintained. The resulting plasma appeared 
as a white and blue glow extending from the tip 
of the electrode. The most stable glow was main- 
tained in 1 atm of helium. The vaporized sample is 
ionized via ion/molecule reactions induced by the 
He d.c. plasma source as described in previous 
work [32]. The ionized sample is transported into 
a dual-orifice differentially pumped interface. The 
first sampling orifice of this atmospheric pressure 
interface is 275pm and the second orifice inlet to 
the mass spectrometer is 325pm. The region 
between the two orifices is pumped by a 
65 L min-’ mechanical pump to a pressure of 
M 1.5 Torr. The pressure in the mass spectrometer 
acceleration region under these conditions is 
M 1 x 10e6 Torr. An ion beam condenser with vol- 
tage Vi,,, is placed between the-two orifices to 
enhance the transmission of ions into the mass 
spectrometer. Vpush is a small positive voltage 
placed on the entire atmospheric presssure inter- 
face so that there is a voltage drop between the 
two orifices. 

Reduced pressure ionization. The vaporized 
sample traversed through the ionization chamber 
and was sampled into the differentially pumped 
region. Instead of initiating a glow discharge at 
the tip of the electrode in the ionization chamber, 
-200 to -500V was applied to the entire API 
chamber to initiate the glow discharge between 
the first skimmer and the ion beam condenser 
(maintained at ground potential). Under these con- 
ditions a bright glow was formed with a current of 
0. l-l .O mA and an operating voltage about 100 to 
300V lower than the initial breakdown voltage. 
When operated under ambient air conditions, 
some fragmentation was normally observed in the 
mass spectrum since higher voltage was required to 

induce breakdown and maintain the glow. How- 
ever, if helium was introduced into the system, 
voltage as low as -60V is sufficient to maintain a 
glow and thus soft ionization can be achieved. By 
increasing the discharge voltage, fragmentation 
can be induced for structural information. 

ESI. Another API external ion trapping mode of 
operation was ESI. In this experiment the ISCO LC 
syringe pump was used to deliver the sample 
through a 100pm fused silica capillary directly 
inserted into the 27 gauge SS needle. This needle 
was supported in a SS zero-dead-volume tee 
through which a nebulizing gas flow could be 
applied. The tee-needle sprayer assembly was 
maintained at 3.5-4.5 kV relative to the inlet capil- 
lary tube. The flow rates were typically 0.5- 
lOpLmin_’ and the solvent used was a mixture 
of methanol and water of various proportions 
(50/50-100/O MeOH/H*O), determined by solubi- 
lity requirements of any particular sample. The 
solvent was degassed in an ultrasonic bath prior 
to use. All samples were made acidic by addition 
of acetic acid, as is standard to enhance ionization 
in positive ion mode electrospray (Figs. 4 and 5). 

The sprayer assembly was directed onto a &in 
200 mm long 0.5 mm i.d. heated capillary inlet tube. 
A tightly fitting i in copper tube was placed over 
this SS tube and was tightly wound with h in ther- 
mocoax cable heater. The working temperature of 
the inlet was controlled by a thermocouple and a 
temperature controller. Working temperatures 
were generally 70-180°C to assist in desolvating 
the sampled electrosprayed droplets. This assem- 
bly is directly inserted into the first vacuum cham- 
ber which was pumped to a pressure of 
approximately 1.5 Torr by a 650 Lmin-’ mech- 
anical pump. The exit of this heated tube is direc- 
ted onto the previously mentioned 325 pm 
skimmer, i.e. the second skimmer of the set-up in 
Fig. 3. The inlet tube and skimmer typically had 
potentials of 50-350 V and O-120 V applied to 
them, respectively. The distance between the tube 
and skimmer is adjustable and is usually main- 
tained at 2-7mm. There is a cylindrical lens 
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around the space between the tube exit and skim- 
mer which assists in focussing the ions into the 
skimmer. This lens has an applied potential of 
70-200 V. 

The analyte solution is electrosprayed producing 
highly charged droplets which are pushed toward 
the inlet tube by electrostatic forces. Some of these 
droplets enter the tube and pass through it with the 
help of the tube’s applied potential and the ambient 
pressure gradient. The ions exiting the tube are 
then drawn into the skimmer via the potential dif- 
ference between the tube and the skimmer. In this 
space the ions undergo many collisions and b,y 
altering the potential difference, the pressure and 
the gap length, fragmentation can be enhanced or 
reduced [33]. 

Trapping 

The ions produced by the external ionization 
sources were sampled through the second skimmer 
(325pm) and entered the mass spectrometer 
region. The ions underwent a supersonic jet expan- 
sion and cooling, then were collimated by a set of 
Einzel lens into the ion trap device. 

The ion trap is the same as in the internal ioniz- 
ation experiment except the two holes that allowed 
the laser beam to pass through the trap are closed 
with Teflon plugs. In some cases, if the energy of 
the ions from the ionization source is high, the ring 
electrode and both endcaps can be biased with 
positive voltage to slow down the ions and 
improve the trapping efficiency. Using this 
method, ions with energy as high as 300eV can 
be injected into and stored in the trap as will be 
discussed in more detail later. 

The trapping, extraction, and detection pro- 
cesses were timed as follows. A Global Specialties 
Co., 4001 pulse generator (PG) was used to trigger 
two California Avionics Laboratories, Inc. model 
112 AR digital delay generators (DDGl and 
DDG2). The DDGl was used to trigger the r.f. 
power supply. An R.M. Jordan Co. r.f. power 
supply operated at 1 .O MHz, O-460 V,, was used to 
trap ions up to m/z 185, while a modified EAI r.f. 

power supply with variable amplitude O-2200 V,, 
1.1 MHz output was used to trap ions with m/z 
greater than 200. The DDG2 output pulse trig- 
gered the extraction pulser and this pulser passed 
its pulse to trigger the Lecroy model 9400A DOSC 
or Precision Instrument Inc. model 9825 Signal 
Averager (SA) (see Fig. 8). The signal from the 
detector was amplified by a Stanford Research 
Systems Model SR445 DC-300 MHz amplifier 
when needed. 

In Fig. 8, a typical experiment cycle for external 
ionization is depicted: the PG (+lOV) triggered 
both DDGs. The r.f. trapping potential remains 
on while this sequence occurs, thus trapping the 
ions continuously produced from the external ion- 
ization source using the buffer gas to collisionally 
relax the energetic ions produced by this source. 
The r.f. potential remains on until the DDGl 
pulse triggers the r.f. power supply. Then, 2~s 
(internal delay of r.f. power supply) after the rising 
edge of the DDGl pulse arrives, the r.f. potential is 
shut off and remains off for the entire pulse width 
of the DDGl pulse. DDGl output pulses (20ns 
rise time, +lO V amplitude, 10 ps FWHM) can be 
delayed from a few microseconds to as long as 10 s 
after triggering. Therefore, the delay of the DDGl 
determined the duration of ion trapping, i.e., how 
long the ions could be stored or accumulated in the 
trap. After its set delay, the DDG2 outputs a pulse 
(20ns rise time, +lOV amplitude, 10~s FWHM) 
which triggers the extraction pulser. The extraction 
pulser serves the dual purpose of both providing a 
start time reference for the TOF mass analysis and 
providing an extraction pulse to the exit endcap of 
the ion trap, thereby ejecting the ions from the trap. 
Upon the arrival of the rising edge of the DDG2 
pulse, the extraction pulser passes this trigger pulse, 
the DDG2 output pulse, to the DOSC or SAs 
external trigger. This provides the start time refer- 
ence for the TOF mass analysis. Following an 
interval of 1.5 ps after the arrival of the rising 
edge of the DDG2 output pulse, the extraction 
pulser sends the extraction pulse to the exit endcap 
of the ion trap. This extraction pulse was a d.c. 
square wave - 150 V in amplitude and 2 ps in width 
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with 1Ons rise and fall times. The delay of DDG2 
was set to coincide with the delay of DDGl, there- 
fore, extraction of the ions occurred simulta- 
neously with the r.f. trapping potential being 
triggered off. The repetition rate of the pulse gen- 
erator can be set at 0. l- 10 KHz, limited by the ions 
with the longest flight time, therefore the repetition 
rate of the entire experimental cycle varies from 0.1 
to 10 KHz. 

In the internal ionization experiment the timing 
details were the same with the following exceptions 
(see Fig. 1). The Q-switch output pulse from the 
Nd: YAG laser triggered the PG and the DDG. 
After a 50 ns internal delay the laser pulse fires 
(7ns FWHM at 266nm) and ionizes the sample 
vapor in the ion trap. The r.f. trapping potential 
remains on while this sequence occurs, thus trap- 
ping the ions produced by the laser beam. The PG 
pulse triggers the r.f. power supply so that the delay 
of the PG determined the duration of ion trapping. 
The DDG triggered the extraction pulse supply 
which serves the dual purpose of both providing 
a start time reference for the TOF mass analysis 
and providing an extraction pulse to the exit end- 
cap of the ion trap, thereby ejecting the ions from 
the trap. 

TOF Operation 

The ions upon exiting the ion trap, pass through 
a set of accelerating plates and an Einzel lens which 
serve to focus the ion packet and accelerate it into 
the field-free flight tube region through a potential 
difference of about -1400V. A pair of beam 
deflecting plates are then used to steer the ions 
towards the ion repeller-reflector assembly, where 
the ion packet is more tightly focused, reversed in 
direction, and reaccelerated through the flight tube 
(with angular displacement from its initial axis of 
trajectory) onto the 40 mm dual microchannel plate 
detector (Model C726, R.M. Jordan Co.). In more 
recent work, the detector has been updated to a 
40 mm triple microchannelplate detector (Model 
C726-T, R.M. Jordan Co.) for enhanced sen- 
sitivity. The reflectron flight tube is pumped by a 

Varian VHS 4 diffusion pump while the main 
chamber is pumped by a Varian VHS 6 diffusion 
pump. A restriction of 1 in tubing is placed between 
the flight tube and the main chamber, which pro- 
duced typical operating pressures of 8 x 10m6 and 
1 x lop6 Torr, respectively. The actual pressure in 
the ion trap during sample introduction though 
was between 5 x lop4 and 10e3 Torr. 

The TOF of the extracted ion packets was 
measured on the DOSC. Signal averaging was used 
to enhance the signal-to-noise ratio and reported 
spectra are averages of 100 single waveforms 
unless noted otherwise. In the experiment, DDG2 
simultaneously triggered the DOSC and the extrac- 
tion pulser. The ion signals from the detector were 
sent to the input of the DOSC, and the time differ- 
ence between various ion peaks and the trigger 
(t = 0) reference provides the time of flight of 
each ion. 

The TOF spectra in the DOSC are then trans- 
ferred to a 386 IBM compatible PC using an RS 
232 interface bus established between the DOSC 
and the computer. A user written QUICKBASIC pro- 
gram was used to control the transfer processes. 
The size for each data point was 16 bit for our 
experiments. The raw data from DOSC were in 
ASCII form. It was converted into signed decimal 
form by a user-written program. 

A study of system resolution performance found 
that the spectral resolution is limited by the time 
resolution of the Lecroy 9400A DOSC (10 ns). 
Later experiments used a Precision Instrument 
Inc. PI9825 SA in order to take advantage of its 
5ns time resolution. The PI9825 model is a com- 
plete SA on two PC-AT cards inserted onto a 386/ 
486 PC motherboard with a maximum digitization 
rate of 200 Msample per second. Software accom- 
panying this product provides a graphic control 
panel used to acquire and store the data on a 
real-time basis. The stored data in binary form 
was converted into ASCII form by a user-written 
program and loaded into commercial spreadsheet 
software such as EXCEL or LOTUS for further data 
analysis. 

Mass calibration was performed by measuring 
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Fig. 9. IT-RETOF mass spectra of aniline with no r.f. trapping 
potential applied. (A) 20.10~s delay before extraction; (B) no 
delay before extraction. Both spectra were obtained with the 
following operating conditions. v, = vx, = -llOOV, 
Vx2 = -980 V, v,, = -4OOv, v, = -3oov, v,,, = 
-lSOV, V,, = +12OOV, VW = +195OV. (Reprinted with per- 
mission from ref. 28.1 

the time of flight (T) of a few known masses 
(such as background water or methanol cluster ion 
signal) to find out the constant x and y in the 
empirical equation by linear regression analysis, 
m/z = xT2 + y. 

Fig. 10. IT-RETOF mass spectrum of aniline obtained by laser 
induced REMPI at 266nm with l.Oms trapping time. R.f. 
frequency = l.l9MHz, r.f. voltage = 180 Vpp, and all other 
operating conditions the same as those of Fig. 9. (Reprinted 
with permission from ref. 28.) 

has occurred. The m/z 93 peak is assigned to the 
aniline molecular ion. The i3C isotope peak is pre- 
sent at m/z 94 at approximately 6% of the mole- 
cular ion peak’s intensity. The m/z 77 peak is the 
C6Hf fragment. Increasing the laser power 
increases the relative intensity of the C6Hf peak. In 
Fig. 9(A) the spectrum is of the same sample and 
conditions as Fig. 9(B) except that the extraction 
pulse is delayed 20.10 ps. This spectrum shows that 
with no r.f. applied to the ring electrode of the ion 
trap, all ions produced are pumped away by the 6 in 
diffusion pump, thus, only a flat line background 
was detected. Figure 10 shows a spectrum of the 
same sample with the r.f. potential applied to the 
ring electrode of the ion trap and an extraction 
delay of 1 ms (1 ms trapping time). This spectrum 
clearly illustrates that the ions are successfully 
trapped and the trapping results in an increase in 
resolution. 

The ability of the IT-RETOF mass spectro- 
meter to trap ions for an extended period of time 
is shown in Fig. 11. In Fig. 11 an aniline spectrum 
with 2 s trapping time using a laser repetition rate 
of 0.5 Hz results in a similar mass spectrum with 
similar resolution as that with a 1 ms trapping time. 

Results and discussion 

Internal ionization 

Mass spectra. The capabilities of the ion trap- 
time-of-flight device are demonstrated in the mass 
specra of Figs. 9-12. These spectra were taken with 
7 x lop4 M aniline dissolved in methanol. Sample 
and solvent were pumped into the interface cham- 
ber via the syringe pump set at a flow rate of 
50 PL mini. Vaporization, delivery to the ion 
trap region, and ionization occurred as described 
above. Figures 9(A) and 9(B) are mass spectra of 
aniline without ion trapping, i.e. no r.f. applied to 
the ring electrode of the ion trap. Figure 9(B) shows 
the extraction and TOF mass analysis of aniline 
ions by applying a - 150 V d.c. pulse to the exit 
endcap of the ion trap 0.10 ps after laser ionization 
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Although the mass spectra in Figs. 10 and 11 are 
similar, the relative peak height after 2 s of storage 
typically decreases by a factor of 5 to 10 relative to 
storage after 1 ms as ions are lost from the trap. In 
Fig. 12 is shown a laser REMPI mass spectrum of 
aniline obtained when the laser power is increased 
to produce extensive fragmentation. This mass 
spectrum demonstrates that the molecular ion 
and its accompanying fragments can all be stored 
for an extended time, i.e. 5ms, by the trap and 
detected by the RETOF. The laser REMPI mass 
spectrum is essentially the same as that obtained 
without trapping. The resolution in this figure is 
slightly degraded compared to the other figures 
due to the extended mass range processed by the 
digitizer. An expanded view of any of these peaks 
reveals a resolution very similar to that obtained in 
Figs. 9- 11. 

Experimental parameters 

R.$ frequency and voltage. The r.f. potential 
applied to the ring electrode determined the m/z 

range that resulted in stable trajectories in the 
trap, that is, the applied r.f. frequency determined 

ANILINE 
Trapping time: 5 - 

100 

15 20 25 3b 
Time of Flight (uaae) 

the m/z range trapped. Varying the r.f. frequency 
was experimentally determined to move the 
observed m/z range that was trapped. As the fre- 
quency was lowered, a region of lower m/z ions 
were trapped and as the frequency was increased 
this “window” shifted toward higher m/z. Other 
than a shift in m/z values over which the “win- 
dow” was located, frequency variations showed 
no changes in instrumental performance in the 
experiment. The experimental results are reported 
with 1.19 MHz as the selected r.f. frequency, as this 
setting was compatible with our chosen m/z range 
(i.e. the “trapping window” roughly centered on 
m/z 93). Frequencies in the range 800 kHz- 
1.19 MHz were studied. Varying the amplitude of 
the r.f. voltage applied at a fixed frequency also 
served to move the “trapping window.” A limita- 
tion observed here was that r.f. voltage amplitudes 
less than 16O,V,, were too low to trap the ions 
studied in this work. 

D.c. extraction pulse. The extraction voltage was 
varied from -50 to -350V. It was found that 
- 150 V provided both the best signal intensity 
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and resolution. If the extraction voltage was 
increased significantly, both the resolution and sig- 
nal were degraded. This is due to the fact that the 
reflectron performance is very sensitive to the exact 
voltages used on the grids. Various extraction pulse 
widths were also attempted. A pulse width of 
approximately 0.5~s or less was too short to 
allow significant extraction of ions from the trap, 
resulting in decreased signal intensity or no 
observed signal. A pulse width from > 0.5 ps to 
M 5.0~s resulted in the best signal intensities, 
with M 2.0 11s yielding the best resolution. 

Resolution and sensitivity. The peak width 
(FWHM) of the molecular ion peak in Fig 9(B), 
where there was no trapping, was 30ns. This cor- 
responds to a resolution of nearly 700. In Fig. 10, 
the molecular ion peak width was 16 ns, which is a 
resolution of 1300 at m/z 93, when the trapping 
capability is utilized. This enhanced resolution pro- 
vided by the ion trapping is probably due to 
improved spatial resolution of the ions. As shown 
in recent computer simulations, the extended trap- 
ping of ions results in their accumulation in the 
center of the trap [29]. Upon d.c. ejection, this 
accumulation results in a marked improvement in 
the spatial resolution factor in the TOF device, as 
opposed to the untrapped situation where the ions 
are produced over the diameter (x 2mm) of the 
laser ionization beam. A well-defined ion packet 
in a narrow region of space might yet prove to be 
particularly suited for use in obtaining high resol- 
ution in a gridless reflectron device. 

A measurement of the sensitivity was also per- 
formed in the IT-RETOF using laser induced 
REMPI at 266 nm for benzene. The benzene was 
dissolved in methanol in a concentration of lo-’ M 
and a series of successive dilutions down to 10e7 M 
were made. The sample was injected as before using 
the microsyringe pump at a rate of 30 ~Lmin-’ 
into the trap. The 266nm radiation was used at a 
power density of 5 x lo5 Wcmp2 which was the 
highest power at which ionization could be pro- 
duced without significant fragmentation. In the 
case where no storage was used, a lower limit of 

detection of x 600 fmol (S/N = 3) was obtained. If 
a storage time of 90 ms was used following a single 
laser pulse then the detection limit was x 200 fmol, 
i.e. at least a factor of 3 improvement over no 
trapping. This is probably partially due to the smal- 
ler ion cloud following trapping which is more 
efficiently ejected along the z-axis of the trap. How- 
ever, if the ions are trapped for 1 s and the laser 
pulsed ten times during this period, then a detec- 
tion limit of = 60fmol is achieved. Thus, the pro- 
duction and storage of ions over several laser pulses 
enhances the sensitivity by a factor of nearly 10 
compared to the situation where no storage is 
used. Of course, during this storage time some 
fraction of the ions will be lost from the trap and 
at some point saturation of the trap with resulting 
space charge losses will result. Indeed it is found 
that a saturation point is reached after storage of 
about 4 pulses. Additional pulses do not appear to 
increase the detection limit while inducing space 
charge broadening at the given laser power. How- 
ever, at lower laser power where less ions are pro- 
duced per laser pulse or in a sample molecule where 
ionization is much less efficient than benzene, the 
use of additional laser pulses within a storage time 
interval will be increasingly important for enhan- 
cing the sensitivity for detection. Nevertheless, in 
the case illustrated herein, the use of ion trap stor- 
age with the RETOF can provide excellent sensi- 
tivity and may enhance the sensitivity even further 
where low signal levels are present. 

External injection 

API. The capabilities of the IT-RETOF for 
detection of ions generated externally by the API 
d.c. plasma source are demonstrated in Figs 13- 15 
[34]. Figure 13 shows the API mass spectrum of the 
molecular ion region of pyridine injected into the 
IT-RETOF using a 10e6 M pyridine solution in 
methanol. The vaporization and ionization of the 
liquid sample and the transmission of the resulting 
ions to the ion trap were performed as described 
previously. The spectrum obtained reveals three 
fully resolved peaks at m/z 78, 79 and 80 which 
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Fig. 13. API mass spectrum of pyridine with Vpush = 0 V, he., = +200 V, v, = +90 v, va = + 190 v, vti = f400 vpp, Vextr, = -300 v, 
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ref. 34.) 

are assigned to the molecular ion, the protonated 
molecular ion and its 13C isotopic peak respec- 
tively. This spectrum was obtained for a storage 
time of 950ms and the resulting resolution was 
> 1500. In this case the R.M. Jordan r.f. power 
supply was used to supply r.f. voltage to the ring 
electrode. A voltage of = 4OOV,, was used at a 
frequency of 1.0 MHz in this spectrum. The r.f. 
voltage is pulsed off before the ions are ejected 
into the RETOF which results in a peak width 
FWHM of 11 ns and thus relatively high resolu- 
tion is observed. The sensitivity here is also excel- 
lent where only 160fmol of analyte was used to 
obtain this signal. The ability to pulse off the r.f. 
power supply prior to d.c. ejection provides better 
resolution in this spectrum than if the r.f. is not 

pulsed off. However, the maximum voltage of 460 
V,, available for this supply limits the ability to 
trap externally injected ions [34] from the d.c. 
plasma source to m/z 185. 

In Fig. 14 is shown API d.c. plasma source 
IT-RETOF mass spectra of amitriptyline. The 
spectrum in Fig. 14 was obtained using 10e6 M 
amitriptyline dissolved in methanol which was 
vaporized and ionized as described previously. 
The mass spectrum obtained consists of the proto- 
nated molecular ion peak at m/z 279 and its 13C 
isotopic peak at m/z 280. This spectrum was 
obtained using a modified EAI r.f. quadrupole 
power supply operating at 1.1 MHz and 530 Vpp. 
This unit could supply the additional r.f. voltage, 
up to 2200 v,, required to trap m/z > 185. This 
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Fig. 14. API mass spectrum of amitriptyline with Opus,, = +75V, V,,, = +25V, VA = -14OV, V, = -7OV, V, = +530 V,,, 
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unit could not be pulsed off before ejection of ions 
into the RETOF because of the nature of the RF 
circuit involved. The inability to trigger the r.f. off 
was shown to result in some peak broadening due 
to ejection of ions over different phases of the r.f. 
pulse [28]. Nevertheless, the FWHM width of m/z 
279 is M 20 ns with a resulting resolution of > 1500 
using an ion storage time of 90ms. 

In further work, we investigated the effect of the 
ion storage time on the sensitivity and resolution in 
the RETOF. This is shown in Figs. 15(a)-(e) for a 
continuous ion beam where the mass spectrum of 
pyridine in the IT-RETOF is monitored as a func- 
tion of trapping time. The pyridine ions were pro- 
duced using the API d.c. plasma source as in Fig. 
13. Figures 15(a)-(e) show that with the use of a 

continuous ion beam both the resolution and inten- 
sity improve with increased trapping time. For 
example, in trace (e), the ions are trapped for 
only a very short period and the result is a spec- 
trum with relatively poor resolution and weak sig- 
nal intensity similar to that obtained with no 
trapping under the same conditions. The next spec- 
trum, (d), shows improvement in resolution and 
signal intensity with only 1 ms of ion trapping 
while trace (c), with a moderate trapping time of 
90ms, shows a marked improvement in both of 
these signal characteristics where a Peak of 16 ns 
FWHM is observed. Trace (b) shows an extension 
to long trapping time (900ms) and the resultant 
improvement in resolution and signal intensity 
where the observed peak is only 1Ons FWHM. 
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Fig. 15. API mass spectra of pyridine as a function of trapping time: (a) 9 s; (b) 900 ms; (c) 90 ms; (d) 1 ms; (e) 10 ps. VpUSh = +220 V, 
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Fig. 13. 

Finally, an extremely long trapping time of 9 s in time is presumed to be due to the improved spatial 

(a) shows some increase in resolution, M 2100 (8 ns 
FWHM), over the previous case with similar signal 
intensity. The 8ns FWHM observed begins to 
reach the time resolution limit of the PI 9825 sig- 
nal averager. Thus, an increase in ion trapping time 
significantly enhances the resolution and signal 
intensity even up to seconds of storage. 

The increase in resolution with extended storage 

and energy resolution of the ions in the trap using a 
collisional buffer gas. The extended trapping of 
ions results in their accumulation in the center of 
the trap which, upon extraction, yields a more 
spatially resolved ion packet and thus enhances 
the spatial resolution of the RETOF. In addition, 
the large number of collisions with the He buffer 
gas as a function of storage time collisionally relax 
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the translationally hot ions, thus improving the 
energy component of the resolution. In previous 
work described earlier [28] using laser-induced 
REMPI as a means of producing ions inside the 
trap, the resolution was found to improve rapidly 
as a function of storage time. In this previous study 
the resolution reached its optimal value in less than 
100~s and little improvement was observed for 
longer storage times. This indicates that the ions 
were indeed being rapidly relaxed into the center 
of the trap. However, these experiments involved 
ions produced by laser-induced REMPI which 
resulted in an ion energy distribution of < 0.1 eV. 
In the present study the energy of the ions entering 
the trap has been measured to be generally around 
20eV although some ions of higher energy may 
also enter the trap and be trapped. Thus, one 
might expect a significant enhancement in resol- 
ution for these translationally hot externally gener- 
ated ions over an extended trapping time as indeed 
is observed. Most of the collisional cooling and 
thus improvement in resolution, though, does 
appear to occur within the first several hundred 
milliseconds. 

In order to further study the enhancement of 
resolution as a function of storage time, the ion 
beam was pulsed so that an ion beam of a defined 
duration could be injected into the trap and stored 
for a variable length of time. In this case ion beams 
of 100/.~~, 5OOps, 1 ms, and 1Oms were pulsed into 
the trap and stored from 100,~s up to several sec- 
onds. At storage times above 2 ms there was essen- 
tially no difference between the peak widths 
obtained using either a continuous or pulsed ion 
beam. At storage times less than 2ms a small dif- 
ference in peak width could be observed. This dif- 
ference amounted to M 10% at M 1.5 ms, where the 
pulsed ion beam produced a narrower peak width. 
The most likely explanation for this observation is 
that, in the case of the continuous ion source, the 
ions that enter the trap early in the storage cycle 
will undergo more cooling than the ions that enter 
towards the end of the cycle. At longer storage 
times a greater fraction of the ions in the trap will 
have undergone extensive cooling as compared to 

shorter storage times. Thus, at longer storage times 
the ion peak widths of continuous ion sources will 
be very similar to that of pulsed ion sources. How- 
ever, at shorter storage times with continuous ion 
beams, where the number of ions entering the trap 
at the end of the cycle may be a significant fraction 
of the ions stored in the trap, one might expect to 
observe some broadening of the ion peak in the 
RETOF as compared to a pulsed ion beam. In 
these experiments such an effect is indeed 
observed, although the difference between the ion 
peak width is small even at short storage times and 
at long storage times there is no measurable differ- 
ence. In addition, an attempt was made to study the 
enhancement of resolution as a function of storage 
time at different He buffer pressures. However, the 
work reported herein was performed at a He buffer 
pressure that optimized the signal. A change in the 
He buffer pressure resulted in a rapid decrease of 
the signal so that a study of the storage properties 
as a function of time at various pressures was not 
possible. 

In addition, the signal intensity was also found 
to increase as a function of storage time. This is due 
to the integration of the ion signal which occurs 
over the entire trapping time; hence, for longer 
trapping time, enhanced ion accumulation occurs 
and the signal intensity increases. The ion accumu- 
lation benefit of the ion trap has a limit in its ability 
to enhance signal intensity, for at some point 
saturation of the trap with resulting space charge 
losses will be observed. 

Reduced pressure ionization. External ion injec- 
tion into the IT-RETOF was also investigated for 
other ion sources. In particular, a low pressure 
glow discharge was produced between the two 
skimmers in the differentially pumped orifice 
region which was used to ionize organic molecules 
sampled from the API [35]. The results obtained 
using this low pressure glow with detection by the 
IT-RETOF are shown in Fig. 16 for detection of 
dibenzothiophene sample from liquid injection into 
an atmospheric pressure source. This figure illus- 
trates an important advantage of the IT-RETOF 
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Fig. 16. Reduced pressure glow discharge ionization mass spectra of dibenzothiophene. (a) Vr.f, = 4OOV,,; (b) Vr,f, = WOV,,, and 
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(Reprinted with permission from ref. 34.) 

in its ability to eliminate background ions based 
upon the selected trapping conditions. This is a 
potential problem in the presence of large back- 
ground ion peaks which may saturate the trap or 
the detector, especially when attempting to amplify 
the smaller signal peaks. Figures 16(a) and (b) 
demonstrate the effect of changing the r.f. poten- 
tial applied to the ring electrode of the ion trap on 
the observed spectrum and its ability to eliminate 
background ions. These spectra are of dibenzothio- 
phene in 10m4 M methanol solution, ionized via the 
low pressure glow discharge in He. In Fig. 16(a), 
the r.f. applied was 400 V,, and the observed spec- 
trum is dominated by the background ion peaks 
with a trace analyte peak observed. However, by 
increasing the applied r.f. to 8OOV,, the trapped 

m/z range is shifted to higher m/z, eliminating 
the background ion peaks from the observed spec- 
trum as shown in Fig. 16(b). Because the trap under 
this condition was not saturated by the background 
ion peaks, more of the analyte was stored and 
accumulated, resulting in the enhancement of ana- 
lyte signal intensity. Thus, the r.f. potential applied 
to the ring electrode determines the m/z range that 
can be trapped. By varying the r.f. amplitude, the 
m/z range trapped can be selected to eliminate low 
mass background. 

An important problem encountered in inter- 
facing an atmospheric pressure generated ion 
beam to the ion trap is selecting the correct para- 
meters to optimize the kinetic energy of the beam. 
The ion trap device is most efficient in trapping ions 
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of relatively low energy, i.e. O-20 eV [36-381. It was 
found that the pressure in the differentially pumped 
region is particularly important in the ion trans- 
mission. In the API experiments performed herein 
the first skimmer orifice is 275 pm and the second 
skimmer orifice is 325 pm. This results in a pressure 
of M 1.5 Torr in the differentially pumped region. 
Under these conditions the ion beam energy is very 
dependent on I’,,,,, i.e. the focussing ring electrode 
voltage. The signal was found to be most intense 
with a Vr,,, x 30V. 

The key parameters deciding the ion energy and 
transmission efficiency from the ionization cham- 
ber through the dual orifice interface were Vpush 

and VI,,,. T/push aided in pushing the ions from 
the API chamber into the dual orifice interface. 
Although the pressure differential was the main 
factor influencing the drawing of ions into and 
through the interface region, a Vpush of +70 to 
+ 150 V was experimentally determined to signifi- 
cantly enhance the ion current traversing the inter- 
face region. This parameter was optimized with 
each individual experimental run. Limitations 
were that I/push < +7OV provided no significant 
increase in ion throughput and I’r,/pust, > +150 V 
caused a reduced pressure glow discharge to form 
in the differentially pumped interface region. VI,, 
served to condense the ion beam emanating from 
the first skimmer and focus it upon the second 
skimmer’s orifice. This parameter was also found 
to be a critical factor influencing the energy of the 
ions entering the pre-trap Einzel lens. The I’I~, 
typically was run at +lO to +35 V. A setting within 
this range was found to provide effective ion beam 
focussing without imparting too much energy to 
the ions. Greater I’,,, settings create an ion beam 
with too much energy to effectively trap ions with- 
out a d.c. bias being applied to the trap. 

In further work, it was found that high energy 
ions could also be stored within the trap. If the first 
skimmer was changed to 35Opm, the pressure in 
the differentially pumped region was typically 
5-lOTorr, under our operating conditions. Under 
these conditions the ion transmission efficiency is 
very low and only ions with higher energy were 

sampled into the mass spectrometer region. 
Indeed, a high voltage on Vte,, was needed to 
efficiently focus ions into the second skimmer. In 
addition, the He flow rate in the API chamber was 
found to be critical, where a high He flow rate 
enhanced the resulting transmission of ions but 
also appeared to increase the energy of the ions. 
An ion energy measurement in the mass spectro- 
meter was performed using a blocking grid and the 
ion energy was found to be as high as several hun- 
dred electronvolts. However, using the technique 
described in the experimental section whereby 
high energy ions can be slowed down and trapped 
by using a positive voltage bias on the ring elec- 
trode and both end caps, ions of up to 300 eV could 
be injected from an external source and trapped. 

ESZ. The results of interfacing this IT-RETOF 
mass spectrometer with an ES1 source are demon- 
strated in Figs. 17-20. Figure 17 shows the ES1 
mass spectrum of singly and doubly charged Argi- 
nine molecular ion injected into the IT-RETOF 
using 1.2 x 10m6 M Arginine dissolved in MeOH/ 
H*O/HOAc (80/20/5) mixed solvent. The pro- 
duction and transmission of ions to the trap were 
performed as described before in the experimental 
section. The spectrum obtained was a single wave- 
form spectrum with a storage time of 93 1 ms. Thus, 
only 1 s is needed to acquire this spectrum with 
S/N of the molecular ion peak greater than 20. 
The actual Arginine sample consumed is 
200fmol. This clearly demonstrates the ability of 
the IT-RETOF to detect trace transient species or 
rapidly eluting species. The FWHM of the MH+ 
peak is 1Ons which corresponds to a mass resol- 
ution of = 2700. Because the production of ions 
of different charges is a statistically distributed 
process, the relative intensity of singly charged vs. 
doubly charged molecular ion varied from one 
single waveform to another. However, as shown in 
Fig. 18, the spectrum obtained after being averaged 
50 times showed a reproducible signal intensity 
pattern of both charged ions under the same exper- 
imental conditions. The FWHM of the MH+ 
ion of Arginine in Fig. 18 is 16 ns which corre- 
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Electfosprry ioniution of Argininc MW 174,931 ms trapping 
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Fig. 17. ES1 single waveform spectrum of Arginine with Vr,f, = 5OOV,,, VcaP = +5OV, VsLimmer = +32V, Vlern = +9OV, VA = -17V, 

V, = -65V, Vextr. = -4oov, v, = Vxr = -15oov, VFoc = - 125OV, Vx2 = -1385V, VR, = -197V, VR2 = +41OV. 

sponds to a resolution of > 1700. The degradation 
of resolution in the averaged spectrum was the 
result of using the modified EAI quadrupole r.f. 
power supply which could not be pulsed off. The 
actual sample consumed in obtaining Fig. 18 was 
1 pmol. A voltage of 530 V,, was used at a fre- 
quency of 1.1 MHz in obtaining the above two 
spectra. 

The ability to obtain enhanced resolution at 
higher molecular weight through the use of ion 
storage is demonstrated in Fig. 19 for the molecu- 
lar ion region of bradykinin. Figure 19 shows the 
expansion region of the MH+ peak of bradykinin 
obtained using ES1 produced ions from 

2.3 x lop6 M bradykinin dissolved in MeOH/ 
HzO/HOAc (80/20/5 (v/v)) solvent injected into 
the IT-RETOF. The spectrum obtained was a 
400 waveform average using a storage time of 
931 ms per cycle. The r.f. voltage used was 1975 
V,, and only 12 pmol of sample was used in obtain- 
ing this spectrum. The peak of highest intensity 
observed in Fig. 5 is the bradykinin MH+ peak at 
m/z 1061. The FWHM of this peak is only 20 ns 
which corresponds to a mass resolution of x 3300. 
This spectrum clearly shows the completely 
resolved i3C isotope peaks with m/z of 1062 and 
1063. The ions with m/z of 1060 and 1059 were also 
observed. These two ions are the result of loss of 
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Fig. 18. Fifty waveform average of ES1 Arginine spectrum. All conditions same as those of Fig. 17. 

one and two protons respectively. The appearance 
of these ions is more prominent when higher r.f. 
voltage was employed suggesting that the loss of 
H atoms most probably occurred from collisions 
inside the trap. 

In Figs. 20 and 21 are shown ESI-IT-RETOF 
mass spectra of Gramicidin S illustrating the use of 
different storage time on the S/N quality of the 
IT-RETOF spectra observed. The spectra were 
obtained using 10m6 M Gramicidin S dissolved in 
MeOH/H20/HOAc @O/20/5) mixed solvent. In 
Fig. 20, the spectrum was obtained using a 3.1 ms 
storage time and was averaged 50 times. This cor- 
responds to a total analysis time of only 1.5 s. The 

Gramicidin S sample actually consumed in obtain- 
ing this spectrum is 250fmol. The major peak 
observed in this spectrum is the singly charged 
Gramicidin S molecular ion with a m/z of 1142. 
The doubly charged molecular ion with a m/z of 
57 1.5 was also observed as the second largest peak 
in the spectrum. A r.f. voltage of 2200 V, was used 
to obtain this spectrum. Under the same condi- 
tions, another spectrum was obtained using a 
931 ms storage time and was averaged 50 times as 
shown in Fig. 21. The S/N ratio is greatly 
improved in this spectrum because of the ability 
of the ion trap to accumulate the ions through 
longer trapping time. This capability is especially 
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Expansion Spectra of Bradykinin, Resolution _ 3300 
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Fig. 19. ES1 spectrum of Bradykinin showing expanded view of molecular ion peak with V,,r, = 1975V,, Vcap = +SOV, 

V&ilnmsr = +lOV, V,,,, = +195V, VA = -92V, V,, = -7OV, V,,,, = -330V. All other conditions same as those of Fig. 17. 

prominent when interfaced to an ES1 source as 
opposed to a plasma source where the ion trap is 
easily saturated because of the high ion current 
(1 - 10 mA) produced in the ionization source. Gen- 
erally, the ion current measured in the ion trap 
region is usually less than a few picoamperes in 
our current experimental setup. This results in the 
reduction of space charge effects inside the ion trap. 
Thus, the resolution of all the spectra obtained 
using the ES1 source is generally improved over 

that obtained from the plasma source. The 
FWHM of Gramicidin S doubly charged molecu- 
lar ion peak in Figs. 20 and 21 is M 35ns which 
corresponds to a mass resolution of x 1900. The 
amounts of Gramicidin S actually consumed in 
these two spectra were 240 fmol and 7.2pmol 
respectively. 

The present limit for trapping externally gener- 
ated ions via electrospray is M 3000. Neverthe- 
less this has allowed us to trap and detect large 



B.M. Chien et aLlInt. J. Mass Spectrom. Ion Processes 131 (1994) 149-l 79 175 

Electrospray ionization of Gramicidin S, MW 1141,3.1 ma 
trapping time, 50 waveforms average 

Fig. 20. ES1 spectrum of Gramicidin S showing the doubly charged molecular ion peak with Vr,f, = 22OOV,,, Vcap = +5OV, 

Vskimmer = +lOV, Vie,, = +195V, VA = -92V, V, = -7OV, V,,,, = -330V. All other conditions same as those of Fig. 17. 

multiply-charged peptides including Melittin (m/z 
2845), bovine cytochrome C (m/z 12 327), horse 
heart myoglobin (m/z 16 950) and bovine albumin 
(m/z 66266). This is shown for the case of cyto- 
chrome C in Fig. 22 where multiply charged ions 
from (M + 1 lH)“+ to (M + 20H)20+ are observed. 
This spectrum was obtained using 4.8 x 1O-7 M 
cytochrome C dissolved in MeOH/H20/HOAc 
(50/50/2.5) mixed solvent. The storage time used 
here was 931 ms and the spectrum was averaged 
200 times. The amount of cytochrome C sample 
actually consumed in obtaining this spectrum is 
400 fmol. The maximum r.f. voltage of 2200V 
was used in trapping these externally generated 

ions. In order to extend the mass range a higher 
r.f. voltage will yet be required. 

An important potential advantage of the 
IT-RETOF is the duty cycle of the device. The 
actual pulse out time of the device is z 2 p.s. Thus, 
if one uses a storage time of > 1Oms per cycle for 
sampling a continuous ion beam, the duty cycle 
approaches nearly 100%. Other methods have 
been used to sample continuous ion beams into 
TOF such as beam modulation and pulsed extrac- 
tion. In the beam modulation technique an ion 
beam is swept past a slit to obtain time resolution 
in the TOF device. In previous work with an API 
beam, this method was shown to provide excellent 
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Electrospray ionization of Oramicidin S, MW 1141, 931 ms 
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Fig. 21. ES1 spectrum of Gramicidin S showing both the singly and doubly charged molecular ion peaks. All conditions are same as 

those of Fig. 19. 

resolution in a linear TOF-MS [39]; however, the 
sensitivity was rather limited due to the poor duty 
cycle. It is estimated that even with a beam mod- 
ulation rate of 10 kHz, a maximum duty cycle of 
x 0.02% can be achieved. An alternative method 
for interfacing a continuous ion beam to the TOF is 
the pulsed extraction technique. In this method an 
ion beam is transmitted between the acceleration 
plates of the TOF and then rapidly pulsed out 
with an extraction pulse into the TOF drift tube 
which is transverse to the ion beam. The duty 
cycle is limited by the length of the extraction plates 
and velocity of the ion beam, but has been estimated 
to be as high as M 2.5% based upon a repetition rate 
of 10 kHz [40]. The duty cycle of these two tech- 
niques will decrease when detecting ions with larger 
m/z where a lower repetition rate must be used. 

An advantage of the ion trap is that it can 
achieve an excellent duty cycle for continuous ion 
beams independent of repetition rate. As shown in 
this work, a trapping time of 100 ms can be used to 
enhance the signal and resolution of ions generated 
by an API source. Under these conditions, a pulse- 
out rate of only 10 Hz is required, which can easily 
be processed even with relatively modest elec- 
tronics and software. When fast spectrum acquisi- 
tion must be performed, such as applications in GC 
or LC when detecting rapidly eluting species or 
monitoring transient species, a 100 ps trapping 
time and a pulse-out rate of 1OKHz can be used 
to obtain the same 100% duty cycle. In contrast, 
the beam modulation and pulsed extraction meth- 
ods require a high extraction rate (10 kHz) to 
achieve a reasonable duty cycle. Although this is 
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Fig. 22. ES1 of cytochrome C showing multiply charged peaks with V,,r, = 2200 VPr,, V,+, = + 100 V. VsLimmsr = +30 V, V,,, = + 160 V, 

and Vextr. = -330V. All other conditions same as those of Fig. 17. 

possible to process with modern digitizers and soft- 
ware, the use of the low repetition rate provided by 
the IT-RETOF greatly simplifies data collection 
and processing. 

There are other potential advantages of the 
IT-RETOF over pulsed extraction methods with- 
out storage. Simulations performed on the SIMION 

program show that orthogonal extraction of ions 
becomes difficult above 50 eV of energy where the 
ions can not be easily turned around and trans- 

mitted down the flight tube. In comparison, the 
IT-RETOF is capable of slowing down and trap- 
ping ions of high energy with resulting high resolu- 
tion due to the storage properties of the trap. Also, 
the orthogonal pulsed extraction method will be 
limited in the mass range that will be observed 
due to the transverse velocity component of the 
ion beam. However, the mass storage range of 
the IT-RETOF is determined by the voltage and 
frequency applied to the trap and can be made 
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extremely large in conjunction with the use of a 
buffer gas in the trap. In recent simulations [28] it 
has been shown that a storage range of several 
hundred thousand atomic mass units should be 
possible under appropriate conditions. In the pre- 
sent work the ability to trap externally generated 
ions is limited to m/z < 3000 by the voltage range 
of the r.f. power supplies available. However, sto- 
rage of ions over a relatively large mass range has 
been demonstrated in the trap [41,42]. The subse- 
quent pulse-out of the ions from the trap into the 
RETOF occurs on-axis so that any further energy 
difference in the kinetic energy of ions of different 
masses in the extraction process is no longer impor- 
tant. In addition, a further possible advantage of 
the IT-RETOF in these experiments that has not 
been demonstrated herein is the possibility for 
MS-MS studies in the trap and for the studies of 
long-lived metastable decay in the IT-RETOF 
combination. 

A measurement of the limit of detection attain- 
able for liquid injection-nebulization into the 
plasma source was examined using pyridine dis- 
solved in methanol solution. An initial solution of 
6.55 x 10e6 M was prepared and successive dilu- 
tions were made down to 6.55 x lo-“M. These 
samples were run as detailed in this work, but 
with the storage time optimized for each concen- 
tration. A lower limit of detection of 2-3 fmol was 
determined using a S/N = 3 as our limit of detec- 
tion criterion. Similar limits of detection were 
observed for liquid injection into the ES1 source 
using Arginine, Leucine-Alanine and Gramicidin 
S dissolved separately in MeOH/H20/HOAc 
@O/20/5 (v/v)) solvent. Initial solutions of 
7 x 10e5 M were prepared and successive dilutions 
were made down to 6.55 x 10F8 M. These samples 
were run as detailed previously but with the con- 
ditions optimized for each analyte and concen- 
tration. A lower limit of detection of 35, 20 and 
80 fmol respectively were determined using 
S/N = 3 as our limit of detection criterion. Later 
work on ES1 incorporated a 40mm triple micro- 
channel plate detector in our IT-RETOF mass 
spectrometer where limits of detection of 4.5, 0.7, 

and 0.5 fmol were achieved for Gramicidin S, Argi- 
nine, and Leucine-Alanine respectively. Future 
work will involve improving the ion transmission 
effeciency in the interface region, which should 
allow even lower detection limits. 

In conclusion, the capabilities of an IT-RETOF 
MS combination have been demonstrated for 
detection of ions generated by liquid injection 
into plasma source atmospheric pressure ioniz- 
ation mass spectrometry and detection of ions 
generated from an ES1 ionization source. The ion 
trap has been shown to be an effective means of 
storing externally generated ions for up to lOs, 
prior to mass analysis in the RETOF MS. The 
IT-RETOF can provide nearly 100% duty cycle in 
converting a continuous ion beam into a pulsed 
source for TOF, which will be important for inter- 
facing to chromatographic applications. It is also 
shown that the storage capabilities of the device 
provide enhanced resolution and sensitivity as the 
storage time is increased. The detection limit of the 
device was also demonstrated with liquid injection 
techniques in the plasma source and found to be in 
the low femtomole range, while similar low femto- 
mole detection limits were also observed for ES1 of 
peptides. In addition, the r.f. voltage was shown to 
be an effective means of eliminating low mass back- 
ground peaks from the trap and, thus, from the 
TOF mass spectrum obtained. 
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