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(57) ABSTRACT 

A time-of-?ight mass analyzer having an improved ion 
detector arrangement is disclosed. The analyzer includes an 
ionizer that generates the ions that are to be analyzed. A 
?ight tube accepts the ions provided from the ionizer and 
constrains the ions to a generally helical ion ?ight path using 
a generally static electric ?eld. An ion detector is disposed 
in the ?ight tube to intercept ions as the ions travel along the 
substantially helical ion ?ight path. At least one timer is 
provided to determine the ?ight times of the ions along an 
ion path that comprises at least the generally helical ion path. 
The timer is responsive to the impingement of ions on the 
ion detector. 
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TIME OF FLIGHT MASS ANALYZER HAVING 
IMPROVED DETECTOR ARRANGEMENT AND 

METHOD OF OPERATING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a continuation-in-part of 
US. Ser. No. 10/692,301, ?led Oct. 23, 2003, and entitled 
“TIME OF FLIGHT MASS ANALYZER HAVING 
IMPROVED MASS RESOLUTION AND METHOD OF 
OPERATING SAME”. 

FIELD OF THE INVENTION 

[0002] The present invention is generally directed to mass 
analyZers. More particularly, the present invention is 
directed to a time-of-?ight mass analyZer having an 
improved detector arrangement. 

BACKGROUND OF THE INVENTION 

[0003] The characteristics of mass spectrometry have 
raised it to an outstanding position among the various 
analysis methods. It has excellent sensitivity and detection 
limits and may be used in a Wide variety of applications, eg 
atomic physics, reaction physics, reaction kinetics, geochro 
nology, biomedicine, ion-molecule reactions, and determi 
nation of thermodynamic parameters (AG°f, K8, etc.). Mass 
spectrometry technology has thus begun to progress very 
rapidly as its uses have become more Widely recogniZed. 
This has led to the development of entirely neW instruments 
and applications. 

[0004] Different types of mass analyZers have been found 
suitable for different needs, each type having its oWn unique 
bene?ts and de?cits. One type of mass analyZer that has 
been found useful in a Wide range of existing and neWly 
developed applications is the time-of-?ight mass analyZer. 
Time-of-?ight (TOF) mass spectrometers are routinely used 
for the analysis of high-molecular Weight compounds in a 
variety of ?elds of study, including DNA and protein analy 
sis. Although time-of-?ight instruments are usually large 
and expensive due to the nature of the technique, the 
analysis times are typically short because there is no need to 
scan through an m/Z range to get results. The analytes are 
typically analyZed concurrently and are distinguished by 
their velocities, Which determine the ?ight time to a detector. 

[0005] FIG. 1 illustrates the basic components of a time 
of-?ight mass spectrometer 20. In operation the time-of 
?ight mass spectrometer 20 Works by measuring the time it 
takes an ion to travel a distance L along an ion ?ight path. 
Typically, this distance corresponds to the length of the ?ight 
path traveled by the ion from a position proximate an ion 
source 25 to an ion detector 30. All ions are accelerated in 
the same electric ?eld so initial velocities are directly 
proportional to their mass/charge ratio (m/Z). Ions With a loW 
m/Z have higher velocities than those With higher m/Z and 
reach the detector 30 sooner. The equation describing this 
relationship is the simple time-distance equation: 

[0006] Where tof is ?ight time, L is measured distance 
through Which the ions travel in the ion ?ight path, va is the 
velocity of the ions after acceleration, m is mass, Z is the 
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number of charges on the molecule, Q is the magnitude of 
the electric charge and V is the accelerating potential. 

[0007] Notably, time-of-?ight mass spectrometers are 
quite large since the ions must have a long ?ight path if the 
measured time-of-?ight values are to be meaningful. Path 
lengths on the order of one to tWo meters are necessary to 
insure that ions of slightly different m/Z are resolved. The 
?ight time under typical conditions for ions in the 1000 m/Z 
range is about 70 microseconds and ?ight time differences at 
the highest resolution are on the order of nanoseconds. 

[0008] Some of the factors affecting ?ight time include the 
initial ioniZation and acceleration conditions as Well as the 
m/Z of the ion. If large amounts of energy are used or if large 
accelerations are applied, the ?ight times Will be short and 
differences in the ?ight times betWeen ions of similar m/Z 
Will be slight. HoWever, despite the negative effect of 
imparting such high levels of energy to the ions, it is often 
necessary to give the ions that are to be analyZed high 
acceleration potentials (up to ~30 kV) so that the differences 
in the initial conditions (i.e., kinetic energy spread) of 
identical ions are minimized. With reference again to FIG. 
1, some time-of-?ight mass spectrometers may be equipped 
With a re?ectron 35 to compensate for such variations in the 
initial kinetic energy of ions having the same m/Z. 

[0009] As the uses of time-of-?ight mass spectrometry 
have increased, so too have the requirements for increased 
mass sensitivity and resolution that are imposed upon these 
instruments. Because the ?ight time of the ions along the 
?ight path is short, especially With reasonably siZed instru 
ments, compounds of similar m/Z are dif?cult to distinguish 
and, as such, relatively loW resolutions on the order of only 
several hundreds are typical of these instruments. The reso 
lution may be increased by lengthening the ?ight path L so 
that molecules of similar siZe traveling at slightly different 
velocities may be separated. Lengthening of the ?ight path 
L, hoWever, has traditionally been accomplished by increas 
ing dimension D of the analyZer 20 thereby leading to 
substantially larger instruments. Thus, development trends 
With respect to time-of-?ight mass spectrometers have gone 
in the direction of large, increasingly complex designs 
requiring highly specialiZed components and tight manufac 
turing tolerances. 

SUMMARY OF THE INVENTION 

[0010] Atime-of-?ight mass analyZer having an improved 
ion detector arrangement is disclosed. The analyZer includes 
an ioniZer that generates the ions that are to be analyZed. A 
?ight tube accepts the ions provided from the ioniZer and 
constrains the ions to a generally helical ion ?ight path using 
a generally static electric ?eld. An ion detector is disposed 
in the ?ight tube to intercept ions as the ions travel along the 
substantially helical ion ?ight path. At least one timer is 
provided to determine the ?ight times of the ions along an 
ion path that comprises at least the generally helical ion path. 
The timer is responsive to the impingement of ions on the 
ion detector. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 illustrates a time-of-?ight mass analyZer 
constructed in accordance With the teachings of the prior art. 

[0012] FIG. 2 is a schematic block diagram of one 
embodiment of a time-of-?ight mass spectrometer con 
structed in accordance With one embodiment of the present 
invention. 
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[0013] FIG. 3 is a schematic block diagram of one 
embodiment of several of the components that may be used 
in the spectrometer shoWn in FIG. 2. 

[0014] FIGS. 4 through 10 shoW the construction and 
operation of one embodiment of a ?ight tube suitable for use 
in the time-of-?ight mass spectrometer shoWn in FIG. 2. 

[0015] FIGS. 11 and 12 shoW the construction and opera 
tion of a further embodiment of a ?ight tube suitable for use 
in the time-of-?ight mass spectrometer shoWn in FIG. 2. 

[0016] FIGS. 13 and 14 are side and perspective vieWs of 
the ?ight tube, respectively, illustrating the separation 
betWeen ions of the same mass-to-charge ratio that occurs 
When the ions enter at different entrance angles. 

[0017] FIGS. 15 and 16 are sectional vieWs through lines 
XV-XV and XVI-XVI of FIG. 6 illustrating one embodi 
ment of an internal detector arrangement. 

[0018] FIG. 17 is a sectional vieW illustrating a further 
embodiment of an internal detector arrangement suitable for 
use in the ?ight tube shoWn in FIG. 6. 

[0019] FIGS. 18 and 19 are side and perspective vieWs of 
the ?ight tube, respectively, illustrating impingement of ions 
introduced into the ?ight tube at different entrance angles as 
the ions contact the internal detector. 

DESCRIPTION OF A PREFERRED 
EMBODIMENT OF THE INVENTION 

[0020] The basic components of a time-of-?ight mass 
analyZer constructed in accordance With one embodiment of 
the invention are shoWn in FIG. 2 in block diagram form. As 
illustrated, the analyZer 50 includes a sample source unit 55, 
an ioniZer/ion injector 60, an ion ?ight path that includes ion 
?ight tube 65, and an ion detector 70. Although the term 
“tube” has been used in connection With schematic block 65, 
the use of the term has been undertaken for the sake of 
simplicity and is not meant to constrain the corresponding 
structure to a particular shape. Rather, the term is intended 
to encompass all of the various element shapes that can be 
used to constrain ions to a ?ight path of the type set forth 
beloW. 

[0021] The components of the mass analyZer 50 may be 
automated by one or more programmable control systems 
75. To this end, control system 75 may be used to execute 
one or more of the folloWing automation tasks: 

[0022] a) control of the ioniZation and ion injection param 
eters of one or more of the components of the ioniZer/ion 
injector 60 (i.e., ion beam focusing, ion beam entrance angle 
into the ion ?ight tube 65, ion injection timing, ioniZation 
energy, ion exit velocity, etc.); 

[0023] b) control of the electric ?eld parameters Within the 
ion ?ight path including ion ?ight tube 65; 

[0024] c) measurement of the time-of-?ight of ions 
through the ion ?ight tube 60; and 

[0025] d) analysis of the data received from the mass 
analyZer 50 for presentation to a user and/or for subsequent 
data processing and/or analysis. 

[0026] The parameters used to execute one or more of the 
foregoing automation tasks may be entered into the control 
system 75 by a human operator through, for example, user 
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interface 80. Additionally, user interface 80 may be used to 
display information to the human operator for system moni 
toring purposes or the like. As such, user interface 80 may 
include a keyboard, display, sWitches, lamps, touch display, 
printers or any combination of these items. 

[0027] With reference to FIG. 2, the material that is to be 
analyZed is provided to analyZer 50 through the sample 
source unit 55. Sample source unit 55 may include a single 
sample outlet or multiple sample outlets (a single sample 
outlet is shoWn in the illustrated embodiment). Further, the 
sample source unit 55 can be con?gured to provide a single 
material type or multiple successive material types. 

[0028] The sample material from the sample source unit 
55 is provided to the input of the ioniZer/ion injector 60. 
Sample source unit 55 can introduce the sample material 
(Which includes the analyte) to the ioniZer/ion injector 60 in 
several Ways, the most common being With a direct insertion 
probe, or by infusion through a capillary column. The 
ioniZer/ion injector 60 may therefore be adapted to interface 
directly With Whatever form the sample takes at the output 
of the sample source unit 55. For example, the ioniZer/ion 
injector 60 can be adapted to interface directly With the 
output of gas chromatography equipment, liquid chroma 
tography equipment, and/or capillary electrophoresis equip 
ment. It Will be recogniZed that any treatment of a sample 
material prior to the point at Which sample source unit 55 
provides it to the ioniZer/ion injector 60 is dependent on the 
particular analysis requirements. 

[0029] Upon receiving the sample from the sample source 
55, the ioniZer/ion injector 60 operates to ioniZe the mol 
ecules of the analyte included in the received sample and to 
inject the ioniZed analyte molecules, either directly or indi 
rectly, into the ion ?ight tube 65. Although pulsed ionization 
techniques providing short, precisely de?ned ioniZation 
times and a small ioniZation region are preferable, the 
ioniZation and injection can be accomplished using any of a 
number of techniques,. For example, one method that alloWs 
for the ioniZation and transfer of the sample material from a 
condensed phase to the gas phase is knoWn as Matrix 
Assisted Laser Desorption/Ionization (MALDI). Another 
technique is knoWn as Fast Atom/Ion Bombardment (FAB), 
Which uses a high-energy beam of Xe atoms, Cs+ions, or 
massive glycerol-NH4 clusters to sputter the sample and 
matrix received from the sample source unit 55. The matrix 
is typically a non-volatile solvent in Which the sample is 
dissolved. Although the ioniZer/ion injector 60 is repre 
sented by a single block unit in the schematic of FIG. 2, it 
Will be recogniZed that these processes can be executed by 
a single, integrated unit or in tWo or more separate units. 

[0030] A further technique that may be implemented by 
the ioniZer/ion injector 60 is electrospray ioniZation. Since 
this technique is typically associated With the continuous 
generation of ions, hoWever, it should be modi?ed to provide 
discrete ion packets into the ion ?ight tube 65. One manner 
of doing this is shoWn in FIG. 3. As illustrated, ions from an 
electrospray generator 85 are carried to an ion trapping 
device 90 by loW-potential lenses 95 and are stored there by 
a decelerating ?eld. They are then ejected from the trapping 
device 90 and passed into the ion ?ight tube 65. For 
example, this may occur by applying 1 microsecond pulses 
that are repeated at a frequency as high as 1 kilohertZ to an 
electrode disposed at the outlet of the trap 90. 
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[0031] The inlet to the ion ?ight tube 65 may be generally 
perpendicular With or at a slight angle to the direction of the 
ion beam exiting the trap 90. This orientation helps reduce 
the dispersion of the kinetic energy in the direction of the 
?ight tube inlet. As Will be set forth in the further detail 
beloW, the ion ?ight tube 65 itself may be adapted to initially 
alloW it to function as an ion trap that facilitates a delayed 
extraction of the ions from the trap region toWard the 
detector 70. This latter construction eliminates the need for 
a separate trap apparatus 90 and/or complements the opera 
tion of such a trap. 

[0032] FIG. 3 also illustrates several other elements of the 
mass analyZer 50. More particularly, FIG. 3 illustrates the 
details of one embodiment of the control system 75. In this 
embodiment, all of the various system functions and com 
ponents are preferably controlled by or executed Within 
computer 97. Generally stated, the elements controlling 
ioniZer/ion injector 60 include a lens control circuit 100, an 
impulse generator 105 and a clock circuit 110. The lens 
control circuit 100 and impulse generator 105 control the 
parameters associated With the injection of the ions into the 
ion ?ight tube 65. Lens control circuit 100 and impulse 
generator 105 may generate their electric ?elds in response 
to timing signals provided by clock 110. Additionally, a start 
signal 115 may be generated by the impulse generator 105 
to indicate that a packet of ions has been injected into the ion 
?ight path, Which includes the ion ?ight tube 65. The start 
signal 115 is used to initiate a measurement sequence in 
Which the time it takes for the packet of ions to travel along 
the ion ?ight path to the detector 70 is determined. Detector 
70 is sensitive to ion impacts and is used to provide a 
corresponding stop signal 120 indicating that ions have 
exited the outlet end of ?ight tube 65. Both the start signal 
115 and stop signal 120 are provided to a discriminator and 
impulse counter circuit 125 that assists in masking unWanted 
signals in favor of those signals that are truly indicative of 
the time-of-?ight of the ions through the ion ?ight path. 

[0033] As shoWn in FIG. 3, at least a portion of the ion 
?ight path is aligned With a linear axis 130. In the illustrated 
embodiment, this axis extends along the length of the ion 
?ight tube 65. Within the ion ?ight tube 65 there is a region 
that has a substantially static electric ?eld. The substantially 
static electric ?eld includes non-linear equipotential ?eld 
lines that circumvent the linear axis 130. These non-linear 
equipotential ?eld lines are shoWn generally at 135 and 
effectively extend into and from the tWo-dimensional rep 
resentation of the ?ight tube 65 shoWn in FIG. 3. Ion motion 
about linear axis 130 is generally constrained by the static 
electric ?eld along the non-linear equipotential ?eld lines 
135. 

[0034] In accordance With a ?rst manner of operating ion 
?ight tube 65, it is assumed that the ions enter the substan 
tially static electric ?eld from the ioniZer/ion injector 60 
With a non-negligible velocity component in a direction 
along the linear axis 130. Generally stated, the path of the 
ions through the ion ?ight tube 65 is thus determined by the 
velocity component of the ions along the axis 130 and the 
distribution (shape and strength) of the equipotential ?eld 
lines about the axis 130. These parameters are selected so 
that the ions proceed through the ion ?ight tube 65 in a 
direction along the linear axis 130 While concurrently being 
constrained by the static electric ?eld to make multiple 
circumnavigating trips about axis 130 as the ions proceed 
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from the ?ight tube inlet to the ?ight tube outlet. By making 
multiple circumnavigating trips about the axis 130 as they 
concurrently travel in a direction along the axis, the ions 
travel through a signi?cantly longer ?ight path When com 
pared to a ?ight path comprised solely of linear travel 
through ?ight tube 65. 

[0035] Ion ?ight tube 65 may include the entire ion ?ight 
path Within its boundaries or, alternatively, may merely 
constitute a portion of the overall ion ?ight path. For 
example, and the ion ?ight tube 65 of FIG. 3 includes 
substantially the entire ion ?ight path taken by the ions 
emitted from the ioniZer/ion injector 60. Alternatively, an 
ion ?ight tube such as the one described here can be placed 
solely along a portion of an ion ?ight path such as the one 
shoWn in FIG. 1. As such, the ion ?ight path used to measure 
the time-of-?ight of the ions may be longer than or shorter 
than the path that the ions take through the ion ?ight tube 65. 
In each instance, hoWever, a ?ight tube 65 constructed in the 
foregoing manner substantially increases the overall length 
of the ion ?ight path Without requiring a corresponding 
increase in the length of the ?ight path components. The 
increase in the overall length of the ion ?ight path gives rise 
to an increase in the resolution of the mass analyZer thereby 
alloWing for the design of a higher-quality instrument in a 
smaller dimensioned package. 

[0036] One embodiment of an ion ?ight tube 65 that is 
adapted to operate in the foregoing manner is shoWn in 
FIGS. 4 and 5. Generally stated, ion ?ight tube 65 includes 
an inlet portion 142 and an ion de?ection portion 144. The 
ion inlet portion 142 is adapted to direct ions received 
therethrough to a region that is substantially free of electric 
?elds. In contrast, the ion de?ection portion 144 accepts ions 
from the ion inlet portion 142 and directs the ions to a region 
having a substantially static electric ?eld. Within the ion 
de?ection portion 144, the ions make the multiple circum 
navigating trips about the axis 130 as they concurrently 
travel in a direction along the axis as described above. 

[0037] In the speci?c embodiment of FIGS. 4 and 5, ion 
?ight tube 65 includes a ?rst electrode 145, a second 
electrode 150 and a third electrode 155. The ?rst electrode 
145 has a generally cylindrical electrode surface facing an 
interior portion thereof and an ion inlet 160 disposed 
through its side. 

[0038] The second electrode 150 is concentrically dis 
posed Within the ?rst electrode 145 and has a generally 
cylindrical electrode surface facing an exterior portion 
thereof so that an electric ?eld may be generated in the 
interstitial region 153 betWeen the ?rst and second elec 
trodes, 145 and 150. The second electrode 150 further 
includes an opening 165 through an arcuate portion of the 
electrode surface. Depending on the design requirements, 
the arcuate opening 165 may be limited solely to the region 
proximate the ion inlet 160 or may extend along a more 
substantial portion of the length of the second electrode 150. 

[0039] The third electrode 155 is disposed in the arcuate 
opening 165 of the second electrode 150. The third electrode 
155 includes an arcuate electrode surface facing an exterior 
portion thereof that is disposed to alloW selective generation 
of an electric ?eld in the interstitial region 157 betWeen the 
third and ?rst electrodes, 155 and 145, respectively. Prefer 
ably, the third electrode 155 is shaped to form a generally 
continuous cylindrical electrode With the second electrode 
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150. Such continuity facilitates selective formation of a 
substantially homogenous electric ?eld in the entire inter 
stitial region betWeen the ?rst electrode 145 and the com 
bined structures of the second and third electrodes, 150 and 
155. 

[0040] The ?rst, second and third electrodes may be 
constructed in a variety of manners. For example, they may 
be constructed as purely conductive members formed from 
a single conductive material or multiple layers of different 
conductive materials. They may also be constructed from a 
conductive material betWeen dielectric surfaces, a conduc 
tive material disposed over a dielectric surface, etc. The 
principal objective of any such design should be the gen 
eration of the desired electric ?eld Within the interstitial 
regions. As such, for purposes of the present invention, an 
electrode “surface” may be exposed or covered depending 
on the design criterion of the mass analyZer 20. 

[0041] At least one poWer supply circuit is connected to 
the ?rst electrode 145, second electrode 150 and third 
electrode 155 to provide the poWer necessary to generate the 
electric ?elds required for operation of the ?ight tube 65. 
With respect to the speci?c embodiment shoWn here, the 
poWer supply circuit 170 is operated to generate a generally 
static electric ?eld betWeen the ?rst and second electrodes 
While the ions travel in interstitial region 153 about and in 
the direction of linear axis 130. The poWer supply circuit 170 
can also be sWitched betWeen at least a ?rst state in Which 
the interstitial region 157 betWeen the ?rst and third elec 
trodes is generally ?eld free, and a second state in Which a 
generally static electric ?eld is generated in interstitial 
region 157 betWeen the ?rst and third electrodes. 

[0042] Operation of the ?ight tube 65 can be understood 
With reference to FIGS. 6-10. As shoWn in FIG. 6, ions are 
provided through the inlet 160 at a predetermined angle 0. 
Angle 0 of this embodiment is shoWn as laying in the X-Z the 
plane and is measured against the x-axis. Thus, the ions 
entering through inlet 160 have a velocity component in the 
Z-direction, Which coincides With the direction of the linear 
axis 130. 

[0043] FIGS. 7 through 10 illustrate hoW the ions from 
the ioniZer/ion injector 60 are inserted into the ?ight tube 65 
and attain stable trajectories. To this end, the ?rst electrode 
145 is held at ground potential and acts as a shield so that 
ions from the ioniZer/ion injector 60 are initially unaffected 
by the electric ?eld inside the ?ight tube 65. A negative DC 
voltage is generated by poWer supply 170 and placed on the 
second electrode 150 to generate a generally static electric 
?eld throughout interstitial region 153. 

[0044] The ions must be placed into the center of the 
electric ?eld of region 153 approximately halfWay betWeen 
the ?rst and second electrodes, 145 and 150, or the ions Will 
crash into the electrode Walls. To direct the ions in this 
manner, third electrode 155 is selectively provided With 
poWer from poWer supply 170 to control the electric ?eld in 
region 157 proximate the inlet port 160. More particularly, 
third electrode 155 is maintained at the same potential as 
?rst electrode 145 during initial introduction of the ions into 
the ion ?ight tube 65. Ions entering the ?ight tube 65 thus 
initially travel through a ?eld-free Zone in region 157 since 
there is no potential difference betWeen the ?rst and third 
electrodes, 145 and 155 at this point in time. Consequently, 
the ions are not de?ected from their initial straight path. 
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While in this straight path, the ions are directed to a region 
midWay betWeen the ?rst and second electrodes, 145 and 
150. The ?eld-free Zone that exists in region 157 as Well as 
the equipotential ?eld lines of the electric ?eld generated 
betWeen the ?rst electrode 145 and second electrode 150 are 
illustrated in FIG. 8. 

[0045] As the ions proceed further into the ?ight tube 65, 
they enter the electric ?eld that is generated betWeen the ?rst 
and second electrodes, 145 and 150. Preferably, the ions are 
inserted at a negligible angle (i.e., 0°) relative to the ?eld 
equipotential lines shoWn in FIG. 8 and are unaffected by 
fringe ?elds at their insertion point into region 157. After 
entry into the electric ?eld of region 153, the ions attain a 
stable trajectory about and in the direction of axis 130 to 
thereby ?y in a helical pattern, such as the ?ight pattern 
shoWn at 175 of FIG. 6. In order to ensure maximum 
stability of the ions along this helical trajectory, the poWer 
supply 170 brings the potential of the third electrode 155 to 
the same potential as second electrode 150 before the ions 
complete a full circum-navigational cycle about axis 130 
and again reach region 157. This is illustrated in FIG. 9, 
Which shoWs the ions in a stable trajectory midWay through 
regions 153 and 157. In this manner, the ions are acted upon 
by a substantially static and homogenous electric ?eld 
during the remaining portion of their ?ight through the ?ight 
tube 65. The equipotential ?eld lines generated by the 
electric ?eld in this second state of the ?ight tube 65 are 
shoWn in FIG. 9. 

[0046] By forcing the ions into such a helical trajectory, 
very long ?ight lengths can be attained With a modestly siZed 
device. For example, in the concentric electrode embodi 
ment of FIGS. 4 through 10, ?ight lengths of about seven 
meters can be realiZed using a ?ight tube of about 100 mm 
in length and 20 mm in diameter. This represents an enor 
mous savings in space compared to conventional time-of 
?ight instruments. Using this speci?c construction, the ?ight 
length is doubled for every doubling of the number of orbits 
about the axis 130. 

[0047] The entry angle 0 determines the number of orbits 
and ultimately the ?ight time through the tube. This rela 
tionship is expressed in the folloWing equation: 

[0048] Where tof is ?ight time, L is the length of the ?ight 
tube, va is velocity after acceleration, m is mass, Z is the 
number of charges on the molecule, Q is the magnitude of 
the electric charge, V is the accelerating potential and 0 is 
the ion input angle. As noted above, angle 0 is relative to the 
x-axis in the X-Z plane. 

(Equation 2) 

[0049] As can be seen from Equation 2, the time of ?ight 
is proportional to the ?ight tube length and inversely pro 
portional to the input angle, 0. Long ?ight times may thus be 
achieved using very little space. This provides more accu 
racy in measuring different m/Z of closely related species 
since the temporal separation betWeen species of similar m/Z 
increases With the length of the ?ight path. This construction 
also makes the length of the ion ?ight path independent of 
the diameter of the interstitial region betWeen the electrodes 
of the ?ight tube 65. In larger diameter ?ight tubes 65, the 
ions circumnavigate axis 130 feWer times than in smaller 
diameter ?ight tubes but the actual distance traveled is the 
same. 
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[0050] In an alternative mode of operation of the ?ight 
tube 65, the ions may be initially introduced and an input 
angle of 0=0°. As such, the ions would be trapped in the 
substantially static electric ?eld proximate the ion inlet 160 
with a negligible velocity component along the linear axis 
130. The ions may be held to circulate in this region until a 
predetermined criterion, such as the lapse of a predetermined 
time period, is met. Once this predetermined criterion is met, 
a velocity component along the linear axis 130 may be 
imparted to the ions so that they move along the linear axis 
while making the same multiple circumnavigating trips as 
their counterparts described above. This velocity component 
can be imparted through the use of a fourth electrode (not 
illustrated) that is disposed to generate an electric ?eld in 
interstitial region 153 along the direction of the linear axis 
130. 

[0051] The operating parameters for the embodiment of a 
time-of-?ight mass analyZer including the ion ?ight tube of 
FIGS. 4 through 10 can be determined based on known 
parameters of the instrument. One of the most signi?cant of 
the operating parameters that must be determined is the 
magnitude of the voltage that is to be applied to the 
electrodes (of known dimensions based on the design of the 
system) to guide the ions into a stable trajectory within the 
interstitial region, or “gap”, between the electrodes. To this 
end, several operating parameters are known quantities and 
several must be calculated. An example of the known 
parameters in such an analyZer, include: 

Charge magnitude: Q = 1.6 x 10’19 coulombs/charge 
Number of charges: Z = 1 

Ion kinetic energy: 23.2 electron volts (eV) 
Ion entrance velocity: Va = 2.115 x 103 meters/second after acceleration 
Device dimensions: 100 mm length = 0.1 meters 

18.5 mm outside diameter 
13.2 mm inside diameter 
15.2 mm diameter at center of gap 
2 mm gap between electrodes 
Radius of stable 
orbit = r = 7.6 mm = 7.6 x 10’3 meters 

(radius taken midway of the gap between 
the electrodes) 

Ion mass: 

[0052] The unknown parameters include the acceleration 
needed to guide the ions into a stable helical trajectory 
between the electrodes and the electrode voltage needed to 
attain this acceleration. 

[0053] First, the requisite acceleration needed to guide the 
ions into a stable helical trajectory is determined. To this 
end, position X of the ion within the gap at radius r along the 
x-axis is given by the following equation: 

x=r sin (6) (Equation 3) 

[0054] where 0 is the angular position around the circum 
ference of the gap. This angle may be expressed in radians 
as the angular velocity of the ion, (0, times the time after 
entry into the gap, t. So, 

x=r sin ((0t) (Equation 4) 

[0055] Likewise, the y position of the ion along the y-axis 
is given by the following equation: 

y=r cos (Equation 5) 
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[0056] The velocity in the X and y directions may be found 
by taking the derivative of the expressions for the position. 
For the velocity in the x-direction, the expression is as 
follows: 

[0057] where va is the velocity of the ion after acceleration 
as it enters the device. Similarly, velocity in the y-direction 
is given by the following equation: 

(Equation 6) 

[0058] Taking the derivative of the expressions for x and 
y velocity gives the expression for acceleration in the x and 
y directions. The expression for acceleration in the x-direc 
tion is therefore: 

[0059] while the expression for acceleration in the y-di 
rection: 

(Equation 8) 

ay=[v/r][—v(cos ((0!))]=(—va2/r) cos ((0!) 

[0060] To ?nd the expression for the composite accelera 
tion ac (the accelerations in the x and y directions), the 
expressions for the individual accelerations must be summed 
as vectors in their respective directions. This may be derived 
as follows: 

(Equation 9) 

aC2=ax2+ay2 or (Equation 10) 

[0061] Given that (sin2 ((0t)+cos2 ((0t)) is unity, the fore 
going expression of Equation 13 simpli?es to the following 

(Equation 11) 

(Equation 12) 
(Equation 13) 

ac=(Va4/r2)1/2 (Equation 14) 

[0062] or 

aC=va2/r (Equation 15) 

[0063] Equation 15 is thus used to ?nd the acceleration 
needed to direct the ions into a stable trajectory within the 
?ight tube 65. To ?nd the electric ?eld strength E necessary 
to attain the acceleration calculated in Equation 15, it is 
possible to start with the following general force equation: 

F=ma (Equation 16) 

[0064] In terms of electrical forces, Equation 16 translates 
to the following equation: 

QE=ma (Equation 17) 

[0065] or 

E=ma/Q (Equation 18) 

[0066] where E is the electric ?eld in volts/meter. Substi 
tuting the values for mass, acceleration and charge identi?ed 
in the exemplary known parameters set forth above, a 
solution for the electric ?eld magnitude E can be found . 
Using the equation for acceleration of Equation 15 and 
substituting the exemplary parameters, the value for aC is 
calculated as follows: 

3=5.886><1O8 (Equation 19) 

[0067] With the value of aC now being known, the mag 
nitude of the electric ?eld E is reduced to the following 
value: 
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6.107 volts/millimeter (Equation 20) 

[0068] Given that the gap between the electrodes in this 
example is 2 mm, the required electrode voltage, V6, to get 
the desired ?eld strength magnitude E is calculated in the 
folloWing manner: 

Ve=(2 mm) (6.107 volts/mm)=12.214 volts (Equation 21) 

[0069] Several interesting observations may be made in 
connection With the foregoing equations. For example, it is 
apparent that the acceleration needed to force the ions into 
a stable trajectory is inversely proportional to the radius of 
the ring. If the gap betWeen the electrodes is constant, 
increasing the ring diameter decreases the required accel 
eration and, therefore, the voltage required on the electrodes. 
For example, if the radius of the ring is doubled to 15.2 mm, 
the folloWing parameters are obtained: 

aC=va2/r=(2.115><103)2/(1.52><10’2)=(4.473><106)/ 
(1.52><10*2)=2.943><108 

[0070] That is, the acceleration is halved for every dou 
bling of the radius. Likewise, the electric ?eld Will be halved 
and also the voltage required for establishing the required 
?eld. So, in a ring tWice the radius of the original example, 
an ion of m/z 1000 With 23.2 eV kinetic energy Will attain 
a stable trajectory With an electrode voltage of 6.107 volts. 

[0071] FIGS. 11 and 12 illustrate a further embodiment of 
a ?ight tube 65 suitable for use in the time-of-?ight mass 
spectrometer of FIG. 2. In this embodiment, the ionizer/ion 
injector 60 is integrated With the ?ight tube 65. To this end, 
the ionization of a sample takes place Within an inlet section 
142 of the ?ight tube 65. Consequently, ions can proceed 
directly into the electric ?eld of the interstitial region 153 
betWeen electrodes 145 and 150 Without ?rst passing 
through a ?eld-free region. 

(Equation 22) 

[0072] Various ionization techniques may be integrated 
With the ?ight tube 65. In the embodiment of FIGS. 11 and 
12, a MALDI technique is employed. In this example, a laser 
generator, shoWn generally at 200, is disposed to direct a 
laser beam 203 through an opening 205 of inner electrode 
150 to ionize an analyte that has been introduced into the 
?ight tube 65 on a sample plate 210. Ions of the analyte that 
are ejected from the sample plate 210 then preferably pass 
through an ion beam focusing apparatus, shoWn generally at 
215. The focused ion beam provides the ions directly to the 
electric ?eld of interstitial region 153 Where the ions proceed 
through the ?ight tube 65 in the manner described above. 

[0073] Although the components used to execute the 
MALDI ionization technique are shoWn in different areas of 
the ?ight tube 65, alternate arrangements are also possible. 
For example, the laser generator 200 and the sample plate 
210 may both be disposed Within interstitial region 153 
proximate inlet portion 142. Given the teachings herein, the 
speci?c integration of the ?ight tube 65 and ionizer/ion 
injector 60 are principally based on design requirements. 

[0074] Detector 70 may be disposed at the outlet of ion 
?ight tube 65. HoWever, such a con?guration requires close 
control of the predetermined entrance angle 0 of the ions. If 
the angular spread is too large, the resolution of the appa 
ratus 50 Will be substantially reduced. With detector 70 
disposed at the outlet of ion ?ight tube 65, the ion ?ight time 
depends on the magnitude of the z-component of the veloc 
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ity vz. Small angular differences in ion trajectories may 
result in substantial z-velocity vZ differences that vary With 
sin 

[0075] Ions of the same mass and velocity entering the ion 
?ight tube 65 at different predetermined entrance angles 0 
Will have different ?ight times tOf through ion ?ight tube 65 
as they strike detector 70 if detector 70 is mounted external 
to the outlet of tube 65. These times Will differ by an amount 
proportional to the difference in the sines of the tWo entrance 
angles, 01 and 02, and can be expressed in the folloWing 
manner and derived from Equation 2 above: 

vmt=L/[va(sin (Bl-sin 02)] (Equation 23) 
[0076] Thus, tWo ions With the same mass-to-charge ratio 
entering the ion ?ight tube 65 at different angles Will be 
indistinguishable from tWo ions With different mass-to 
charge ratios entering at the same angle unless the entrance 
angle 0 is controlled to a given tolerance. 

[0077] The degree to Which the entrance angle 0 must be 
controlled to achieve a desired resolution can be readily 
calculated. Assuming that the desired resolution is 1000:1, 
then the differences in ?ight times AtofmLm2 betWeen an ion 
having a mass-to-charge ratio of 1000 and an ion having a 
mass-to-charge ratio of 1001 must be greater than the 
difference in the ?ight times Atofmlwllmlwz) of tWo ions 
having a mass-to-charge ratio of 1000 that enter ?ight tube 
65 at tWo different angles 01 and 02. This is expressed in the 
folloWing equation: 

Atofm1,m2>AtOfm1(91),m1(92) (Equation 24) 
[0078] The differences in the ?ight times can be expressed 
in the folloWing manners: 

(Equation 26) 

[0079] Applying m1=1000, m2=1001, 0=5°, L=0.1 meters, 
z=1 and assuming the accelerating voltage is 100 volts 
results in the folloWing: 

At0fm2=2.614*10’4 sec; and (Equation 27) 
Awfmfzeymoz4 sec. (Equation 28) 

[0080] Therefore, calculating the difference results in the 
folloWing: 

At0fm1m2=1"10’7 sec. (Equation 29) 

[0081] Consequently, the angular spread for ions having a 
mass-tWo-charge ratio of 1000 must be kept beloW an angle 
that vvould result in a ?ight time difference of greater than 
1*10 seconds. In the foregoing example, the velocities of 
the ions in the z-direction must differ by less than 0.2 
meters/second. In other Words, 

va sin 0<0.2 m/s. 

[0082] Consequently, 
sin 0=O.2/(4.39O6*1O3)=4.555*1O’5 and 

0=0.0026 degrees. 

(Equation 30) 

(Equation 31) 
(Equation 32) 

[0083] This means that the predetermined entrance angle 
0 must be controlled Within a tolerance of +/—0.0026 degrees 
for a resolution that is§1000:1. 

[0084] FIGS. 13 and 14 are perspective and side vieWs, 
respectively, shoWing hoW ions having the same mass-to 
charge ratio but entering at slightly different angles become 








