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ABSTRACT: A mass spectrometer is disclosed which is based 
on the linear time-of-flight principle. Initial ion energies are 
compensated for by combining a curved drift region with a 
linear drift region so that ions of the same mass but differing 
energies reach the collector at the same time. 
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_ TIME OF FLIGHT MASS SPECTROMETER HAVING 
BOTH LINEAR AND CURVED DRIFT REGIONS WHOSE 
ENERGY DISPERSIONS WITH TIME ARE MUTUALLY 

COMPENSATORY 

BACKGROUND OF THE INVENTION 

This invention pertains to mass spectrometers and more 
particularly to an energy focusing time-of-?ight mass spec 
trometer. 

There are many different types of mass spectrometers. Mag 
netic mass spectrometers separate ions according to their 
mass-to-charge by noting the angular de?ection while passing 
the beam through a magnetic ?eld. Radio frequency mass 
spectrometers utilize a combination of electrostatic and radio 
frequency ?eld in such a way that ions of only one mass-to 
charge ratio may pass through. The present invention is par 
ticularly concerned with linear time-of-?ight mass spectrome 
ters. 

In its simplest embodiment, the known type of time-of-?ight 
mass spectrometer comprises an ion source and a collector 
disposed at opposite ends of an evacuated ?eld-free drift tube. 
Upon the introduction of gas molecules into the ionization re 
gion of the spectrometer source, ions are formed, usually be 
electron bombardment, which are periodically pulsed out of 
the source by source grids toward the collector by either one 
or several electric ?elds established between appropriately 
spaced grids. Since the velocity of the ions in the ?eld-free 
drift tube region is a function of the mass-to-charge ratio, ion 
separation occurs. The amount of separation depends strongly 
on the length of the tube. Therefore, when the ions reach the 
collector they have separated into ion bunches with the 
lightest group reaching the collector ?rst. As such, proper 
electrical circuitry connected to the'collector will show a 
complete mass spectrum (in time) of the gas molecules 
ionized in the source. 

ln previous linear time-of-?ight mass spectrometers, all ions 
are accelerated through a ?eld to the same energy or to the 
same momentum. They are then allowed to drift in a ?eld-free 
region. Since they all have the same energy but have different 
masses, they will separate into bunches according to their 
mass. These bunches are then collected at a ?xed point in the 
?eld-free region and their variations in arrival time are mea 
sured as a measure of atomic mass or more properly mass-to 
charge ratio. 
One serious problem has always existed in this type of in 

strument. This problem is that all ions are not at rest before 
the initial accelerating pulse is applied and therefore all ions of 
the same mass-to-charge ratio may have different energies. 
Thus, ions of the same mass will not reach the collector at the 
same time and the ion bunches may overlap one another. The 
ions have initial ion energies which arise from several sources. 
The most easily understood source of energy spread is that as 
sociated with thermal energy. Certain classes of molecules ex 
hibit energies greater than thermal. This energy is imparted to 
them during the ionizing process. While this mechanism is not 
completely understood, it has been experienced by many in 
vestigators. Variations in starting positions within the initial 
region also contributes to variations in energy. 

This invention provides a time-of-?ight mass spectrometer 
which compensates for slight variations in initial energy so 
that ions of equal mass-to-charge ratio but with slightly dif 
ferent initial energies will arrive at the collector or detector 
simultaneously. This invention also provides a means for limit 
ing the amount of energy spread of ions which are transmitted 
through the spectrometer ion ?ight path. 

SUMMARY OF THE INVENTION 

A time-of-?ight mass spectrometer having energy focusing 
means is provided which compensates for ions of equal mass 
having differing energies so that all ions of the same mass 
reach a collector simultaneously. The ion path comprises a 
curved region and a linear drift region. The present invention 
relies on the variation in angular velocity with ion energy to 
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2 
give a time dispersion in a curved region which is opposite the 
time dispersion in the linear drift region. In this way, one re 
gion compensates for the adverse effect of energy spread in 
the other. 

DESCRIPTION OF THE DRAWINGS 

An illustrative embodiment of the present invention is 
shown in the following drawings, in which: 

FIG. 1 is a schematic illustration of a standard prior art 
linear time-of-?ight mass spectrometer, 

FIG. 2 is a schematic illustration of a time-of-flight mass 
spectrometer according to the present invention. 

' DETAILED DESCRIPTION OF THE INVENTION 

The equipment schematically illustrated in FIG. 1 is a typi 
cal prior art time-of-?ight mass spectrometer 10. The mass 
spectrometer 10 consists of four basic elements which are: an 
ion source 12 to produce ions of the molecular species enter 
ing the ionization region 13, a grid system l4—l5 that draws 
the ions from the ion source and accelerates the ions down the 
drift tube, a ?eld free linear drift tube or region 16 for con?n 
ing the ion “packet" and supplying the distance required to 
separate ions according to mass-to-charge ratio, and an ion 
collector 18 to collect the ions and measure their intensity. 

Region 13 designates the region of ion formation typically 
accomplished by passing an electron beam 20 from a cathode 
22 through a gas to be analyzed which is introduced into the 
region 13. A power supply 24 is shown supplying a heater cur 
rent to the cathode 22. Cathode 22 has a negative potential 
bias supplied by source 24 to provide ionizing electrons with 
energy sufficient to ionize the gas in region 13. 
Upon application of a voltage pulse to grid 14 from the 

pulse source 26, the heterogeneous group of ion masses 
formed in region 13 are accelerated, each ion acquiring sub 
stantially the same kinetic energy but differing in exit velocity 
through grid 15 in proportion to the square root of its mass-to 
charge ratio, the heavier ions having lower velocities and 
therefore becoming separated from the lighter ions. As a 
result, discrete ion bunches of different mass-to-charge ratios 
pass through grid 15 and either drift or accelerate, depending 
on the speci?c potentials through drift region 16 to collector 
18. If only ions of the same energies are present, the lightest 
group reaches the collector l8 ?rst, followed by groups of suc 
cessively heavier mass. However, as previously described, all 
ions of equal mass will not have equal energies and thus ions of 
equal mass and differing energies will not reach the collector 
simultaneously and the groups or bunches of ions may overlap 
one another. 

An illustrative embodiment of the novel construction of the 
present invention is shown in FIG. 2. In this embodiment, an 
electrostatic sector 28 is combined with a ?eld free linear drift 
tube or region 30 to form the ion path between an ion source 
region 32 and an ion collector 34. As previously described, 
ions are created by electron bombardment in the source and 
are accelerated towards the electrostatic sector 28 by means 
of applying a pulse to one of the accelerating grids within the 
source region 32. 
The electrostatic sector 28 has a curved construction and 

has ion-de?ecting means, such as electrostatic plates or elec 
trodes 36 and 38, therein which produce a uniform electro 
static ?eld within the curved sector or region. The electrodes 
are typically of cylindrical shape and have an angle 0; how 
ever, other shapes such as toroidal, spherical, etc., may be util 
ized. 

It is the property of an electrostatic sector of this type that 
ions of different energy or velocity passing therethrough take 
different paths. The faster ions take longer and therefore ions 
which enter sector 28 with high velocities leave later than ions 
which enter at the same time with lower velocities. 
The electrostatic ?eld existing within the sector makes the 

ions follow a curved path. Hence, when two ions of the same 
mass but with slightly different energies or velocitiesare made 



3,576,992 
3 

to follow a circular path by a uniform electrostatic ?eld, they 
will assume different radii. The faster ion will take a radius 
such that its angular velocity about the center of curvature of 
the ?eld will be less than that of the slower ion. The path of the 
high energy ion and the low energy ion are represented by 40 
and 42 respectively. Therefore, if a high energy and a low 
energy ion of equal mass enter the electrostatic ?eld at the 
same time, the slower ion will exit ?rst. 
At the end of the sector 28 is placed an energy slit 44 which 

limits the lowest and highest energy ions and passes only the 
chosen energy span. At this point ions of equal mass but 
slightly different velocities are dispersed along the ion path 
with the high velocity ions trailing behind the lower velocity 
ions. From here the ions continue through the ?eld free linear 
drift region 30 with the faster ions again overtaking the slower 
ions, just as both ions reach the detector. 
The motion of ions traveling in the radial electrostatic ?eld 

and the ?eld free linear drift region may be mathematically ex 
plained as follows, in which the following symbols will be used: 
m = mass of ion 

F = centripetal force of ion 
v = rectilinear velocity of ion 
r= radius of ion path 
K = kinetic energy of ion 
w = angular velocity of ion 
0 = angle of electrostatic sector, radians 
t, = time of ?ight through electrostatic sector 
12 = time of ?ight through linear region 

Em = ?eld intensity in the electrostatic sector 
V f = voltage applied to electrostatic sector 
R1 = radius ofinner sector plate 
R2 = radius of outer sector plate 
d = length of linear region 
A body undergoing uniform circular motion follows a path 

of radius r, given by 

The kinetic energy of the body is given by 
2K=m v2 (2) 

the rectilinear velocity by 

(3) 
the angular velocity by 

ll 

(4) 
when equations ( l ), (2), and (3) are combined. 
The time tl is expressed by 

_g_ 0\/ZmK (5) 

indicating t1 is proportional to the square root of the kinetic 
energy. 
The time t2 is expressed by 

=i____ii_ 
2 1) 2a 

m (6) 

indicating I2 is inversely proportional to the square root of the 
kinetic energy. 
When the total time 
T=t|+t2 (7) 

is expressed as 

(it/2111K d 
T _ __F_— + as 

m (8) 

it becomes apparent that changes in time of ?ight caused by 
variations in 

4 
kinetic energy tend to cancel one another. 
The centripetal force F is generated by an electrostatic ?eld 

E (r), described by the equation 

_ VfRlRz 

E(’)_(R2—R1)r2 (9) 
It is also seen from the above calculations that other struc 

tural arrangements are possible. For instance, the linear drift 
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region 30 can be placed in front of the electrostatic sector 28 
or the linear drift region 30 can be divided and one part 
thereof placed on each end of the electrostatic sector 28. It is 
also possible to split the electrostatic sector 28 and place one 
part thereof on each end of the linear drift region 30. Thus, 
the total effective length of the ion path resulting from the 
combination of a ?eld free linear drift region and a curved 
electrostatic region provides equal times-of-?ight between the 
source and collect or for ions of equal mass and differing ener 
gy 
The present invention relies on the variations in angular 

velocity with ion energy to give a time dispersion which is op 
posite the time dispersion in the linear drift region. In this way, 
one section of the instrument compensates for the adverse ef 
fect of energy spread in the other, so that the two together do 
what neither can do alone. 

Therefore, a linear time-of-?ight mass spectrometer is now 
provided which limits the energy spread of transmitted ions 
and compensates for the energy spread of the ions which are 
transmitted. 
While the form of apparatus herein described constitutes a 

preferred embodiment of the invention, it is to be understood 
that the invention is not limited to this precise form of ap 
paratus. 
We claim: 
1. In combination with a time ?ight mass spectrometer of 

the type having an ion source, an ion collector, an energy 
focusing ion path between the ion source and collector, and 
means for periodically accelerating ions from the ion source to 
the energy focusing ion path, the improvement wherein said 
energy focusing ion path comprises: 

a linear drift region providing a ?rst ion time dispersion ac 
cording to the mass-to-charge ratio; and 

a curved drift region providing a second ion time dispersion 
depending on the variation in ion angular velocity with 
ion energy, said second time dispersion being opposite 
said ?rst time dispersion wherein one drift region com 
pensates for the adverse effect of energy spread in the 
other drift region whereby all ions of the same mass and 
differing energy that leave the ion source at the same time 
reach the collector at the same time. 

2. A time-of-?ight mass spectrometer comprising, 
an ion source, 
means for accelerating the ions from said source in a 
speci?ed direction, 

an ion collector, 
an ion path between said source and said collector, said ion 

path comprising, 
a curved ion drift region including means providing a 

uniform electrostatic ?eld de?ection therein, wherein 
the time of ?ight of an ion through said curved drift re 
gion is proportional to the square root of the kinetic 
energy of the ion, 

a linear ion drift region wherein the time of ?ight of an 
ion through said linear drift region is inversely propor 
tional to the square root of the kinetic energy of the ion 
whereby changes in time of ?ight caused by variations 
in ion kinetic energy cancel one another and thereby 
providing equal times of ?ight for ions of equal mass 
and differing energy between said source and collector. 

3. A mass spectrometer as set forth in claim 2 further com 
prising, 

electrostatic plates providing said uniform electrostatic 
?eld, and 

means at the exit end of said curved drift region for limiting 
the acceptable ion energy spread of transmitted ions. 
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4. A mass spectrometer as set forth in claim 2 in which said 
curved ion drift region precedes said linear ion drift region. 

5‘ A mass spectrometer as set forth in claim 2 in which said 
linear ion drift region precedes said curved ion drift region. 

6. A mass spectrometer as set forth in claim 2 in which said 
linear ion drift region is divided whereby one part precedes 
and the other part follows said curved ion drift region. 

7, A mass spectrometer as set forth in claim 2 in'which said 
curved ion drift region is divided whereby one part precedes 
and the other part follows 
8 In an energy focusing time of ?ight mass spectrometer of 

the type having an ion source, an ion accelerating means, an 
ion collector, and ion path between said ion source and said 
ion collector, the improvement in energy focusing means 
wherein said ion path comprises: 

a curved ion drift region; 
ion-de?ecting means providing a uniform ion de?ection in 

said curved ion drift region wherein ions of equal mass 
and different energies are made to follow different paths 
therein whereby variations in ion angular velocity depend 
on ion energy to provide an ion time dispersion; and 
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6 
a linear ion region providing an ion time dispersion opposite 

the time dispersion created by said curved ion drift region 
whereby ions of equal mass and differing energies leaving 
said ion source at the same time will travel different paths 
and have equal times of travel and thereby reach said ion 
collector at the same time. 

9. A mass spectrometer as set forth in claim 8 in which said 
ion de?ecting means comprise, 

electrostatic plates providing a uniform electrostatic de?ec 
tion field in said curved drift region wherein said ions as 
sume different radii whereby ions of high energy have an 
angular velocity about the center of curvature of said 
curved drift region less than that of ions of lower energy 
and thereby ions of lower energies leave said curved drift 
region before ions of higher energy that enter said curved 
drift region with said ions of low energy, and 

means at the exit end of said curved ion drift region for 
limiting the acceptable ion energy spread of transmitted 
ions. 


