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BACKGROUND OF THE INVENTION

This invention relates to the field of chemical

analysis and, more particularly, to the fields of positive

ion mass spectrometry and neutral mass spectrometry. This

invention is the result of a contract with the Department

05 of Energy (Contract No. W-7405-ENG-36).

This invention was born of the need for a robust and

compact three dimensional mass spectrometer having a low

weight and low power requirement for use in space. These

characteristics of the invention also make it quite useful

10 in certain earth based applications. It can identify and

distinguish between atoms, molecules, and fragments of

molecules.

The function of this mass spectrometer in space is to

analyze the types of ionized particles in the region of the

15 spacecraft on which it is mounted. A great deal can be

learned about the interactions of planetary magnetospheres

with a planet's atmosphere and the solar wind by analyzing

the types of particles in the different regions of space

around and between the planets. Different ion species come

20 from the sun than from the upper atmosphere of a planet or

off the surface of a moon and composition characterizes the

source of the local plasma. These interactions and sources



are very important to understand because they contributed

to the radiation environment as well as telling us about

the composition of local bodies.

This mass spectrometer is suitable for any space

05 mission in which measurements of the local plasma

composition are needed. It can be used in many different

space plasma regimes by tailoring its field, size, and

voltages to the expected plasma energies and densities. In

addition, the LEF module of this spectrometer is compatible

I0 %_ith many different types of energy analyzers. An energy

analyzer is used to feed particles to the LEF module for

mass analysis. Because the LEF can be used with many

different analyzers, instruments in which it is used can be

designed to have widely varying sensitivities and fields of

15 view. This is very important, for example, in the case of

a spinning versus a 3-axis stabilized spacecraft; to see

all of space instruments must have different fields of

view.

Most plasmas observed in space contain a variety of

20 particles of different masses and ionization states. A

determination of the distribution of mass and charge states

often allows one to distinguish between different possible

sources and sinks for the plasma and can provide

information on the sources which is otherwise not

25 obtainable. Mass spectrometers for measuring space plasma

composition have been developed, but to date no instrument

has provided the important combination of (i) nearly

complete viewing coverage, (2) high temporal resolution (a

few tenths of a second) for a mass resolved set of

30 distribution functions, and (3) ultra-high mass/charge

resolution over a large energy range.

Space plasma instruments for mass resolved plasma



measurements have utilized mainly two techniques: magnetic

mass analysis and field-free time-of-flight (TOF)

analysis. Magnetic mass spectrometers have certain

inherent drawbacks which limit their use for the

05 measurement of hot magnetospheric plasmas. These

instruments are expected to measure ions with energies as

high as about 50 keV/q. Achieving high mass resolution of

particles at this energy level with an instrument that has

the necessary very wide acceptance geometry requires a

10 large amount of heavy magnetic material. Also the

requirement for high sensitivity, which is needed to make

fast measurements of hot diffuse magnetospheric plasmas,

competes with the requirement for high mass resolution,

since the aperture size needs to be large for the former

15 and small for the latter.

TOF mass spectrometers with essential field-free flight

paths have the advantage that the entrance aperture to the

mass resolving region can be much larger than in a

comparable resolution magnetic mass spectrometer, thus

20 providing higher sensitivity and a broader energy range for

an instrument of a particular size. A main limiting factor

for mass resolution in this type of TOF mass spectrometer

is the energy spread over the ions entering the timing

section of the device. Also, resolution is degraded by

25 path length variations for the timed portion of flight of

the ion. Both the magnetic and field-free TOF mass

analysis techniques suffer from limitations which reduce

the utility for making fast highly mass resolved

measurements of the three-dimensional distribution of hot

30 plasmas.

On earth, the inventive mass spectrometer may 5e used

in a laboratory or as a portable instrument for detecting
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substances in the atmosphere. Virtually every solid

material has a vapor pressure, that is, has atoms or

molecules of the material present in the form of a vapor in

the atmosphere adjacent to the solid material. These atoms

05 or molecules can be captured, ionized, and analyzed to

determine what substances were or are present in a room or

the immediate atmosphere where a portable instrument is

located. Substances such as explosives and narcotics can

be detected.

I0
BRIEF DESCRIPTION OF THE INVENTION

This invention is a mass spectrometer and methods for

mass spectrometry. The apparatus is compact and of low

weight and has a low power requirement, making it suitable

15 for use on a space satellite and as a portable detector for

the presence of substances. High mass resolution

measurements are made by timing ions moving through a

gridless cylindrically symmetric linear electric field. On

a spinning spacecraft or rotating platform in space, it

20 captures ions moving in all three dimensions.

It is an object of this invention to provide a

cylindrically symmetric linear electric field for use in

mass spectroscopy.

It is another object of this invention to provide a

25 mass spectrometer which does not require internal grids

(which scatter ions) to achieve the field configuration.

It is also an object of this invention to provide a

mass spectrometer which will capture ions moving in all

three dimensions and has single start and stop detectors

30 for use in determining time of flight.

It is a further object of this invention to provide a

mass spectrometer which has variable resolution and

sensitivity.



BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 is a schematic block diagram of d linear

electric field mass spectrograph suitable for use on earth.

FIGURE 2 is a schematic diagram in vertical

05 zross-section of a mass spectrometer suitable for use in

space. It is comprised of ion capture apparatus and

apparatus for producing a linear electric field and

determining the time of flight of particles in that field.

FIGURE 3 is a view of the LEF module of Figure 2 taken

I0 as indicated by the section arrows shown in Figure 2; the

entire cross-section is shown.

FIGURE 4 is a schematic diagram in vertical section

similar to Figure 2 which shows only a portion of an LEF

module.

15 FIGURE 5 is a schematic diagram in vertical section

similar to Figure 2 which shows a preferred embodiment of

the high end of an LEF module.

FIGURES 6 and 7 are simulated mass spectrometer output

plots.

20 FIGURE 8 is an output plot from the prototype LEF

module when nitrogen and oxygen ions were supplied to it.

DETAILED DESCRIPTION OF THE INVENTION

A brief discussion of the LEF module will be helpful

25 before reading the detailed description of the module. As

a particle enters the LEF module through the carbon foil,

it knocks an electron off the foil (in most instances).

This electron is steered and accelerated by the electric

field onto a detector at the opposite end of the module.

30 The pulse produced by the electron striking the detector

starts a timer. Returning to the particle itself, the

field turns the particle around and causes it to return to

the same end at which it entered the LEF module, where it

strikes the detector mounted at that end. The pulse



produced by the ion impinging on the detector stops the

clock and the data processing module determines the type of

particle from the time on the clock. Each species has a

unique time signature which can be explained by analogy

05 with a mass on a spring. The period of oscillation of a

mass on a spring is uniquely determined by the stiffness of

the spring and the mass of the particle. For a given

spring the frequency of oscillation depends only on the

mass hung on it. The speed at which the mass is set in

10 motion only affects the amplitude of the oscillation, not

the frequency. The linear electric field acus as an

unchanging spring and thus the device is insensitive to the

intitial speed (energy) and direction of the p,_rticle.

Often the incoming particle will start the clock but

15 will be neutralized by the foil In this case it will be

unaffected by the electric field and travel straight

through the device. If this happens, the ion is detected

at the high end of the module and the clock is stopped.

The data processing module can then determine the particle

20 type with a reduced resolution using a different method of

calculation. This is a great advantage as the device can

simultaneously be both more sensitive (neutral mode) and

have higher resolution (charged mode) than conventional

spectrometers, which much trade off resolution to higher

25 sensitivity or dynamic range.

If the particle passing through the foil is a molecular

ion, it is broken up into its constituent pieces, which

produce a unique signature. This is because elemental ions

have a minimum energy determined by the input portion of

30 the mass spectrometer and will have to travel deeply into

the LEF module before the electric field turns them around;

most of their flight time is spent near their turn around



7

point. In contrast, the fragments of molecular ions carry

only a portion of the energy of the original molecule and

so they do not penetrate into the LEF module as deeply as

the atomic ions before they are turned around. The

05 entrance end of the field can then be tailored so that

particles turned around there have flight times that are

different from others of the same mass per charge. This

does not have much effect on the overall resolution of the

device and gives it the unique ability to separate

I0 molecular species that would otherwise be

indistinguishable. An example of this are the ions CO+ and

N2+; these would normally require a resolution of 2800 to

separate, but are easily separated by an LEF with an

overall resolution of only -50.

15 Referring to the embodiment of the invention depicted

in Figure i, which is a mass spectrometer for use on earth,

container I01 holds a sample of a gas which is to be

analyzed. Container i01 is attached to ionization chamber

104 (attachment means not shown), which is part of housing

20 125. As shown by arrow i0___22gas flows through a calibrated

orifice 103 into ionization chamber i0___4. Other _eans of

supplying a gas to the calibrated orifice may be used. For

example, a blower may be used to draw room air into the

ionization chamber to determine whether molecules or

25 molecular fragments of an explosive substance are present;

this would show that the explosive was or is in the room.

The gas is ionized by means of resistance filament 108,

which is powered by power supply 10___7through leads i0__55and

106. Other means of ionizing the gas, which are known to

30 those skilled in the art, may be used. Ions are captured

and accelerated by the electric field between grid Iii and
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ionization chamber I0__44,which is of a conductive material.

Grid voltage is provided by power supply II__/2,and

electrical leads 11___3_and ii___44.Arrow 109 shows the

direction of movement of ions. The amount of energy per

05 charge imparted to an ion by this electric field is known,

since the voltage applied is known. Ions pass through grid

ll___!land foil member 119 and into linear electric field

(LEF) module Ii___88as indicated by arrow 12___99.The LEF module

is shown in detail in Figures 2 and 3 and explained below.

I0 Operation of the foil element is explained below. Power

supply 12__/3provides power to the linear electric field by

means of leads 124 and 12___/7.As many as four or more

separate power supplies may be used for the LEF module, as

explained below. Data module 115 acquires information from

15 the linear electric field module and the power supplies by

means of data paths 116, 12___66,12__/7,and 128 and may transmit

control signals along the same data paths. T_e data module

is comprised of a computer which is programmed to provide

m/q (mass per charge) and other information on ions which

20 have been subjected to analysis by this mass spectrometer

and to provide control inputs to the spectrometer

components. For example, the data module may be used i_o

alter the strength of the electric field used to accelerate

ions. Vacuum source 12___00is used to provide a vacuum in

25 housing 12___55by means of pipeline 12___!I.

A prototype of the invention was constructed for use in

ground-based testing of a mass spectrometer designed for

use in space. The prototype is comprised of a "front end",

which is known as an electrostatic analyzer, and an LEF

30 module. The electrostatic analyzer is configured such that

ions moving in space will enter it and a portion of those

ions will pass out of it and into the LEF module. When in

space, the mass spectrometer will be rotating such



that it will sample ions from all directions. Figure 2

generally depicts the prototype, which is described in the

following paragraphs. Figure 2 is a vertical section taken

through the centerline of the apparatus. Figure 3 depicts

05 a section taken as shown by the section arrows adjacent to

the front end cap in Figure 2; the entire cross-section is

shown.

The linear electric field module of Figure 2 is

_omprised of a plurality of guard rings ! through 2_O0which

I0 are identical to one another and are in the form of

circular flat plates which have circular center portions

removed to form annular shapes. The rings are disposed

parallel to one another, share a common central axis, and

have an outside diameter of II cm and an inside diameter of

15 9 cm. Each ring is 0.I cm thick and spacing between rings

is 0.2 cm. A entrance end cap 4_!1and a high end cap 2_!1are

provided at the ends of the stack of rings ! through 2__O0,

each cap being a circular flat plate of the same diameter

as the outside diameter of the rings. The guard rings and

20 end caps are constructed of an aluminum alloy; they ma2 be

constructed of another appropriate conductive material.

Entrance end cap 4_!1has an annular portion of the flat

plate removed and replaced by foil member 3_88,which is

described below. Also, the center portion of entrance end

25 cap 4_!iis removed and replaced by detector 40, which has

grid 7_/7mounted in front of it. Figure 3 depicts entrance

end cap 4_!Iin a section view taken as shown by the section

arrows in Figure 2 which shows foil member 3_88and detector

4-0. In the same manner, high end cap 2_!1has detector 4__44

30 and grid 7_/2mounted in its center. The stack of rings and

the two caps are held together by three ceramic rods which

are not shown in Figure 2. Other non-conductive methods of

support may be used.
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An approximately linear electric field is formed within

the rings and end caps by applying voltages of varying

magnitudes to them. Power supply 4_66is electrically

connected to rings _ through 2__00and high end cap 2_!1by

05 means of lead 7_/3. Resistance elements 4__8through 6_/7are

used to vary the voltages applied to the guard rings and

high end cap. Table I shows the voltages at rings ! through

2_O0and at high end cap 2_!1. Ring ! and entrance end cap 4_!1

are at an electrical potential of zero, as shown by ground

I0 symbol 6__88. It can be seen that the electric field varies

in strength from a minimum at the entrance end to a maximum

at the high end. Power supply 46 also provides bias

voltage to anode 4_55by lead 2_/3and power to the back end of

detector 4__44by means of resistor 4_/7and lead 2_/2. Power

15 supply 3_22provides bias voltage to anode 7-6 via leads 3_/3

and 2_44and power to the back end of detector 4_O0by means of

leads 3_/3and 2__5and resistance element 3_44. Table I shows

the voltages provided at detector 4__44and to anode 4_55by

means of leads 2_/2and 2_/3and also the voltages provided at

20 detector 4__00and anode 7-6 by means of leads 2_44and 3__3and

resistor 3__4. Of course, the numerical values of the

voltages may be varied from those which were used in the

experimentation with the prototype as long as they are such

as to produce an approximately linear electric field. In a

25 similar manner, the number and spacing of the guard rings

may be varied. Those skilled in the art will appreciate

that the field is not rigorously linear, but that by

varying voltages in the LEF module, a close approximation

is attained.
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TABLE I

Reference No. Voltaqe Reference No. Voltaqe

76 2,200 12 2,871

40 1,800 13 3,750

05 1 0 14 4,746

2 18 15 5,860
3 30 16 7,090

4 59 17 8,437

5 120 18 9,902

6 235 19 11,485
7 527 20 13,184

8 937 21 15,000

I0 9 1,380 44 17,100

i0 1,4.65 45 17,200
ii 2ii0

A toroidal "top hat" analyzer which serves as the

"front end" of the mass s sectrometer is depicted by

15 reference number 30 of Figure 2. The toroidal shape is

used rather than the more common spherical "top hat"

analyzer in order to obtain better resolution. There are

several other types of electrostatic analyzers which may be

used as front ends in this invention; these are well-known

20 to those skilled in the art. The analyzer was used in a

limited manner in the experimentation because it was not

considered necessary to subject it to extensive testing and

it was not needed. In the experimentation accomplished

using the prototype, a duoplasmatron low energy particle

25 accelerator provided by the High Voltage Energy Co. was

utilized to provide ions. Gas was bled into the unit and

ionized by means of an electron impact ionizer. The linear

electric field module was contained in a vacuum chamber

held at a pressure of about 10 -8 Torr. The energy

30 possessed by the ions provided by the accelerator was known

and, since they came from a single source location, it was

not necessary to capture them.
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Returning to Figure 2, the electrostatic analyzer is

shown in vertical section. The purpose of the front end is

to capture positive io,ls which have an E/q within a

previously established range and route them to the linear

05 electric field module. Reference numbers 7__4and 75 denote

two spaced-apart circular flat plates which are

perpendicular to the plane of Figure 2. Plate 75 has its

center section removed and is connected to a first toroidal

shape 86, which has a top portion removed to correspond to

10 the removed portion of the plate. A lower portion of

toroidal shape 86 is removed as if it were cut away by a

plane parallel to plates 74 and 75. A second toroidal

shape 8_/7is smaller than the toroidal shape connected to

plate 7-5 and is located inside and "parallel" to the first

15 toroidal shape such that there is a space 8-4 between the

two toroids. The lower portion of the second toroidal

shape is also removed, in the same manner as toroidal

shape 8-6, so that ions may exit from space 8-4. Ions enter

the space 8_88formed by plates 7-4 and 7-5 as shown by

20 arrows 31. The field of view of the toroidal analyzer is

360 °, that is, ions can enter at any point around the

perimeter of the space between circular plates 7-4 and 7-5.

The ions travel through the front end in space 84 between

the two toroids toward foil element 38 as shown by

25 arrows 76. Power supply 2__99provides an electrical

potential between the toroidal shapes by means of lead 28.

Toroidal shape 87 is at ground potential. Note that

plates 7-4 and 7-5 must also be at 0 potential in order to

avoid electrical interference with other portions of the

30 spacecraft on which the mass spectrometer is installed.

Ions leaving the toroidal analyzer pass through foil

member 3__8,which is a carbon foil mounted on a highly

transmissive grid to provide support. The foil member
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shown in _igures 2 and 3 is annular in configuration so

that ions captured at any point around the 360 ° field of

view of rb; front end will pass through the foil. However,

the foil member actually used in the prototype was not

05 annular but circular in shape since the ions used in the

experimentation were _rovided from a single source location

rather than being collected at many points around tbr

360 ° angle of view of the toroidal analyzer, making use

of the annular foil unnecessary. The foil used in the

10 prototype was obtained from Arizona Carbon Foil, Inc. and

has a thickness which may be stated as 0.5 x 10 -6

g/cm 2. It is expected that foils having thickne_:_es of

0.i x 10 -6 to 1.0 x 10 -5 g/cm 2 may be used for this

application.

15 In space applications where it is desired to analyze

ions with low energies, it is necessary to accelerate the

ions. Without acceleration, entering low energy ions would

not have sufficient energy to be analyzed in the LEF

module. To do so, an electrical potential is provided at

20 foil member 3_88;this requires changes from the

configuration of Figure 2 which are shown in Figure 4.

Components which are unchanged from Figure 2 have the same

reference numbers as they do in Figure 2. Referring to

Figure 4, four power supplies are used. Table II shows the

25 voltages at various points. As in the previously discussed

embodiment, other values may be used, which can be

determined by those skilled in the art, which conform with

the necessary parameters and provide an approximately

linear electric field. Also, a different number of rings

30 may be used.

Power supplies 12__/7and 12___88provide voltage to the end

caps (21 and 4_!i)and rings (!-2__Qo)by means of leads 13___O0and

13__!I.The two power supplies are connected by lead 129,
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which is at 0 potential, as shown by ground symbol 132.

The voltages are adjusted to the values shown in Table II

by means of resistance elements I0___44through 12___44,whose

values can be calculated by those skilled in the art.

05 The foil element is in electrical contact with the end

ca_. This provides the electrical potential which

ac_elerates ions leaving the front end. Because the

voltage at the fell element is known, the amount of energy

added to an ion is known. The front end of detector 4__00is

10 in electrical contact with the end plate, thereby receiving

power from the power supply via the end cap. Power supply

125 provide_ power to the back end of detector 40 via lead

126. In order for the detection system to function

properly, the potential must be more positive from the

15 front of detector 40 to anode 7-0. As shown by the ground

symbol, anode 76 is at 0 potential. At the high end of the

LEF module, the same principle applies for the detection

system. Power supply I0__O0provides power to anode 4_55via

lead i0__!2and to the back end of detector 4__4via lead 10__/3

20 and resistance element i01. To reduce the size of power

supply I0__00,it may float on the other power supply and thus

be required to provide only 2.1 kV, rather than the full

required voltage of 22.1 kV. The front end of detector 4__4

receives power from end cap 21, with which it is in

Z5 electrical contact. As discussed in regard to Figure 2,

certain elements are linked to the data module. An

advantage of using separate power supplies is that the

voltage supplied to the multichannel plates and anodes can

be adjusted as they age.
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TABLE II

Reference No. Voltage Reference No. Voltage

76 0 ii - 9024
40 - I000 12 - 6938

05 41 -20,060 13 - 4671
1 -19,909 14 - 2222

2 -19,537 15 +408

3 -19,i83 16 +3219

4 -18,548 17 +6213

5 -17,732 18 +9387

6 -16,734 19 +12,744

7 -15,555 20 +16,281

I0 8 -14,195 21 +20,000

9 -12,653 44 +22,000

i0 -10,929 45 +22,100

Upon passing through the foil, some of the ions are

converted to neutral particles. Most ions passing through

15 the foil cause an electron to be emitted from the foil.

Returning now to Figure 2, these particles (ions, neutrals,

and electrons) travel in the field as shown by paths 69,

71, and 70. Most ions are deflected by the electric field

such that they do not reach the high end of the field, as

20 shown by representative ion path 6-9. The ions travel

toward the high end of the field for a distance which is

determined by the characteristics of the particle and the

strength of the electric field, as will be explained

below. The deflected ions strike detector 4-0, which is a

25 stack of microchannel plates. The microchannel plate

detectors used in the prototype were provided by Agilely

Electrooptics Corporation of Sturbridge, MA and are also

available from other suppliers. A suppression grid 7_/7

which will transmit about 90% of the electrons incident

30 upon it is located in front of detector 4-0 and is

electrically connected to end cap 4_!1. The grid prevents
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electrons from moving from detector 40 into the field.

Upon being struck by an ion, detector 40 emits a cascade of

electrons, which is sensed by anode 76, which provides a

signal to data module 4__22by means of data path 3-6.

05 Detectors of other types can be used, such as those based

upon use of channel electron modifiers.

As mentioned above, the passage of an ion through foil

member 3__88usually causes the foil menllber to emit an

electron and also the ion may be converted to a neutral

10 particle. An emitted electron and a neutral travel through

the linear electric field to detector 44, as shown by

electron path 7__00and neutral path 7_!1. Detector 44 is a

stack of microchannel plates similar to detector 4-0.

Transmissive grid 72, which is similar to grid 7_/7,is

15 located in front of detector 4-4 and is electrically

connected to high end cap 2_!1. When an electron or a

neutral strikes detector 4-4, a cascade of electrons is

emitted by the detector and sensed by anode 45, which

provides a signal' _ data module 4_/2by means of data

20 path 4_/3. The front end of the mass spectrometer will be

oriented with respect to the LEF module so that a particle

not affected by the field, that is, a neutral, will strike

detector 4-4 at its center. The particle-receiving surface

of a preferred detector will be divided into regions and

25 information on the region which a particle strikes will be

provided to the data module. The prototype did not utilize

such a detector. The regions will be defined by radials of

the circular surface of the detector and by a central

circle having a diameter smaller than the diameter of the

30 detector. This will also permit the approximate point of

entry of an ion around the 360 ° field of view of the

toroidal analyzer to be determined. Also, this will

provide information on mass resolution levels of neutral

particles.
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Figure 5 depicts an alternate configuration of the high

end of the LEF module, which may be preferred to the

configuration shown in Figure 2 in that it should improve

the resolution of the instrument. Components which are

05 unchanged from Figure 2 have the same reference numbers as

in Figure 2. Referring to Figure 5, the high end of the

electric field will be defined by curved grid 15___00rather

than high end cap 15__99. Detector 4__44with screen 7__2will be

mounted on the end cap in the same manner as shown in

10 Figure 2. Voltage at grid 15___O0will be provided by power

supply 15___44and leads 15__/3and 15__!1and will be the same as

provided at end cap 2_!1of Figure 2 (see Table I). Voltage

will be supplied to the rings in the same manner as in

Figure 2. For example, resistor 16___!will drop the voltage

15 supplied to ring 20 by lead 161. A separate power supply

15___55will be used to provide -i kV at end plate 15___99via lead

158 and the front end of detector 4__44via lead 16__/2and

resistor 160. The voltage at the back end of the detector

provided by lead 16__/2would be about -I00 V and anode 16__/3

20 would be at 0 V, as shown by the ground symbol. It is

advantageous to use the separate power supply (15___55)because

smaller resistors may be used and voltage to detector 4__44

may be independently varied.

Returning now to Figure 2, in addition to the signals

25 provided to data module 4_/2by data paths 3__6and 4_/3from

detectors 4__O0and 4__4,data may be provided to the data

module from power supply 2_99by data paths 8_!1and 3_66, from

power supply 4_66by data paths 8_55and 4_/3, and from power

supply 3_/2by data path 8_/3. The data module is comprised of

30 a computer and input and output devices and circuitry. The

data paths may be used to transmit control signals; for

example, the computer of the data module may supply a

control signal to power supply 4_66to establish a particular
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value of output voltage.

The voltage across toroidal shapes 8__66and 8_/7, is set to

a particular value in order to permit only ions having a

particular range of E/q values to pas_ through the toroidal

05 analyzer. E/q refers to the quantity obtained by dividing

the energy (E) possessed by an ion by its charge (q). It

is expected that, in space applications, the voltage

between the toroide will be in the range of 0.2 to 2000 V.

The distance between the shapes, along with the voltage,

I0 determines which ions will travel through the analyzer 3_O0

to pass through foil member 3_88. Ions having an E/q outside

the chosen range will collide with the surfaces of the

toroids and stick or be absorbed instead of passing through

the analyzer. Thus, the E/q of ions travelling out of the

15 analyzer is known with in a particular range, which will

usually be established at ±10% for most space applications.

The time of flight of an ion through the linear

electric field is determined in data module 4__22by means of

a "start timing signal" provided to the data module when an

20 electron strikes detector 4__44and a "stop timing signal"

provided to the data module when the ion strikes

detector 40. Travel times of all electrons emitted from

foil member 3__8when an ion passes through it to detector 4__44

are so nearly the same that the actual time may be replaced

25 with a single constant value in the calculations or travel

time may be calibrated out of the time of flight of the

ion. In the prototype, travel time of an electron is about

one nanosecond while that of various ions is in the range

of about i00-i000 nanoseconds. If passage of an ion

30 through the foil element does not cause an electron to be

emitted from the foil element, that ion cannot be timed and

the apparatus provides no information on it.

An equation used to calculate the mass o_ an ion
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divided by its charge (m/q) is derived as follows. For an

electric field which increases linearly with distance along

an axis z, the strength of the field E can be expressed by

E = -kz

05 where k is a constant solely dependent upon the

electromechanical configuration of the apparatus which

provides the electric field (it is roughly equal to the

voltage across the LEF module divided by the square of its

length). The electrostatic force acting to retard motion

10 of the ion in the field is qE. Using the above equation,

this force may be expressed as -qkz. The equation of

motion in the z direction for the ion is that of a simple

harmonic oscillator, as follows

15 -qkz = md 2z/dt 2.

The solution of this equation is

z = A(sin[(kq/m) 0"St+B])

20 where A and B are determined by initial conditions and drop

out of the equation for time of flight. An ion entering

the field at z = 0 (at foil member 3_88)will return to the z

= 0 plane after having completed half of an oscillation

cycle; that is, Z next equals zero when

25 t = _(m/qk) 0"5.

Rearranging, m/q = kt2/_ 2.
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The computer of the data module 4_/2has look-up tables in

memory with values of m/q versus various times of flight or

m/q versus particle identity. This information has been

previously calculated using the above equation and stored

05 in memory. Alternatively, the computer is programmed to

calculate m/q of each ion which is able to be timed.

Output of information from the data module is by means of a

CRT or a printer°

As mentioned above, neutral particles travel through

I0 the field and stop the clock upon striking the high end

detector. They strike the center circular area of the

detector since they are not deflected at all by the field.

The data module then determines the m/q of the particle

which entered the mass spectrometer and was converted to a

15 neutral, but with lower resolution then if the particle had

remained charged. The equation which was used to produce

look-up tables stored in computer memory or which can be

used by the computer is easily derived from the kinetic

energy equation, which is

20 E = 1/2 mv 2 ,

where v is particle velocity. The TOF equation is

m/q = 2 Et2/qd 2.

Neutrals travel through the field faster than ions having

the same mass and energy because they are not subject to

25 the deflecting force of the field. Also, neutrals are

identifiable because they always strike the center of the

detector.
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The equation immediately above also applies to ions

which possess sufficient energy to pass through the field

before being deflected, that is, ions which would be

deflected if the field were longer. There is no confusion

05 between these and electrons and neutrals because the travel

times of electrons and neutrals are faster. It can be seen

that the mass spectrometer is capable of supplying low

resolution information on higher energy particles.

When the particle entering the LEF module is an ionized

10 molecule, it is broken up into fragments by the foil. The

acceleration potential on foil element 38 ensures that

every particle has a minimum energy whe_ it strikes the

foil element. Upon break-up, this energy is partitioned

according to the mass fractions of the fragments. These

15 fragments do not have the energy to reach the most linear

part of the electric field and are turned around quickly;

they have anomalous transit times. Data module 4/2 uses

these special TOF times to identify various mass species

that come from molecular ions. The spectrometer can

20 distinguish between incident H ions and H ions resulting

from moleculer break-up; these will be two distinct peaks

on an output plot. Incident multiply charged ions that

have their charges reduced by foil element 3_88but still

retain some positive charge will be retarded in the

25 electric field and strike high end detector 4__44;they will

have transit times that tend to uniquely identify them.

The electrical potential applied to the electrostatic

analyzer can be varied over time so that ions of all

charges and at all energy levels will be captured and

30 analyzed.

Calibration information is loaded into the data module

for use, in addition to m/q, in identifying certain
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species. This is useful in identifying more complex

particles, such as molecules. For example, formaldehyde

ions may be accelerated into an LEF module and the

information collected entered into the data module to

05 assist in identifying the species, should it be encountered

at a later time.

Figure 6 is a computer simulation which shows the

expected performance of the mass spectrometer. The times

of flight were sorted into "bins" having a "width" of

I0 one-half nanosecond. Figure 7 is a computer simulation of

mass spectrometer results from a very complex plasma; this

is indicative of desired performance levels of the

instrument after additional development has been

accomplished. The species which the peaks represent and

15 their atomic weights are listed in Table II, starting with

the leftmost peak, which is krypton having an atomic mass

of 83. Figure 8 shows an actual output from the prototype

data module when supplied with oxygen and nitrogen ions by

the duoplasmatron in the laboratory.
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TABLE III

Atomic Mass Unit Species Atomic Mass Unit Species

83 Kr 133 Xe, Cs

89 Sr 134 Cs

05 91 Y 135 Xe

93 Zr 137 Cs

95 Mo, Zr, Nb 139 Ia

99 Tc 140 Ba

I01 Ru 141 Pr, Ce

i0 103 Rh, Ru 143 Nd, Pr

104 Pd 144 Ce

105 Pd 145 Nd

106 Pd, Ru 146 Nd

107 Pd 147 Pm, Nd

15 109 Ag 149 Sm

ii0 Ag 150 Sm

iii Cd 151 Sm

112 Cd 152 Sm

131 Xe, I

20 The mass spectrometer will function properly when the

time interval between entering particles is at least 1-2

microseconds. If particles enter at a higher frequency,

the device will become overloaded. The instrument analyzes

positive ions and not negative ions; there are few ions in

25 space which h_ve added electrons.

This mass spectrometer has higher resolution and

dynamic range than any other three dimensional mass

analyzer available for space applications. Field-free mass
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spectrometers have limited resolution [(m/q)/a(m/q)] of

approximately 8. The LEF is capable of resolutions in

excess of i00 over a greater range of energies than is

possible in a magnetic spectrometer. Also, the LEF

05 provides the ability to unambiguously distinguish molecular

species. This has been one of the major challenges of

space plasma mass analysis. Examples of the importance of

this are the N2+ and CO+ species, which have very

important and distinct roles in chemical models of plasma

I0 origins. However, since they have the same m/q ratio (to 1

part in 2800), other mass spectrometers cannot distinguish

them. The same is true for He++ and H2+. they require a

conventional reselution of only 145 to be separated but

have only been distinguishable in the past in devices with

15 very limited energy coverage. The LEF is able to

distinguish them because the molecular species break up in

the entry foil and produce a unique timing signature

without requiring an overall resolution of either 145 or

2800.

20 The LEF is also unique in providing high mass

resolution and wide energy coverage in a package that can

view space in three dimensions. The 360 ° entry of the

LEF allows it to be mated with energy analyzers that have a

pancake shaped field of view or sweep out all of space with

25 voltage variations on steering plates. In the case of a

device with a pancake shaped field of view, the entire

device is rotated to provide a three dimensional view of

space. This is easily done, as many spacecraft spin or

provide rotating instrument platforms. For spacecraft that

30 do not have a spinning platform available, other energy

analyzers that vary the elevation of the annulus they view

are usable.
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ABSTRACT

A mass spectrometer and methods for mass spectrometry.

The apparatus is compact and of low weight and has a low

power requirement, making it suitable for use on a space

05 satellite and as a portable detector for the presence of

substances. High mass resolution measurements are made by

timing ions moving through a gridless cylindrically

symmetric linear electric field.






