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Abstract

A brief account is given of the history of dynamic mass spectrometers from the time of their advent. The reasons for their
relatively slow development in the 1930s–1940s of the last century are discussed. The general principle underlying the
operation of all dynamic mass spectrometers, the difference between the velocities of motion of ions differing in mass but
having the same energy, is pointed out. In accordance with its title, the review considers in more detail the history of
development of time-of-flight (TOF) mass spectrometers and stresses their two major advantages over the static (magnetic)
instruments, namely, the unlimited mass range and the possibility of obtaining extremely rapidly mass spectra over a broad ion
mass range. This accounts for the fast progress in their performance and broad application in the period of 1960s–1980s, when
investigation of heavy, thermally unstable organic molecules was started and efficient methods of producing their ions were
developed. A serious limitation on the resolution of TOF instruments was largely removed after the formulation of the
reflectron principle of TOF mass-spectrometer design. The problem of a further increase of the resolution of TOF systems is
discussed. The illustrations of TOF reflectron applications are presented, and a possibility of analyzing molecules and clusters
with masses of up to millions of daltons is pointed out. These merits have resulted in a sharp increase of production and a
broadening of application potential of TOF mass spectrometers compared to the magnetic setups, particularly in the field of
biophysics, biochemistry, and organic chemistry. In conclusion the broad horizons opened by the TOF magnetic-resonance
mass spectrometers (MRMS) in the area of high-precision mass spectrometric measurements are pointed out. (Int J Mass
Spectrom 206 (2001) 251–266) © 2001 Elsevier Science B.V.
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1. Introduction

The history of mass spectrometry started with the
work of J.J. Thomson published as far back as 1913
[1], which put forward the principal idea underlying
mass spectrometric analysis of the composition of a

substance, namely, transformation of all components
of the sample to ions, their acceleration by an electric
field, and separation of ions with different mass to
charge ratios by means of a magnetic field. E.W.
Aston built a prototype of modern static magnetic
mass spectrometers in 1919 [2]. Thomson and Aston
were the first to make by mass spectrometry a great
discovery by revealing the existence of isotopes of
stable elements.

Subsequent progress in the development of static
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instruments due to A.J. Dempster [3], A.O. Nier [4],
J. Mattauch and H. Herzog [5], K.T. Bainbridge and
E.B. Jordan [6], G.P. Barnard [7], V.M. Kelman, I.V.
Rodnikova, and L.M. Sekunova [8]; the enormous
number of publications dealing only with the im-
provement of analyzers, ion sources, ion detection
techniques; reviews and monographs on the applica-
tion of mass spectrometry—all this has raised the
mass spectrometer to the level where it may be
considered one of the most universal instruments for
compositional analysis of substances, and the mass
spectrometry, one of the most important tools of
research in nuclear and atomic physics, chemistry,
and biology.

The wealth of scientific achievements amassed in
the nearly 90 years of continuous improvements and
application of static mass spectrometers, as well as
their mass production organized by many instrument-
making companies in all technologically advanced
countries, became eventually an obstacle to develop-
ment of dynamic mass spectrometers.

Progress in the field of dynamic mass spectrome-
ters during the first decades after their advent was
impeded also by the fact that their principal analytical
parameters, such as the resolution and the sensitivity,
were inferior to those of the static instruments. This
was partially due to the poor level of rf and pulsed
technology at the time.

It should be pointed out that many potential merits
of magnet-free dynamic instruments, such as, for
instance, the unlimited ion mass range they were
capable of analyzing, could not be appropriately
recognized, because even the methods of obtaining
ions of complex thermally unstable molecules were
unknown in the 1950s–1960s.

The separation of ions with different mass/charge
ratios (m/q) at an equal energy (qU) in static mass
spectrometers is based on the difference of the radii of
their trajectories in a uniform dc magnetic field. No
combination of static electric fields is capable of
separating a flux of such ions in mass. This can be
done only by applying periodically changing (in
particular, sine wave) or pulsed fields.

The basic idea consists here in that monoenergetic
ions with differentm/qratios have different velocities,

and, hence, they take different times to traverse a
given path in the instrument. By applying a periodi-
cally varying or a pulsed electric field in certain parts
of the path, one can impart different energies to ions
with different velocities, thus making possible their
separation. If the electric field varies periodically, ions
with a givenm/q (i.e. a given time taken by them to
pass a certain path) will acquire the largest (or the
smallest) increment of energy (provided the field
frequency was chosen accordingly). By properly
varying the frequency, one can measure consecutively
the whole mass spectrum. By applying a pulse one
can create a short ion packet, and ions with different
velocities will separate in their subsequent propaga-
tion in individual packets, so that their consecutive
arrival to the detector can be recorded in the form of
a mass spectrum.

Dynamic (similar to static) instruments make use
of various methods of focusing angularly divergent
ions. In contrast to the static devices, however, in
dynamic instruments one can employ many methods
of producing output signals (a narrow slit with a
collector or microchannel plate, energy analyzer,
method of induced ac potential, Fourier analyzer,
absorption of driving ac field energy).

The rich diversity of possible ways to combine ion
separation, focusing, and detection in dynamic mass
spectrometers accounts for the large number of instru-
ment designs proposed. The monograph by E.W.
Blauth, for instance, considered more than 50 such
arrangements [9]. Although most of them did not find
application because of the limited range of their
analytical and operating characteristics, some ideas
turned out to be feasible and enjoy an ever increasing
use.

In accordance with the main idea underlying ion
separation in dynamic instruments, namely, using
differences in the time taken to pass a certain path in
the instrument, they all can be called “time-of-flight,”
however this term has stuck in the literature only to
the mass spectrometers, in which short ion packets are
produced by a pulsed source and the ions with
different mass/charge ratios are separated due to their
different flight times to the detector in the field-free
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drift space and in the correcting parts of the static
fields.

It is such instruments that we are going to discuss
in the following.

2. Simple time-of-flight mass spectrometer

The first TOF instrument with a mass-spectrum
display was built by A.E. Cameron and D.F. Eggers in
1948 [10]. It contained all components of a simple
time-of-flight instrument, namely, a pulsed ion
source, a field-free drift space, and an oscillograph as
detecting device. However the resolution of the in-
strument was extremely low (the Hg1, Hg11, and
Hg111 ions were barely detectable). Therefore this
work played to a certain extent a negative role in
development of the concept of TOF instruments,
which happens quite frequently in technology with
radically novel ideas.

The first publication on a TOF mass spectrometer
with a resolution of practical significance (above 50)
appeared in 1953 [11]. It was followed by a number of
studies reporting TOF mass spectrometer resolutions
above 100, where all xenon isotopes were well re-
solved [12–15]. The approaches aimed at improving
the resolution of TOF instruments were suggested in
Wiley and McLaren publication. (1) A possibility of
focusing packets of ions with a givenm/q ratio near
the detector although they may have been created at
different points in the source ionization chamber (and,
hence, may have different energies and velocities),
which was demonstrated experimentally in [15]. (2)
The effective depth of the electron multipliers was
shown [12] to influence strongly the resolution of all
TOF instruments, because it increases the effective
thickness of the packet. The use of an electron
multiplier with a planar input and a magnetic field
[16] permitted one to increase the resolution to 300.
(3) It was shown also that even small initial thermal
energies (#0.1 eV) of ions, that were generated in the
same source plane but had oppositely directed veloc-
ities along the instrument axis, can degrade dramati-
cally the resolution, and this factor should be taken
into account when calculating such systems. The

method recommended in [12] to combat this phenom-
enon can hardly be accepted as correct, because it is
valid only for a narrow ion-mass interval.

TOF instruments of a fairly simple construction
were manufactured by Bendix in USA. One of the
first industrial instruments developed at our laboratory
(A.F. Ioffe Physico-Technical Institute, Russian
Academy of Sciences, Russia) was a pulsed mass
spectroscope (with spectra displayed on the oscillo-
graphic screen) was demonstrated at the World Exhi-
bition in Brussels in the Atomium pavilion (1958).
After the first launchings of satellites, the Scientific
Instruments Company in USSR manufactured a series
of TOF mass spectrometers for investigation of the
upper layers of the atmosphere by rockets and satel-
lites (MX6407P).

Fig. 1 presents the scheme of a TOF instrument
with a pulsed ion source, with the functions of its
components given in the caption.

The width of the ion packet near the detector,
which determines the instrument resolution, depends
on the following aberration factors:Dl1—inaccuracy
of focusing in the double-gap source because of the
finite thickness of the ion formation zone or other
reasons resulting in an ion energy spread in sources of
any kind;Dl2—broadening due to the angular spread
in ion trajectories;Dl3—deviation of the source and
detector planes from perpendicularity to the instru-
ment axis;Dl4—effective depth of the microchannel
plate;Dl5—effect of the initial velocities of ions that
formed in the same source plane but have oppositely
directed velocity components parallel to the instru-
ment axis (the “turn-around” effect);Dl6—the slopes
of the leading edge and top of the withdrawal source
pulse;Dl7—broadening of the detector output-current

Fig. 1. Linear time-of-flight mass spectrometer. 1—pulsed ion
source; 2—ion packet near the source; 3—secondary electron
multiplier; 4—wide band amplifier of the output signal; 5—com-
puter; and 6—display.
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pulses induced by electron avalanches in the micro-
channel plate (MCP) and in the course of amplifica-
tion by a broad-band amplifier;Dl8—effect of stray
fields in the field electrode grids;Dl9—laser pulse
length; Dl10—influence of the space charge created
by ions of the same species.

These factors have to be taken into account in the
calculation of any TOF mass spectrometer system. As
follows from calculations carried out for a simple
TOF instrument, at the present-day level of electron-
ics the resolution depends primarily onDl1 andDl5,
which are determined by the ion energy spread and
the initial, oppositely directed ion velocities.

The effect ofDl1 can be estimated in the following
way. The ion flight time can be written

T 5
L

v
5 LÎ m

2qU
(1)

whereL is the length of the drift space, andv is the
ion velocity. The resolution determined only by the
energy spreadDU

RDU 5
m

Dm
5

U

DU
(2)

is independent of the drift lengthL. For instance, for
U 5 2000 V and DU 5 5 V, RDU 5 400 5
L/ 2Dl1, which for L 5 1000 mm corresponds to
Dl1 5 1.25 mm.

The effect ofDl5 for a double-gap source can be
estimated from a readily derivable expression

Dl5 5
4

E1

ÎDU0U2 (3)

whereDU0 is the potential difference corresponding
to oppositely directed initial ion velocities,E1 is the
electric field in the first source gap, andU2 is the
second-gap potential difference accelerating the ions.
For E1 5 400 V/cm, U2 5 1000 V, andDU0 5
0.1 V, the packet broadeningDl5 5 1 mm.

Eqs. (2) and (3) permit an important conclusion
that the resolution of a simple TOF instrument is
governed primarily by the energy spread (and is
independent ofL at L $ 1 m) and the initial ion
velocities, because the effect of all the other above-

mentioned factors degrading the resolution can be
made substantially smaller in the present state of
technology.

Increasing the accelerating voltageU for a given
energy spread reduces naturally the effect of the latter,
thus permitting one to increase strongly the resolution
when analyzing heavy ions. One has succeeded in
reaching in a TOF instrument a resolution of 4600 for
ion masses (3–6) 103 a.u. [17].

This has required, however, a considerable com-
plication of the ion source design. The ion packets
were produced by a laser operating with;5 ns long
pulses, and the ions were accelerated in three gaps to
44 keV. Also, the last section generated an additional
pulse to accelerate the ions having a lower energy.
This places a limit on obtaining the whole mass
spectrum at a given instrument setting. It was, how-
ever, rightfully pointed out [18] that “it is impossible
to develop a universal mass spectrometer appropriate
for any study.” As indeed one certainly could not
design a car equally superior as a lorry and a racer.

3. TOF instruments with compensation of ion
energy spread on the resolution (TOF
reflectrons)

To increase the resolution of TOF mass spectrom-
eters, many scientists in the 1950s–60s tried to design
ion sources with a smaller energy spread, however no
substantial progress has been reached in this field. My
analysis of the problem has led to the conclusion that
one should devote efforts not to combating the energy
spread (particularly after the advent of laser ionization
techniques) but rather to neutralization of their effect
outside the source. Recollection of children’s games
(whose ball thrown upward would fly the longest) led
me to an investigation of the effect of reflecting
(decelerating) electric fields on the increase of the
flight time of ions leaving the source with a higher
energy. As followed from calculations, if the ions of
a packet enter immediately a decelerating field whose
potential grows asU 5 ax2, wherea is a constant,
andx is the coordinate reckoned from the beginning
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of the decelerating field, the time required to stop an
ion with energyqU in this field will be

t 5 E
0

xmax dx

Î2q~U 2 ax2!

m

5
p

2Î2qa

m

,

wherexmax 5 =U/a is the coordinate of the ion stop.
Hence the ion flight time in such a decelerating

field, reckoned from the instant the ion enters it to that
of its leaving (equal to 2t) does not depend on the
initial ion velocity at all. In this case if a thin packet
confining ions of a given mass but having different
energies impinges on the detector immediately on
exiting this field, the instrument resolution should be
determined only by other aberration factors.

Unfortunately, it appears next to impossible to
generate such a plane field with a quadratically
increasing potential, however in principle one could
try to approximate this situation. This was shown in
my thesis of 1966 and mentioned also in [19]. (In
1984 Y. Yoshida was issued a US Patent No. 4625112
for such an instrument.)

Further calculations [19–21] showed that even a
uniform double-gap decelerating field (combined with
the flight in the field-free drift space) provides second-
order focusing in ion energy spread and the angle of
ion emission from the source (triple second-order
focusing) [19,21,23] (Fig. 2). Note that in the case of

an ideally thin packet and ideal grids bounding the
two decelerating-field gaps the resolution may reach
hundreds of thousands at an ion energy spread in the
packet of a few percent. It should be stressed that
unlike the conventional TOF mass spectrometer with-
out reflector the resolution of an instrument with
reflector increases proportionally to the drift length
(provided the other aberration factors listed in Sec. 2
are fixed). Using the notation of the caption to Fig. 2,
the ion TOF can be written as

t 5 A0FA1

Îk
1 A2~Îk 2 Îk 2 p!G 5 A0F (4)

wherek 5 U/U0; qU0 is the mean ion energy and
qU the ion energy corresponding to the ion velocity
components parallel to the instrument axis;k0 5 1,
p 5 Ub/U0;

A0 5
4dr

Î2qU

m

U0

Ur
;

A1 5
L1 1 L2

4drU0
;

A2 5
db

dr

Ur

Ub
.

Ub is the potential difference in the decelerating gap
db; Ur is the potential difference in the reflecting gap
dr.

As seen from Eq. (4), variation of the ion energy
qU (i.e. of k) affects onlyF, whereasA0 in indepen-
dent of the ion energy (i.e.k) variation. By analyzing
the expression fordF/dk 5 0 andd2F/dk2 5 0 one
can find the optimum expressions relating the geomet-
ric dimensions and the potential differences in the
instrument which provide maximum TOF focusing
under variation of the ion energy (i.e. the maximum
resolution).

In 1971 we measured experimentally the curves
relating the ion TOF variation (Dt/t) to the variation
of ion energyDU/U0) [22]. As evident from Fig. 3,
the ion TOF through an optimally adjusted system and
for DU/U0 5 612% practically did not vary (within

Fig. 2. TOF mass spectrometer with a two-section reflector with
plane electric fields. 1—pulsed ion source; 2—power supply
(laser); 3—focused ion packet near the ion source; 4—double
sectional reflector; 5—electrodes for creation of plane electric
fields; 6—detector; 7—wide band amplifier; 8—computer;
9—display; db—the ion deceleration section; anddr—the ion
reflection section.
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the accuracy of measurement). The pattern changed
dramatically when the potential differenceUb in the
decelerating (first) gap of the reflector was changed by
a few percent (Fig. 3). The same figure shows by a
dashed line the variation of the ion flight time in a
TOF instrument without reflector for equal lengths of
the drift space.

[23] quotes the characteristics of the first TOF
reflectron and presents a mass spectrum of rhenium
bromide obtained with a resolutionR50% ' 5000.

In 1980 the Scientific Instruments Company (Rus-
sian Academy of Sciences) manufactured MX 5302
TOF reflectrons designed for analysis of organic
molecules withR ' 5600. Aspecial lock permitted
sample replacement without impairing vacuum. The
total length of the analyzer with ion source was;1.3
m. Fig. 4 presents a spectrum of a mixture of two
organometallic compounds [24] and Fig. 5 displays
the general view of the instrument.

The 1970s [23,24] were highlighted by a fast
spread of reflectron TOF instruments, particularly

Fig. 3. Experimental curves of the relative time-of-flight change of
ionsDt/t as a function of ions energy changeDU/U0. 1—optimal
adjustment of the instrumentUb 5 (Ub)0; 2—DUb/(Ub)0 5
16%; 3—DUb/(Ub)0 5 24%; and 4—Dt/t0—for linear instru-
ment of the same ion drift length but without reflector.

Fig. 4. Mass spectrum of mixture of two metalloorganic compounds. 1—(C5H5)2W[Sn(C6H5)3]2; m1 5 1016 a.u. and
2—(C5H5)2W[Sn(C6H5)3]Sn(C6H5)2J; m2 5 1066 a.u.R50% ' 5600.
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after the introduction of laser-based techniques of
obtaining large, thermally unstable biomolecules.
Their production on an industrial scale started in 1980
with Leybold-Heraeus Co. (LAMMA-500, LAMMA-
1000), Bruker Co. (TOF-1), Finnigan Mat Co. (VI-
SION 2000) and so on.

A substantial progress in achieving of a high
resolution and broadening the possibilities of detec-
tion of large-mass ions was reached in the works of T.
Bergman, T.P. Martin, and H. Schaber [25–28]. These
studies demonstrated clearly the role of the micro-
optics of the grids bounding the reflector gaps. A
resolution of 353 103 combined with a high sensi-
tivity was attained in an instrument;3 m long [25].
This high sensitivity was achieved by focusing the ion
beam by a quadrupole doublet. It was shown that
increasing the ion energy before the MCP detector to
16 keV permits efficient enough detection of cluster
ions with masses of up to 23 106 a.u. [29].

[28] presents the characteristics of a gridless re-
flector, however one has in this case to limit the ion
beam in diameter. Nevertheless BRUKER manufac-
tured TOF-1 equipped with such a reflector forR 5

10 000 [30–32]. An obvious merit of such reflectors
is not only the absence of grids but also the possibility
of simultaneously focusing the reflected ions in angle,
which increases the absolute sensitivity of the instru-
ment.

V.M. Doroshenko and R.J. Cotter [33] proposed a
method of calculation of reflectron TOF systems
taking into account the ion source parameters. It was
shown that by introducing a slight nonlinearity in the
last plane-field reflector gap one can improve the
resolution of the system as a whole. This facilitates
substantially the possibility of experimental realiza-
tion of such a field. Unfortunately, the article does not
illustrate the calculation of the parameters of such a
high-resolution system (with all aberration factors
taken into account). C.A. Flory et al. [34] proposed
such an introduction of a small nonlinearity in the
plane reflector field to improve the resolution. How-
ever in this case the ideal ion TOF focusing also
requires correction with inclusion of all aberration
factors.

The extent to which practical results may deviate
from calculations can be judged from the paper of M.

Fig. 5. General view of the first world TOF reflectron. 1—analyzer with ion source; 2—electronics post; and 3—display.
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Yang and J.P. Reilly [35], who quoted an experimen-
tal figureR 5 1.1 3 104 against the calculated res-
olutionR . 106. At the same time this article and the
review [36] present a comprehensive analysis of the
magnitude of the aberration factors involved.

Besides the TOF reflectron scheme depicted in Fig.
2, there are presently a variety of modifications in
which the basic idea underlying the TOF reflectron
has been realized to date. Fig. 6 presents the scheme
of a “linear” TOF reflectron [37], which is convenient
for some applications.

The ions exiting the chamber of a pulsed source
bounded by transparent grids move toward the reflec-
tor on the instrument axis and, after reflection, are
propagated downstream to the detector through the
source (at this instant the withdrawal pulse has al-
ready come to an end) to fall onto the detector. This
version is convenient for small-size technological
sensors. For instance, linear TOF reflectrons;16 cm
long with a diameter of 5 cm vacuum chamber
providing a resolution of about 300 were developed
for analysis of technical gases. With a chamber 90 cm
long, such an instrument had a resolutionR50% 5
1200.

Our laboratory developed a TOF reflectron to
study laser-assisted isotope separation [38]. The
source of this instrument included a supersonic pulsed
jet which fed molecules containing the two isotopes to
be separated into the chamber (Fig. 7). Pulses deliv-
ered by a high-power laser were directed perpendic-
ular to the instrument axis. The laser light frequency
was chosen so as to ensure breakdown of the mole-
cules containing only one of the isotopes. The mole-
cules were ionized by an electron beam. Only ions of

the isotope of interest were admitted to the detector,
and this was done by applying a synchronized pulse to
the retarding grid electrodes in front of the detector.
The electronics provided synchronous operation of
the electromagnetic valve of the supersonic jet, laser,
electron beams, and detector valve. The instrument
resolution was$1000.

A miniature laser TOF reflectron with a close-to-
quadratic reflecting-field distribution was designed
[39]. A 52-mm long cylindrical resistor electrode with
a diameter of 38 mm housed an endcap adjusting the
reflector length. The sample illuminated by laser
pulses passing along the instrument axis was placed in
the beginning of the cylinder (at its center). The
reflected ions were intercepted by a detector located in
the sample plane. The instrument is designed for rapid
monitoring of low-mass organic volatiles.

TOF reflectrons with laser-pulse power densities
$109 W/cm2 can be used for elemental and isotope
analysis of practically any substance (metals, ceram-

Fig. 6. Linear TOF reflectron. 1—transparent ion source with grid
electrodes; 2—pulsed electron beam; 3—acceleration gap; 4—de-
celeration gap; 5—reflector; 6—focused ion packet; and
7—detector.

Fig. 7. Ion source of TOF reflectron for investigation of isotopes
obtained by laser. 1—pulsed supersonic jet; 2—pulsed laser beam;
3—electron beams for ionization of neutrals; 4, 5—ionization
chamber walls; 6—grid electrode of ion source (grounded);
7—cathodes emitting electrons; and 8–12—focusing electrodes.
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ics, semiconductors, and solid organic compounds)
(LAMMA-1000, Leybold-Heraeus Co.).

In conclusion to this section on TOF reflectrons
consider the merits of these systems. (1) Unlimited
mass range (up to millions of daltons) [29]; (2)
possibility of using all kinds of pulsed ion production
[electron impact, laser evaporation and ionization,
sources with252Cf, desorption by a strong electric
field, electrospray ionization (ESI), MALDI, etc.]; (3)
high resolution even for large ion-energy spreads
(tens of thousands [25], with 105 realized in practice);
(4) high sensitivity (down to single atoms when using
laser resonant excitation in an electric field [40–42];
(5) fast measurement of the full mass spectrum (ion
composition in the source can be determined in down
to a few nanoseconds); (6) possibility of separating
ions of isomers (molecules with the same ion compo-
sition) through resonant excitation of neutrals evapo-
rated by a tunable laser [43–45]; (7) a good mass-line
shape with limited tails; (8) automatically obtainable
mass spectrum scan without application of additional
scanning devices; (9) possibility of noise suppression
in ion detection for a known spectrum by using the
time gate technique (by opening the signal store in the
detector channel only for the time of arrival of the
ions of interest [61]; (10) absence of expensive
mechanical units (compared to magnetic mass spec-
trometers) and no requirement on a high precision of
component manufacture and adjustment (compared to
quadrupole instruments and traps) for the same reso-
lution.

4. Progress in TOF spectrometry

Although TOF mass spectrometers without reflec-
tors had a resolution only of a few hundreds, they
found broad application in research already starting
with the late 1950s, because they made possible
obtaining without any inertia the full mass spectrum
of the ions produced in the ionization chamber of the
source. This permitted one to use them to advantage
in studies of the sorption and desorption processes on
various surfaces (the flash-filament technique)
[46,47]. The oxidation of high-melting metals was

investigated successfully [48,49]. These instruments
were employed to investigate the destruction of poly-
mers subjected to mechanical and thermal loading
[50,51]. Measurements of the absolute cross sections
of two-photon excitation of atoms made use of a
pulsed laser, also in combination with a TOF mass
spectrometer [52].

The first studies of Macfarlain into the formation
of ions of nondestructed organic molecules by means
of 252Cf fragments were made with a linear TOF mass
spectrometer, where the sensitivity was enhanced by
drawing the ions to the instrument axis by an electric
field perpendicular to the latter [53].

Linear TOF instruments manufactured by Bendix
were employed for rapid gas analysis in many tech-
nological processes (electrical remelting of metals
etc.).

As already mentioned in Sec. 2, one could attain
resolutions above 4000 with a linear TOF analyzer by
applying a high accelerating voltage [17]. This was
found convenient when studying the processes occur-
ring in the ion drift space.

Development of TOF reflectrons broadened sub-
stantially the application of mass spectrometry in
science and technology, because the resolution of
such instruments increased sharply, and also because
for a resolution of the order of 103 these devices
became noticeably smaller and less expensive
whereas offering a high reliability.

TOF reflectrons began to be employed in space
research. A TOF reflectron with a source providing
silver foil transport was designed to measure the
composition of Halley cometary-tail particles. The
particles of the cometary tail hit with a very high
velocity (up to 80 km/s) the foil and entered in the
form of atomic ions the analyzer [54]. The instrument
operated successfully on the VEGA spacecraft. The
description of the results of this space experiment can
be found in [55].

Our laboratory developed a miniature TOF reflec-
tron (a linear version) to study the upper atmospheric
layers on rockets and satellites. The system of the
source and of a special corrector (with an open
window and a hitting flow velocity of 2 to 20 km/s)
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excluded distortion of the information obtained [56]
(Fig. 8).

A TOF reflectron to study the surface of Phobos
(the Martian satellite) was developed at the Space
Research Institute (Moscow). In passing at a distance
of 30–80 m above the surface, the spacecraft was
intended to emit laser pulses with a power density
high enough to initiate emission of ions from the
surface. A reflectron analyzer with a;30 cm2 win-
dow mounted on the spacecraft had to receive ion
packets propagating in the vacuum of space. The
scheme of the instrument can be found in [20].
Laboratory experiments confirmed the possibility of
obtaining a resolutionM/DM ' 200. Unfortunately,
the two space experiments did not produce any results
because of the failure of the communication system.

Application [57] of a TOF reflectron in the atomic
probe of Müller-Zong [58] permitted one to measure
the masses of atoms emitted from a desired point in
the atomic image of a unit cell of metal-alloy crystal-
lites with a high resolution. The resolution is;500
for a 40% ion-energy spread.

TOF reflectron instruments are employed in mon-
itoring fast processes both in research (combustion,
explosions, reactions occurring in pure inert gases,
etc.) and in industry (converter production of metals,
vacuum refining of steel alloys, chemical industry).

Our laboratory used the TOF reflectron scheme to
develop FTIAN-3 gas analysis systems put subse-
quently in mass production. These systems permit the

converter operator to monitor with a time delay of
only a few seconds the process of steel smelting, to
stop the process at the preset melt temperature and
carbon content, and to prevent explosion hazards.
FTIAN-3 systems operate at iron and steel works in
Russia, Ukraine, Kazachstan, China and other coun-
tries. A FTIAN-5 system has recently been developed
[59,61], which permits determination of impurities in
industrial gases with a sensitivity of up to 10210 in 1 s,
which is very important for new methods of melt
temperature determination [60,61]. The systems are
capable of autonomous operation for a long time in
the conditions prevailing in metallurgical industry.
The high accuracy of analysis was achieved by using
a special detection system. To exclude the processes
occurring at a hot cathode, the ion source cathode is
located in a separate evacuated chamber (Fig. 9). This
permitted one to drop calibration even after periodic
checks of the impurity content in oxygen, extended
the service life to more than a year of continuous
operation, and made possible an increase of the mass
spectrometer sensitivity.

TOF reflectrons are used in studies of many-atomic
clusters, of the properties and methods of production
of fullerenes. Our laboratory has completed a series of
studies with TOF reflectrons with laser evaporation of
fullerenes and their thermal evaporation from a cru-
cible. The mass spectrum of pure, laser-evaporated
graphite revealed the C60 and C70 fullerenes and
weaker-intensity clusters with Cn increasing continu-
ously in steps of two carbon atoms [62]. Laser

Fig. 8. TOF reflectron for investigation the upper atmosphere with
the aid of rocket and satellite. 1—ion source; the ionization space
is surrounded by grids; 2—two-section reflector with the ion
retardation section; 3—ion detector (MCP); 4—flux of molecules
entering from the atmosphere; 5—correction plates; and 6—elec-
tron beam.

Fig. 9. TOF reflectron for gas analysis with a separate chamber for
the hot cathode. 1—cathode; 2—electron beam; 3—gas; 4—re-
flector; 5—electron multiplier; 6—wide band amplifier; and 7—to
vacuum pump.
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evaporation of porous graphite can produce cluster
ions consisting of many thousands of carbon atoms.
When working with laser sources one has to bear in
mind possible association and destruction of the
sample components, particularly if the composition of
the sample is not known [63].

TOF reflectron with a resolution of 5000 was used
to study fullerenes under thermal evaporation and
electron-impact ionization [64]. A series of12Cn

13Cm

isotope peaks was obtained forn 1 m 5 60, 70, and
84. A good agreement was demonstrated with calcu-
lated peak intensities corresponding to the natural
12C/13C abundance.

The ion charge was found to depend strongly on
the energy of the ionizing electrons within the 10–100
eV range. A high yield of fullerenes enriched strongly
in the 13C isotope (up to 17%) was reached in arc
discharge in an atmosphere containing13C2 [65],
which is important for NMR medico-biological re-
search.

Metal-containing fullerites were investigated [66].
It was shown that Gd atoms are captured by C82

fullerenes to form Gd at C82 complexes, whereas
fullerenes made up of a smaller or larger number of
carbon atoms do not capture Gd at all.

A study was made [67] of the formation of carbon
“cluster out of clusters” (C60)n

1, (C960)n
11, and

(C70)n
1 with masses of up to 23 105 a.u., in whichn,

the number of fullerenes contained in such a many-
fullerene molecule, reached as high as 150! One
observed “magic”n numbers, at which the mass
spectrum exhibited the largest peaks. The problem of
detecting such heavy ions was solved by introducing
postacceleration and increasing the ion charge state.

Na and Cs clusters with masses of up to 23 106

a.u. have been investigated [29]. The possibility of
detecting such ions by post acceleration at up to 16 kV
was demonstrated.

TOF reflectrons tailored for solution of specific
physical, chemical, and biological problems are de-
signed in laboratories of many countries. Instruments
for rapid monitoring of stable hydrocarbons [39] and
investigation of laser-assisted isotope separation [38]
have been mentioned in Sec. 3.

However the most vigorous growth was observed

in TOF mass spectrometry in the 1980s–1990s, the
years of explosive progress in biophysical and bio-
chemical research associated with development of
experimental genetics, modern pharmacology, and
synthesis of complex bioorganic compounds of many-
atomic clusters. This naturally required a considerable
broadening of the mass range covered by analytical
equipment up to thousands and millions of daltons
[68–70] (interest in biomolecular ions with masses of
up to 1103 106 daltons has recently been announced
[71]).

The decisive role of analytical equipment in this
research is stressed by the fact that a group of
scientists in Russia headed by the academicians D.V.
Shemyakin and Yu.A. Ovchinnikov (N.S. Shwitsov,
N.S. Wulfson, B.W. Rosinov, and others) were the
first to propose the mass spectrometric method of
deciphering the aminoacid sequences in peptides (Na-
ture, 1966 [72]) but could not develop these ideas to
the experimental stage because no equipment with the
required analytical parameters was available at the
time.

TOF reflectrons provided a possibility of analyzing
molecules with a practically unlimited mass range
with a fairly high resolution and a high sensitivity.
Methods of evaporation and ionization of thermally
unstable biomolecules were soon developed due to the
brilliant works of F. Hillenkamp and M. Karas [73],
A. Brown and J. Lennon (MALDI) [74], I. Macfarlain
and B. Sundqvist (252Cf fragments) [75,76], R.J.
Cotter with co-workers [77], E.W. Schlag with co-
workers, K.G. Standing with co-workers; one should
also mention here the proposal of the ESI and other
ionization techniques [78–80].

The highest achievement in biophysics and bio-
chemistry is certainly the deciphering of more than
50% of the human genome, establishment not only of
the major part played by individual genes but of their
interaction as well, locating the genes whose damage
is responsible for predisposition of some people to
certain diseases, unraveling of the chemical formulas
of many proteins, and synthesis of some biopolymers
and enzymes. While it is not only the mass spectro-
metry, TOF reflectrons, and their combination in
tandem systems with other mass spectrometric instru-
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ments and chromatographs that have to be given
credit for these achievements, but nevertheless the
time-of-flight mass spectrometry has played an im-
portant part in all this.

In this connection it appears appropriate to cite
here the words said by I.E. Tamm, the Nobel Laureate
for 1958, at a lecture at the Leningrad University in
the 1960s: “Many years ago, when I was confronted
by the problem of choosing the future profession, I
did not doubt for a minute that there is nothing more
interesting than physics. I have to confess, however,
that if I had to choose the road now, I am not sure
anymore that I would make the same decision. I
believe that the future belongs to biology.” [81].

5. Conclusion

The objective pursued by this paper has been not to
make an exhaustive account of the history of devel-
opment of time-of-flight mass spectrometry up to the
year 2000, because the wealth of publications on
improvements in instruments and on the studies made
with them is so large that such a task would have
required a monograph. This is evidenced by the thick
volumes containing Proceedings of Conferences of
the American Society for Mass Spectrometry
(ASMS), which cover thousands of papers. The com-
paratively specific subject of application of the TOF
mass spectrometry to investigation of the fullerenes in
only the 15 years of its development has grown to
virtually thousands of publications. I have attempted
only to relate the key steps passed by the idea of
TOF-based separation of ions in its development and
to demonstrate the possibility of using this method to
advantage in the various areas of scientific research
and in monitoring technological processes.

The most prolific fields where TOF mass spectro-
metry is presently employed are undoubtedly bio-
physics, biochemistry, and biomedicine, which re-
quire analysis of large, thermally unstable molecules
with masses reaching millions of daltons. This subject
is covered by the monograph of R.J. Cotter, TOF
Mass Spectrometry. Instrumentation and Application
in Biological Research [82].

In this connection the issue naturally arises of the
possibility of increasing the resolution of TOF mass
spectrometers, and of reaching and surpassing the
resolution of 105.

Three ways of solving this problem can be con-
ceived. (1) Application in TOF reflectrons of addi-
tional correcting pulsed voltages, which would allow
reaching a high resolution at the given instrument
setting only within the mass interval of interest for the
researcher; (2) improvement of resolution over the
whole mass range by reducing the effect of aberration
factors and using “ideal” methods of ion energy focusing
[33,34]; and (3) increasing the ion-drift path length in the
instrument at a good electrostatic angle focusing.

The third way appears to be the most interesting
approach, because an appreciable reduction of the sum
of the aberration factors is extremely difficult. Indeed, a
resolution of 105 for a reasonable length of the instru-
ment of 2–3 m would require, all aberrations included, a
packet a few tens of microns thick, which is anything
but a simple task even when using high-precision
adjustments and special microchannel plates.

I believe therefore that the most promising way lies
in a substantial increase of the drift length by folding
the ion trajectory in some compact spatial figure, with
which one could increase the drift path by an order of
magnitude or more within a fairly small gabarits of
instrument.

In a vacuum of 1027 Torr, the mean free path of
particles is about 500 m and, hence, collisions would
not be a problem. A.A. Makarov [83,84] presents an
illustration of increasing the effective path in a non-
magnetic system with overall dimensions of a few cm.
Our laboratory is developing other approaches to
substantially increasing the ion drift length for instru-
ments of a reasonable size.

Finally, it should be pointed out that science
abounds in specific problems where one requires not
analysis of large masses but rather an anomalously
high resolution, a high accuracy of ion mass determi-
nation, and measurement of extremely low concentra-
tions of impurities at the isotopic, atomic, or molec-
ular level. In these cases magnetic focusing of the ion
TOF permits one to reach very high analytical char-
acteristics.
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The impressive progress in ICR mass spectrometry
is public knowledge. I shall dwell here on a less
known TOF magnetic resonance method developed at
our laboratory (the MRMS instrument). In moving
from the source (which operates continuously) to the
detector, the ions in this instrument make two turns in
one magnet gap plane and are accelerated twice at the
same point of the trajectory (the modulator) by a rf
voltage. Depending on the actual phase at which it
enters the modulator, the radius of the trajectory
changes so dramatically that if a harmonic of the ion
cyclotron frequencyvc is at resonance with the
modulator voltage frequencyvm 5 nvc (n ' 100),
one can produce ion packets'10211 s long. This is
achieved by displacing the ion jet past narrow slits
[85,86]. The instrument resolution achieved here is
R50% 5 350 3 103 for a trajectory radius'100
mm. For R 5 20 3 103, the high sensitivity and a
very good peak shape [the resolution at 10210 (!) of
peak height drops only by a factor of 5!] permits one
to measure isotope ratios down to 10211, i.e. where the
content of the poor isotope in a sample is;104 atoms
and one has to separate the interfering multiplet peaks.

Such instruments produced by the industry (MI
9303) have made possible a number of fundamental
discoveries in geochemistry and geophysics (their
results are discussed in our book [85] and accounted
briefly in [61]).

Before the advent of the MRMS, the He isotope
distribution in the earth and in near space was
practically impossible to measure, because the3He/
4He isotope ratio varies over a tremendously broad
range from 1021 (in some meteorites) to 10210

(uranium minerals), with the most interesting objects
having3He/4He 5 1024–10210.

A joint work of our laboratory with geochemists
has for the first time yielded the pattern of the
3He/4He distribution, which is shown in Fig. 10. The
most interesting result here is the discovery in the
earth’s mantle of the “primeval helium” with an
isotope ratio3He/4He 5 3 3 1024 (over the whole of
the earth!), with the3He content in the mantle
exceeding its mean level in the earth’s crust by;103

times. This discovery has explained the3He/4He
paradox of the earth’s atmosphere, (>1.3996

0.013)3 1026 (first measured by us with such pre-
cision), offered a possibility of locating deep rifts in
the crust where the main ore deposits are concen-
trated, provided a basis for developing an isotope
method of measuring the heat flux distribution in the
earth’s crust on the continents, as well as established
helium isotope criteria in the search for uranium–
thorium and lithium–beryllium ore deposits.

The MRMS instrument permitted a discovery of a
new, athermal kind of gas diffusion in solids, the

Fig. 10.3He/4He isotope ratios in geospheres and near space.
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so-called “dislocation dynamic diffusion,” that takes
place even at 1.6 K [87,88]!

The high accuracy with which the ion cyclotron
frequency was measured on the instrument with
R50% 5 350 3 103 permitted determination with
metrological precision of the most important physical
constant, namely, the ratio of the proton magnetic
moment to the nuclear magneton [89], which resulted
in a substantial refinement of the values of many
fundamental physical constants (the Planck and Fara-
day constants, nuclear magnetic moments, etc.) [89].

A MRMS with R 5 106 is being presently assem-
bled at our laboratory with the purpose to increase the
precision of nuclide masses and fundamental con-
stants of physics.

The recent work done on the MRMS, which was
associated with a precise measurement of the tritium
molecule halfperiod [90], permitted development for
the first time of a helium-isotope method to measure
the differences in the tritium decay halfperiod induced
by different electronic environment of its nucleus
[91,92]. This offered a possibility, likewise for the first
time, to measure the halfperiod of the tritium atom and
nucleus decay [93]. These data are being currently used
to calculate the neutron decay halfperiod nowadays.

Accumulation of data on the halfperiod of tritium
atoms in different hydrogen-containing molecules
(with tritium substituted for hydrogen) will provide a
basis for development of a new method of experimen-
tal investigation of the electronic density distribution
in hydrogen-containing molecules by means of nucle-
ar-sized probes located directly at the site of the
substituted hydrogen atom.

The time and the frequency are parameters which
are measured by modern instrumentation with the
highest precision. Therefore the time-of-flight and
TOF magnetic-resonance mass spectrometry will play
an important part in future physical and biochemical
measurements.
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