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Abstract

A new concept for time-of-flight (TOF) mass spectrometry is presented. Currently, TOF instruments use pulsed ion introdu
tion with a 10 ns or so pulse width, followed by a waiting period roughly @80Accordingly, the sample is under excitation
in 10~ part of the total measuring time, which limits the sensitivity of the method. Secondly, the ion bunch generated i
strongly confined, which gives rise to space charge problems deteriorating the signal intensity and the mass resolution.

The concept presented here uses a continuously operating ion source and a special dual modulation technique [Pa
pending]. The expected advantages are higher sensitivity and minor space charge limitations. The space charge limitati
are obviously easier if the charges are distributed uniformly in an ion beam rather than being confined in a bunch. Moreov
the necessary detection bandwidth is as low as some hundred Hz, which enables to operate the electrometer electronics'
amplification as high as #0V/A. Because of the high signal level, it was possible to omit any electrostatic mirror configuration
for bunching the ions. Rather a cylindrical energy filter was installed to remove the ions with undesired energies. The dri
tube is roughly 2 m long. The measurement is controlled by a PC via a home made board. The data are collected and the
Fourier transformation is performed by the software.

The objective of the experimental setup is to demonstrate the operation of this novel measuring principle. The analytic
capabilities in present stage are admittedly poor, however its potential improvement is far less limited by physics than in tt
case of the pulsed TOF techniques.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The operating principle of TOF mass spectrometer
is fairly simple. lons are accelerated by a definite po-
Number of publications deal with the methodical tential and left to run freely in a force-free drift region.
development of time-of-flight (TOF) mass spectrom- Having the same kinetic energy, the smaller the mass.
etry [1-16]. A concise overview on the history and the faster the ion. Ultimately, the firstion to hit the de-
the development of this technique was presented by tector will be the lightest, and the order of the arrival
Mamyrin [17]. will be the monotonic function of the mass number. To
make practical use of this principle a definite starting
_ pulse is needed to initiate the flight of the ions.
* Corresponding author. Tel+36-1-463-4205; h idth of th . | is in th f
fax: +36-1-463-4194. The width of the starting pulse is in the range o
E-mail address: hars@eik.bme.hu (G. Hars). 10ns, in order to have sufficient mass resolution.
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After the starting pulse is fired, a relative long waiting The time-of-flightz in a drift region with length_:

period follows in the range of 1Q@s, during which L o

all expected ions reach the detector. Accordingly the © = o /2q_U (3)

duty cycle of the excitation (percentage of the time

when the excitation is active) is very low, roughly Introducing the atomic mass unit (amu) vaMevhere

104 part. Because of this, the signal-to-noise ratio is mg = 1.67 x 10-2"kg

limited, which ultimately limits the sensitivity of the m

of the measurement. M = mo “)
Due to pulsed excitation the ion packet is strongly

confined right after the starting pulse. Though the ions (3) is ransformed:

of different mass depart from each other as they travel L mo

) S . t==—=L[|—M (5)
in the drift region, the ions of the same mass per charge v 2qU

ratio remain tqgether however. The space charge, g_en_Let’s introduceA for the flight time of proton.
erated by the ion packet has the unfavorable repelling

effect, which might expand the bunch if the drift time ~ , _ , /™0 6)
is too long. In order to avoid the deterioration of sig- 2qU

nal level and the mass resolution, a relatively high
accelerating voltage is used (4-40kV). This way the
loss of signal can be reduced but the resolution will T = AV M. @

be limited by the short flight times. o )
On the other hand, it is important to know the flight

It is clear that using a continuos ion source as op- diff 0 h ahb o
posed to the pulsed one would be advantageous. Thist!Me '_ erenc_e etween the neighbor mass numbers.
Let's differentiate (7).

kind of ambition motivated Oksma[i8] to use con-
tinuously operating ion source. He used a specially d_t _ éi
formulated cylindrical electrostatic field as detector. dM 2 /M
The signal was low however, since secondary electron
multiplier (SEM) could not be used.

Accordingly:

8

Since the atomic mass unit value is integeVf &= 1.
So the flight time differencé between peaks next to
each other is as follows:
Al
= EJ_M

2.2. Theory of the new concept

2. Theoretical 9)

2.1. Basic formulae

The basic equation for the kinetic energy of an ion

. Assume to have a monoenergetic beam of several
is as follows:

different mass over charge ratio ionic species. The total
%mUZ =qu 1) ion current is the sum of the partial currents.

wherem andq are the mass and charge of the ith, hot=ir+iz+-tint-- (10)

?S the accelerating voltage ands the velocity of the  The corresponding flight times in the drift region are
ion.

The velocity can be readily expressed: T1, 72, ... Ty . .., Fespectively (11)

2qU The intensity of the ion beam can easily be modulated
Ll Vi @) by deflecting the ion beam and conducting it through
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an aperture. The ion beam is modulated in intensity in the amplitude characteristic is not ideal, A@) and
two positions. The first modulation takes place right B(w) amplitudes depend on the frequency.
after the beam is formulated at the beginning of the  The operation called modulation is in fact analog
drift tube. The second modulation (or demodulation multiplication in terms of mathematics. Right after the
if one prefers) happens at the end of the drift re- first modulation the ion current as a function of time
gion close to the SEM detector. Both modulators are 11(t) is as follows:
driven with the same RF voltage. The frequency of
the driving voltage is increased in small identical in- 1) = (1 +i2+ - +in +---) A(w) modwr)
crements, starting at 1 MHz or so. The upper limit of (13)
the frequency range determines the time resolution,
since the reciprocal of the highest frequency is the
time between two adjacent points in the Fourier spec-
trum. One measurement in present case consists of7, (1) = A(w){i1 modfw(t — t1)] + - - -
4096 points.

The modulating functions are as follow:

At the end of the drift region right before the second
modulation the ion currerip(t) is:

+i, modfw(r — 1) + - - -} (14)

A(w)modwr) and B(w) Mod(wt) (12) After the second modulation the ion currégft) is as
follows:

where modpt) and Modgt) are periodic functions ~

in 2/w. Alw) andB.(w) are the correspondlng ampli- I3(t) = A(w)B(w) Zik mod|w (t — ;)] Mod (wt)

tudes as the function of the modulating angular fre- =1

guency. The modulators are driven with the identical (15)

pure cosine function deflection voltage. The two mod-

ulating functions in (12) are not necessarily cosine, The modulating functions are represented by the co-

due to the possible nonlinearity between the deflection sine Fourier series:

voltage and the modulated intensity of the transmitted

ion beam. In ideal case however these functions were MPdk (7 — )] = ao + ai cospo (r — 7]

pure cosine. So, by introducing (12) functions the non- +as cos[(r — )]

linearity of the modulation process can be taken into

account. +azcos[3w(t — )] +--- (16)
The frequency dependence of the amplitudés) Mod(wr) = bg + b1 COSwr + by cos 2ot + - (17)

and B(w) is the conclusion of the frequency de-
pendence of the analog electronics involved, which Consider thé-th ionic species for a moment. Here two
consists of the high frequency drive amplifier and the series (16) and (17) is to be multiplied together. All
ferrite transformer of the modulatoFig. 1). those products will be time-dependent where the fac-
All analog electronics has amplitude characteristic. tors belong to different frequencies, thus these prod-
This is the output amplitude of the device, provided a ucts will disappear after low pass filtering. Factors
constant amplitude sinusoidal signal was applied to its with same frequency however, will provide dc prod-
input, and the frequency of the input signal is swept uct after low pass filtering. The dc result is the half

through the relevant range. of the product of the corresponding amplitudes. Here
In present case a frequency-independent amplitudethe following elementary rule was used:
characteristic would be ideal. In other words the graph o, coSB = %[cos(a + B) + costa — B)] (18)

of the amplitude characteristic supposed to be a hor-
izontal line. Since the experimental setup in present Following the second modulation, the dc result or in
stage is not at the level of an analytical equipment, other words the time average of the total ion beam,
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considering all ionic species is as follows:

A(w)B(w) &

MZ:ik[aobo + a1b1 cogwty)
2 k=1

+ asbr cO2wTy) + - - -

+ a,b, cosnwt) + - -]

K(w) =

(19)

One of the modulators at least must be operated in
linear range. Let us choose the second modulator.
Mod(wt) = bg + coswt which meanshy = b3
oob, =0.

e ¢]

> irlaobo + a1bi coSwmy)]
k=1

K(w) = w
(20)

HereR(w) function is introduced, which characterizes
the amplitude characteristic of the linearized measur-
ing system.R(w) = A(w)B(w)/2 by means of this

K (@) = R(@))_iklaobo + a1by codwr)]

(21)
k=1
K (w) = R(w){aoboliot + a1bi[i1 cOSwt1)
+i2c08w12) + - -+ +iy,co8wT,)]}  (22)
Disregard the frequency-independent terms:
K (w) = R(w)a1b[i1 coSwT1) + iz COSwT2) + - - -
~+ i, coSwty)] (23)

The R(w) frequency dependence can be compensated

by carrying out a measurement with only one ionic
species in the drift region. The corresponding drift
time ist1.

K (w) = R(w)ai1b1i1 cOSwT1) (24)

The result of (24) is different of pure cosine function
due toR(w) alone. Accordingly, a compensating func-
tion can be made which is proportional to the recip-
rocal of R(w). The compensation is carried out by the
computer after data collection. For later processing the
compensated functiok*(w) is used:

K*(w) =i1coqwt1) + i2 COSwT2) + - - -

+i, COSwT,) (25)
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K*(f)=i1c082f11) +i2C0827m f12) + - - -

+ i, co92nr ft,) (26)

Performing Fourier transformation on (26) lbyre-
guency the partial ion currents appear at the corre-

sponding flight times, which is the TOF spectrum of
the ion beam. The Fourier transformation is carried
out by the computer with an FFT algorithm.

2.3. Theory of the equipment engineering

The reciprocal value of the highest frequency is
the “time quantumrg”, which determines the time
resolution.

1
pue— -L—O

max
dividing the time of flight in (7) with the time quan-
tum the corresponding channel numikeesults.

T

‘L'o_

k = Afmax\/ﬁ

(27)

(28)

(29)

In order to avoid aliasing, only the first half of the
FFT result can be used. That means for Fourier trans-
formation withn = 4096, wheren is the number of
data input to the FFT algorithm, the useable output
data are the first 2048 points.

n
5= Afmaxy/ Mrange (30)
n 2
=M 31
( 2Afmax> ange (31)

Here Mange denotes the mass range of the method.

A mass peak can be considered resolved if two time
guanta elapsed between neighbor mass numbers at
least. This definition makes possible to find the peak
and the valley. According to formula (9k@= 3.

A1

Fr 2 e 42
2
<Af2ax> = Myes (33)

Here Mes denotes the highest mass number resolved.
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In ideal case the total mass range is resolved.

Miange = Mres This leads to the condition to deter-
mine the highest frequency necessary.

2
Afmax)

34

() = o
Ner

fmax - T (35)
Using this frequency (36) results:
Mrange= Mies= % (36)

Longitudinal dimension of the deflection plates is cru-
cial. This is denoted *. The ratio between the total
flight lengthL and this dimension ip (in the order of
thousand).
L —
.
The deflection of the ion beam starts to diminish
abruptly once the half period of the modulating sig-

(37)

nal becomes equal to the duration that an ion spends

between the deflection plates.

A i 1
defl =
T 2 fmax

(38)

This effect makes indispensable to use the possible

shortest dimension of the deflector parallel with the

ion beam. Here the highest mass number possible to

be deflected is denoted witflges

2
p
= M,
<2Afmax> defl

In order to satisfy the obvious requirement that
Mrange: Me

2 2
n (P
( 2Afmax> B ( 2Afmax>

From (40)n = p results. This means, that the number

(39)

(40)

of elementary measuring cycles in one measurement g, . —
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The needed bandwidth of the low pass electrometer
is dependent on the time periatl between the fre-
quency increments. The average angular acceleration
B is the ratio of the change in angular frequency and
the elapsed time.

27_[ fmax
nA

Thus the angular frequency can be expressed as fol-
lows:

w = Bt

Consider (25) and substitute (42). This wa§(w) is
converted td&K*(t) time function.

p= (41)

(42)

K*(t) = i1 cogBt1t) + i cOLB1ot) + - - -

+in COIBT,I) (43)

Here the correspondingr products are the angular
frequencies denoted witf2.

K*(t) = i1 c0q$21t) + i2 COL§221) + -

+i, COY$2,1) (44)

The angular frequency corresponding to a ceridin
mass number according to (7) is as follows:

Q2 =BAVM (45)
Substituting (41):
Af
Q=272 Mm (46)
nA
Switching to frequencyK = £2/2x):
Af
F="2/m (47)
nA
For M = 1 is the lowest frequenclmin
Af
Fmin = nrzax (48)
For M = Miangethe highest frequencmax:
Af
~ v Mrange (49)

should be the same as the ratio between the length of
the drift region and the longitudinal dimension of the The above two formulae determine the necessary
deflection plates. bandwidth of the low pass electrometer. It is clear
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that full dc transmission is not required. This jus-
tifies the step between (22) and (23) when the
frequency-independent terms were disregarded.

Interesting interpretation of the method becomes
apparent by considering formulae (43) and (44) more
in detail. If the frequency sweep were not happening

in stepwise manner but would be continuos, the gener-
ated angular frequencies were the results of the prod-

uct of cosine and an earlier cosine, which has lower
frequency due to the frequency sweep. The resulting
signal has the frequency which is the difference of
the frequencies of those signals multiplied together.

107

tions of the ion gun were used to supply maximum
current to the outer cylinder of the energy selector (see
Fig. 1). This current was roughly 80 nA. This way the
system could be adjusted in separate steps.

The inner cylinder of the energy selector was in-
ternally grounded. Once the first part was adjusted,
560V was hooked up to the outer cylinder. The sig-
nal at the output of the low pass electrometer was
maximized by tuning the modulators with the cor-
responding deflection control and by adjusting the
voltage of the energy selector and the Einzel lens.

Modulator in its original concept is no more than a
pair of deflection plates followed by an aperture. The

The shortest possible duration between frequency intensity of the ion beam can easily be modulated

increments is determined by the need that during this
time the ions with the highest mass must reach the
detector.

In terms of mathematics:
A = A/ Mrange (50)

Substituting (50) to (48) and (49) the highest possible
values ofFmin andFmax results:

Smax 1
Frin = - (52)
o n /Mrange
Finax = Smax (52)

The shortest possible duration for spectrum recording
Tmin is as follows:

Tmin = NA/ Mrange

3. Experimental

(53)

The experimental setup was built to prove the con-
cept Fig. 1). The setup consists of the following major
parts: vacuum chamber, ion gun, energy filter, Einzel
lens, SEM detector, modulator 1, modulator 2, deflec-
tion control 1, deflection control 2, high frequency
drive amplifier, controlled oscillator, low pass elec-

by deflecting the ion beam and conducting it through
an aperture. There are two fundamental limitations,
however.

The modulation is not a linear process. It means
that by driving the modulator with cosine function,
the modulated beam intensity will not be cosine. This
effect can be diminished by using little modulation
amplitudes and using slit-like aperture. Other major
limiting factor is the time during which the ion travels
in the deflector. It is obvious, that when this duration
becomes equal to the period of the modulating volt-
age, deflection will not occur. This means that the
modulators must have a very small extension parallel
with the ion beam in order to reach sufficiently high
modulation frequency. Practically the deflectors are a
pair of thin metal sheets in the same plane making a
slit of 1. mm or so. They are covered on both sides with
similar size grounded metal sheet forming the same
slit in order to shield the electric field from the ap-
proaching and departing ion. Following the deflection
there is the aperture, which is a grounded metal slit
parallel with the deflector slit and about twice wider
and it is about 20—-25 mm distance from the deflector.

The actual measurement takes place by increasing
the modulation frequency from 1 up to 8 MHz in 4096
uniform steps. The maximum frequency is limited to

trometer, PC. During measurements the vacuum was 8 MHz by the deflecting ferrite transformers. In addi-

in the order of 106 mbar.
The ion gun provided 100 nA primary beam current
at 1kV beam voltage. The deflection and focus func-

tion the deflection amplitude was constantly changing
as the frequency increased. Strict regulation will be
needed later on to keep deflection voltage constant.
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The output of the low pass electrometer is recorded here) and the longitudinal dimension of the deflection
at all frequencies. One such cycle lasts 3ms, so the plates should be 4096. This limits the longitudinal
measurement takes about 13 s. The collected data ardength of the deflectors to roughly 0.5 mm.
compensated for the frequency dependence of the de-
flection electronics by multiplying it with the compen-
sating function. This is followed by the fast Fourier
transformation (FFT) algorithm. The software displays
only the first 2048 points of the FFT result.

The major equipment parameters for the case of the
existing experimental setup are calculated below:

The flight time of proton A is as follows (6):

The minimum signal frequency according to (48)
which determines the lower frequency limit of the low
pass electrometer:

(59)

whereA = 3ms, the time between frequency incre-
ments. The 3 ms value is far longer than the theoretical
minimum in formula (50).

The signal frequency at any mass numbérac-
cording to (47) is as follows:

F =3.1H#VM

mo

A=1L
2qU

= 4.82ps (54)
wheremg = 1.67 x 10727kg, ¢ = 1.6 x 107 19A,
U=10°V,L =21m. (60)
The maximum signal frequency at the top of the mass
range according to (56) which determines the higher
frequency limit of the low pass electrometer is as fol-

lows:

The FFT channel number as a function of the amu
value (29).

k = Afmaxy’M = 3855/ M (55)
The mass range in (31) 4. Results and discussion
2
n
— ) =M, = 2822 56 .
<2Afmax) range amu (56) The operation of the setup was demonstrated on

air intentionally introduced. The background pressure
was 10®mbar, the introduced air representedk7
10-% mbar. Two measurements of the same gas com-
position are presented to show the phases of the data
acquisition and to have an impression about the repro-
ducibility.

The expected minor components are the usual water

The needed frequency to match mass range to thevapor at 18 amu and some carbon dioxide at 44 amu.
highest resolved mass value (35). Figs. 2 and 3show the collected data for the two

Jon measurements. This absolutely does not resemble to

Smax = - = 188 MHz any spectrum, rather a combination of sine functions.
At Air3007 measurement a saturation of the PC board
happened which cut some of the signal.

Fig. 4 displays the computer simulation of that fic-
tive measurement if only nitrogen at 28 amu and oxy-

wheren = 4096.

The highest mass number resolvétlssin (33).

Afmax | 2
< ZIaX) = Mres = 92 amu

(57)

(58)

If the frequency had been 18.8 MHz the resolved mass
range would be 512amu in (36). It is clear that the
mismatch between the values in (56) and (57) is due

to the fact that the maximum frequency is 8 MHz only.

From (40),n = p results. This means that the ratio
between the length of the drift region (which is 2.1 m

gen at 32 amu appeared in the spectrum in a ratio equal
to the natural air. This shows a substantial similarity
to the real records dfigs. 2 and 3
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Fig. 2. The output of the low pass electrometer as a function of the modulating frequency, recorded on air. Test number 3007.
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Fig. 3. The output of the low pass electrometer as a function of the modulating frequency, recorded on air. Test number 3009.
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Fig. 4. Computer simulation of a virtual measurement if only & 28 amu and @at 32 amu were present, in the ratio of the natural air.
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Fig. 5. Direct result of the FFT algorithm on test 3007.
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Fig. 6. Direct result of the FFT algorithm on test 3009.
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Fig. 7. Linear mass spectrum of air up to 150 amu at test 3007.
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Fig. 8. Linear mass spectrum of air up to 150 amu at test 3009.
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Fig. 9. Logarithmic mass spectrum of air up to 150amu at test 3007.
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Fig. 10. Logarithmic mass spectrum of air up to 150 amu at test 3009.

The FFT transformation ofigs. 2 and 3resulted condition that one of them supposed to work in linear
in Figs. 5 and 6These contain 4096 points and they mode. This must be improved later on.
are symmetrical due to the properties of the Fourier
transformation.

The software has been further developed. The hori- 5. Conclusions
zontal axis was converted to amu scal@gs. 7 and 8
show the spectra up to 150 amu with the intensity on A new concept has been presented for time-of-flight
linear scale. The same spectra are displayed with themass spectrometry. The suggested concept uses con-
intensity on logarithmic scale oRigs. 9 and 10In- tinuos ion introduction as opposed to the pulsed ion
tensity values under five were ignored. Here the fol- introduction which is generally used. This way the
lowing components can be recognized. The peaks of signal-to-noise performance of the method is thought
nitrogen at 28 amu and oxygen at 32 amu clearly show to be improved due to the fact that the analyte is un-
up. Roughly the nitrogen is five times bigger, which der constant excitation. The space charge limitations
is the expected ratio, similar to natural air. Peaks of are similarly eased since the ions are not confined in
carbon dioxide at 44 amu and some residue of argon a bunch but in a continuos ion beam. Furthermore,
at 40 amu is also visible. Minor peak of water vapor because of the combined modulation demodulation
shows up at 18 amu in both cases. Interesting to find technique, the high frequency ion signal needs not to
the second harmonic of nitrogen and oxygen at 112 be transmitted through the SEM and the electrome-
and at 128 amu. The second harmonic signal shows upter, since the signal is mixed back to the base band
at double FFT channel number, which ultimately cor- in the vacuum chamber. This way very high amplifi-
responds to a four times higher mass value. This is a cation can be applied at the electrometer which also
warning signal that the modulators do not satisfy the improves the sensitivity.
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