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Abstract

Two quadrupole ion traps are used to carry out a mass spectrometer. The first concerns ion preparation with possible me
selection functions. The second is used as a mass analysis cell to obtain the secular frequency of simultaneously confined io
After ion ejection, the secular frequencies are computed from the evolution of time-of-flight (TOF) histograms. Comments anc
results concerning the ion preparation are given. Then, the metrological parameters of the mass spectrometer prototype :
examined: amplitude calibration, visibility, resolution, and mass range. (Int J Mass Spectrom 190/191 (1999) 59-68) © 199¢
Elsevier Science B.V.
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1. Introduction time was measured by ejection of all the particles. A
) ) dc dipolar electric field led the ions toward an electron

The Paul trap is the major research theme of our o, ,injier where they were counted. This measure
Feam. S|r.1c'e 1971 the team hqs researched .conflneqNaS destructive, so the experiment was repeated for
lons statistics and later experimentally studied the different confinement time intervals to build a tempo-

relaxation of negative molecular ions created by . : .
. . ral ion signal. Because of the trap apparatus function
charge exchange with excited Rydberg atoms: X**. In . L
(ion trap loss processes) and intrinsic ion lifetime, a

this manner, we can obtain electrons with precisely .
: . decrease in the temporal curves was observed.
defined energy during charge exchange and that are o i o
On these curves, periodic low amplitude oscillation

less perturbed by electric fields than free electrons. " , i
The lifetime of SE molecular ions was studied was noted. After a critical analysis of the operating
mode, the Fourier transform of this ion signal re-

versus the X** atom quantum level selected by e
electronic excitation followed by laser excitation [1]. V€@led that the frequency of these oscillations corre-

For these lifetime measures, the trap was used as aSPonded to the axial secular frequency of thg &hs
confinement cell. Externally created SFons were in the experimental conditions. The discrimination of
introduced in the cell and then confined for a given the ejected ions versus their position and velocity at
time. The number of confined ions at the end of this the end of the confinement was an unexpected phe-

nomenon, and gave rise to a new operating mode of a
_— _ _ o guadrupole ion trap for mass analysis [2,3]. And so,
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2. Experimental apparatus generated by a constant maximal amplitude confine-
ment voltageU,, + V,; cosQt applied to the ring
The mass spectrometer consists of an ion prepara-electrode R1, the upper endcap UEC1, and the lower
tion cell and a mass analysis cell. endcap LEC1 being grounded. During creation ion
The mass analysis cell is a pure quadrupole ion confinement allows the total number of ions to be
trap (noted T2) using our nonconventional operating increased at the end of the creation step (enrichment).
mode. This operating mode allows the secular fre- During the preparation (step B) the ions are submitted
guencies of simultaneously confined ions to be mea- to the confinement field and to collisions with buffer
sured by trajectory analysis. So, the pressure must beHelium gas to cool them toward the center of the trap,
very low (~10 7 Torr) in the mass analysis cell to by losing kinetic energy [9]. The size of the ion cloud
have the smallest possible number of collisions be- is then reduced to maximize the number of ions
tween the ions and the residual vacuum gas in order to transferred from T1 to T2 for mass analysis. More-

prevent ionic trajectory perturbations. over, to eliminate undesirable ionic species, we could
The ion preparation cell requires gas inlets and so make am/z selection by tuning the amplitude of the
the pressure must be higher 10 Torr) in this cell confinement voltages (by moving the trap working

than in that of the mass analysis. Consequently, the point) as illustrated in Sec. 3.1. We could also
two cells are located in different vacuum chambers incorporate other mass selection methods that are
separated by a small hole for ion transfer. The used in commercial instruments, for instance, by
separation of these two functions (preparation and mono- or multifrequency resonant ejections [10-12].
mass analysis) was first proposed by Lawson et al. by  The transfer step (step C) starts with the ejection of
coupling a QUISTOR with a quadrupole mass filter the positive ions out of T1 through a small hole. The
for the study of ion reactions [6—8]. The ion prepa- confinement voltage applied to R1 is turned off. A
ration cell consists of a second pure quadrupole ion positive and a negative dc voltage are applied to
trap (noted T1) for mass selection and enrichment of LEC1 and to UECI1, respectively, to generate a
selected ionic species. This is necessary for (1) a dipolar electric field. The transfer cell is a simple
small chemical quantity to be analyzed, and (2) flight tube on which a dc voltage of-250 V is
reactions with low creation rates. Moreover, in T1 the continuously applied. The ions are accelerated at the
ions are cooled in the center in order to optimize (1) exit of T1, then slowed down between the flight tube
the quantity of the ions transferred from T1 to T2 and the trap T2. A negative and a positive dc voltage
(reduction of the radial spread of the ion cloud), and is applied to LEC2 and to UEC2, respectively, to
(2) the acceptance of the ions by the confinement field generate a dipolar electric field in T2 in order to stop
in T2 (reduction of the axial spread of the ion cloud). the positive ions in a decentered axial positigty).

The general device and the temporal variation in The transfer time must be as short as possible to
the potentials applied to the electrodes (or scan minimize the radial position scattering of the ionic
function) are shown in Figs. 1 and 2, respectively. The cloud with the intention of transferring the maximum
different operating steps of the device are described number of ions into T2. For negative ion transfer the
chronologically. polarity of the dc voltages applied to the endcaps and

The preparation step is carried out in trap T1 where to the flight tube is reversed.
the ions are created. Here (Fig. 1) a device concerning The mass analysis step is performed in trap T2.
the creation of positive ions by electron impact (El) is The slowing down of the ions in trap T2 is adjusted so
represented. To test the metrological properties of the that the ions have a sufficiently low velocity and a
apparatus we use Xenon gas, which has an interestingdecentered initial position to be confined with a
natural isotopic composition. During the creation significant axial motion amplitude. The ions are con-
(step A), the electron gun (EG) is turned on and the fined by applying an alternative voltadé,, + Vg,
ions are submitted to the electric confinement field cos()t between the ring R2 and the two endcaps of
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Fig. 1. General structure of the mass spectrometer. The electrodes of the device are: LEC1 for lower endcap of T1, R1 for ring of T1, UEC:
for upper endcap of T1, LEC2 for lower endcap of T2, R2 for ring of T2, and UEC2 for upper endcap of T2. The amplified analog signal
coming from the electron multiplier is noted EM, and the polarization of the electron gun is noted EG.

T2. The amplituded),, andV,, are constant during  from the amplified analog signal coming from the
the entire experiment. At the end of the confinement, electron multiplier (EM). Either the TOF signal is

a dipolar field ejects the ions from the trap T2 toward digitized and recorded, or the number of ions in a
the electron multiplier by applying a positive dc voltage counting gate (time intervéd) is summed and recorded.

to LEC2, the lower endcap of T2, and a negative dc ~ The mass analysis principle and signal data process
voltage to UEC2, the upper endcap of T2. Information relating to the operating mode will be discussed in
concerning ion time-of-flight (TOF) signals is recorded Sec. 3.2.
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Fig. 2. Scan function of the operating mode of the mass spectrom-
eter for one elementary experiment. The steps are referenced A for

the ion creation, B for the ion preparation confinement time in T1
(cooling and enrichment), C for the transfer from T1 to T2, D for

the confinement time for mass analysis, E for the ejection out of T2,
and F for the counting gate.

3. Results and discussion

3.1. lon preparation and transfer
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Fig. 3. Xe" and X&" ions TOF detection for a direct transfer from
T1 to the detector and for an electron impact of 100 eV. The
maximum amplitude of the alternative confinement voltage is equal
to (a) 57 V, and (b) 100 V. The voltage applied to the ring electrode
of T1 is noted R1 and the amplified analog signal coming from the
electron multiplier is noted EM. The signals are represented at the
end of the preparation step (B) and at the beginning of the transfer

In order to study the parameters affecting the ion step (C).
preparation and the transfer process, dc potentials are
applied to the electrodes of the ion trap T2 and are set mass, the temperature, and the partial pressure of the
to —150 V. Under these conditions, the analysis cell He neutral gas (“thermal bath”); it also depends on the
behaves as a flight tube. lons are transferred from T1 mass, the initial translation energy, and the secular
to T2 without any significant perturbations of their frequency of the ions. It is important to note that the
trajectories and they are detected by the electron equilibrium temperature reached is always higher than
multiplier. the neutral gas temperature in a ratio between 1:1 and
The ionization of Xenon is achieved in T1 by an 3:1 [14].
electron impact of about 100 eV. At this energy level Experimental results concerning Xeon cooling
it is possible to create Xeand X&' ions [13] as are given in Fig. 4. The curve expresses the number of
shown in Fig. 3(a). We can observe the two TOF detected ions versus confinement time in T1 after a
distributions after ejection from T1; the first one creation time of 1 ms. The increasing number of
corresponds to X& ions and the second one to Xe  detected ions at the beginning shows the efficiency of
ions. The value of the maximum amplitude of the the cooling. The standard deviations of the velocity
alternative confinement voltage can be increased suchand spatial distributions of the ion cloud decrease with
that X&" ions are not confined [Fig. 3(b)]. time, so the number of transmitted (and thus detected)
The speed of ion cooling in T1 depends on the ions passing through the hole of the upper endcap of
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Fig. 4. Number of Xé& ions detected for a direct transfer from T1
to the detector vs. the confinement time after a creation time of 1
ms.

T1 increases even after the end of the ion creation.
The maximum of the curve gives a cooling time of

about 5 ms. This value is in agreement with the one
deduced from simulation studies [15] within the

context of our experimental conditions. The decreas-
ing of the curve (Fig. 4) shows the cooling process
reaches the saturation point (in the experimental
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upper endcap of the trap, the TA@Ht;) to reach the
upper endcap is given by the relation

1 /
te(t) = A [—Z'(t) + szlz(ti) — 2A(z(t) — z)]
(2)
with

Z-e- U,
m'mu'ZO

and wherem is the ion mass in um, is the unified
atomic mass in kgZ is the charge number (negative
or positive according to the ion chargey; is the
elementary charge in & is the shortest distance in

m between the center of the trap and the endcaps; and
U, is the amplitude of the ejection dc dipolar potential
in V.

The TOF depends on the ion axial positinft;)
and the ion axial velocityz'(t;). So, the Fourier
transform (spectrum) of the function “time of flight”
ti(t;) gives the frequencies of ion motion for the ion

conditions) and the losing processes (because, forejected. We sample this signal at the peribd a

example, of the atomic beams) prevail and the de-
tected number of ions decreases.

3.2. Mass analysis

For a better comprehension of this nonconven-
tional operating mode, this paragraph summarizes
previously published works concerning the mass anal-
ysis operating mode of a quadrupole ion trap.

3.2.1. Probing axial secular frequency

Let us consider X(t;), y(t;), z(t;)) and (X'(t;),
y' (1), Z'(t;)), respectively the position and the veloc-
ity components of an ion at the confinement tithe
The latter is defined as

t, =T, (withi = 1 toN,) (1)

whereT, is the sample period of the signal aNd is
the total number of confinement times or confinement
time channels.

At this timet;, if the confinement field is replaced
by a dc dipolar field that ejects the ion toward the

whole multiple of the micrometric motiorTy,
27/

T.=jTq, (j belongs toN*) 3)

In this case, the spectrum contains only the informa-
tion on axial secular frequency of the confined ion.

3.2.2. The complete experiment

The elementary experiment previously described
in Sec. 2 is destructive for the ion cloud unlike other
Fourier transform quadrupole ion trap operating
modes [16—18]. In order to obtain a signal versus
confinement time, the steps of this elementary exper-
iment must be repeated for different increasing con-
finement times fronT, to T,,,, the maximum confine-
ment time defined by

Tm=NcTe=NgjTq (4)

Although the ion signal is obtained fro, separate
elementary experiments, this signal is consistent be-
cause all the elementary experiments are perfectly
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reproducible when all the driving pulsed electronic
signals are phase locked.

If the number of created ions is statistically very low
(less than one ion), it is possible to repeat each elemen-
tary experiment having the same confinement time
and superimpose the results of each confinement time. : 3

Currently, the total experimental time can be ex- § j\

pressed by the relation

xe'

=)
Oggo

NUMBER OF IONS

i,

Texp= (Tp + T/ 2) NM (5)

whereT, is the duration of the preparation step (step
B) and M is the number of repetitions of each 3

JNIL LNJIWINIINOD

elementary experiment related to the same confine-
ment time. For example, to obtain a mass resolution of
about 1000 with the experimental conditions given in

A

Table 2,T.,, ~ (5 + 16/2)*256*20~ 66 s.

3.2.3. How to obtain the TOF information ‘ j 1

In the case of only one confined species, for each 0 1 2 3 4 5 6
confinement time we collect an ion TOF distribution ION T.O.F. (us)
induced by the velocity and position distributions of
the ion cloud at the beginning of the confinement.
When the elementary experiment is repedietimes,
the superimposition of each elementary TOF distribu- species. Moreover, the TOF information does not
tion, at each confinement time, gives the same distri- gjlow the ion quantity to be measured according to
bution as that obtained by conducting only one each species.

elementary experiment with the superimposition of | order to attain a spectrum image of the secular
the ions clouds at the beginning of the confinement. frequency and the number of ions for each species, we
Depending on the confinement time, the TOF distri- djscriminate the TOF. A temporal ion signal versus

butions evolve at the secular period of the confined confinement time is established within each confine-
SpeCieS. From these TOF distributions, we deduce the ment t|me’ the number of ions arriving in the same

number of ions and the secular frequency leading to given TOF range is summed.

m/z In Fig. 6 the ion signal for Sf obtained by
For different confined species depending rofy, integrating the number of ions measured by a count-
the shape of the TOF distributions becomes more ing gate in a TOF range is shown versus the confine-
complex. Indeed, each species evolves with its own ment time. The signal reveals (1) an oscillation of the
value of secular frequency and number of ions. Fig. 5 number of detected ions, which is characteristic of the
gives a set of experimental TOF distributions con- axial secular frequency of the SFons, and (2) an
cerning Xe' isotopic ions. overall decrease in the number of ions attributed to the
We do not have a simple function of the TOF jntrinsic lifetime of the SE ions and to a relaxation of
information, on the one hand because of position and the jonic motion by collision with the residual gas.
velocity distributions of the ionic cloud at the begin-
ning of the confinement and, on the other hand, 3.2.4. Signal data processing
because of a superimposition of the TOF information The best position and width of the TOF range of
that evolves at different frequencies depending on the discrimination must be determined. Indeed, depending

Y

Fig. 5. Experimental TOF distributions for five consecutive con-
finement times concerning Xeisotopic ions [19].
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Fig. 6. Number of S ions vs. confinement time detected inside a Fig. 7. Autocorrelation function vs. confinement time for *Xe
selected TOF range [19]. isotopic ions [19].

3.3.1. Amplitude calibration

The amplitude calibration is deduced from statis-
tical behaviour of the device for some experiments.
From five frequency spectra and for the three main
isotopes of the Xenon, the mean value of the ampli-

on a given position and width of this TOF range, dif-
ferent results are obtained with respect to the spectrum
amplitude and the shape of the detected temporal signal
[19]. This method of TOF selective detection gives

satisfactory results but it is difficult to have a dynamic tude for each peakE[A,] was calculated. Knowing

optimum and the most smusmdall signal pos§|ble. _E[A,], the mean number of detected ioNSor each

So, we propose another detection method in which . . .

. . isotope is expressed by the expression (see the ana-
we record the whole of the TOF information and we . ) : . .
. . , . lytical calculations leading to the expression in

obtain a TOF histogram for each confinement time by [20.21])
data processing. The total TOF range can be divided = '
into smaller TOF ranges. The dynamic optimum with _ 4 —
the most sinusoidal signal possible is obtained for two N= -?m VELA] (6)

TOF ranges, as shown in Fig. 5 by the broken lines. ) o )
Then we build two ion signals versus the confinement "€ @mplitude calibration was made by comparing the

time by totaling the number of ions in each band. To relative experimental percentage of the three main

obtain an overall temporal signal, we use the autocor-

relation function of each signal to avoid phase prob- 40000

. . 129

lems and we sum these two functions (see Fig. 7). 3 xe* 132
Then, we take the real Fourier transform to obtain the g 30000 -
power spectrum (see Fig. 8) containing the axial secular 2
frequencies of the simultaneously confined species. We é 20000 131
can also take the power spectrum of each temporal &
signal and sum them—that gives the same result. % 10000 134

o 136 %

o b .
3.3. Metrology of the parameters : : . . : . :
0 5 10 15 20 25 30 35 40

We examine the principal metrological parameters FREQUENCY (kiz)

of the device and we compare the experimental results Fig. 8. Power spectrum of the signal of Fig. 4 for Xisotopic ions
with the simulated and the analytical ones. [19].
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Table 1
Mean value of the peak amplitudgA ], mean number of ion8l, experimental proportions and natural abundance, and visibility of the
peakR;,, for the three main isotopes of the Xenon

Experimental Natural
m/z HA\] N proportions (%) abundance (%) Ry/n
129 6.552 10° 7.9 28.34 26.24 290
131 3.737 10° 5.97 21.40 21.24 200
132 4.96110° 6.88 24.66 26.93 275

isotopes (evaluated from the mean number of ions) The mass resolution depends on the operating point
with respect to the isotopic abundance. The set of the through the parametei(B, that was generally
numerical values for each isotope is given in Table 1. close to 0.6 in the experiments employed, and on
Each experimental ionic abundance is in agreementthe observation time through the parametdgand
with the theoretical one; however, a slightly greater j.
value is observed for the lower mass. So that the spectra of the different sampling orders
do not overlap, we have to consider the Nyquist
criterion. Generally, this criterion is applied to a
frequency range from 0 tB,,,.,and in our case leads
to the inequalityB,max] = 1. If the minimum of the
frequency is not zero, i.e. in the case of a mass range
A, e f':malysis defined bx&gz, the inequality becomesg,

alA] j = 1 as expressed in Eq. (8).

) ) ) Experimental and theoretical mass resolutions are
where A, is Fh? peak amplitude ang‘[An] is the reported as a function of the parametdksandj in
standard deviation of background noise calculated far . 2, Fig. 9 and Table 3, Fig. 10, respectively. The

enough from the pgaks. Gt.ar?e.rglly, the value 4 is R, values are in agreement. The experimental mass
chosen for the minimum visibility threshold. The resolution is presently limited to 1000

experimental results (see Table 1) give very good
visibility since Ry, is greater than 200.

It can be seen that these experimental results
concerning amplitude calibration and visibility were
obtained with a small number of ions, fewer than 10
by isotope.

3.3.2. Visibility
For one spectrum, we can define a visibility crite-
rion from the ratio

’ p—
Rs/n -

3.3.4. Mass range
Now, the device can achieve a mass analysis
between 20 u and 400 u by mass ranges of about 40 u.
The operating mode induces a mass range for the
three main points: (1) the mass analysis is performed

for simultaneously confined ions since the maximum
3.3.3. Resolution

In Fourier transform methods, the resolution de- Table 2
pends on the full width at half maximum of the peak. gxperimental and theoretical mass resolutions for the isotope 131
It is directly linked to the maximum observation time  vs. the maximum number of confinement time chaniglsand
T,, of the temporal signal. An expression of the mass ! ~ 1

resolution is given in [22]: N, R, (experimental) R, (theoretical)
. 256 80 72
Rm=~ 0.564A(B,) Nc] 512 197 144
. 1024 303 288
with 2048 436 576
4096 720 1152

AB,j=1 (8)
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Fig. 9. Experimental power spectrum for Xésotopic ions foj =
1 and for ()N, = 1024, (b)N. = 2048, and (cN. = 4096.

value of the amplitude of the confinement voltage is
constant during mass analysis, (2) no overlapping of
the sampling order frequency spectra must appear

Table 3

Experimental and theoretical mass resolutions for the isotope 132

vs.j and with

0.0016 -
0.0012

0.0008 |
0.0006 -
0.0004 -
0.0002 -
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Fig. 10. Experimental power spectrum for Xésotopic ions for

N, = 256 and for (a)j = 8 and (b)j = 16. Power spectra are
computed from zero to the Nyquist frequency. Whéncreases the
Nyquist frequency decreases and in this frequency domain we
observe peaks at apparent frequencies corresponding to the nega-
tive frequencies of sampling order greater than 0.

since the temporal signal is digitized, and (3) the
current transfer cell leads to a temporalz species
separation reducing the/z range of the ion accep-
tance for mass analysis by T2.

4. Conclusion

The prototype of this mass spectrometer leads to
promising results with only a few detected ions (less
than 10). It gives spectra having an excellent visibility
with a possible amplitude calibration and a resolution
of about 1000.

We must add other ion creation devices to the
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