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Abstract

The stability of ion motion in the Paul trap driven by rectangular waveforms was investigated. The stability region was determined by
solving the equation of motion for an ion with fourth order Runge—Kutta method. The variation of stability region with the duty cycle was
analyzed. The results showed the ability of mass analysis by changing the duty cycle without changing rf voltage. Also, a simple method of
mass selection using rectangular waveforms was suggested.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction on the ion trajectory in Paul trap using rectangular wave-
forms.

Since Paul and Steinwedel invented a quadrupole ion trap When the rectangular waveforms are applied to the ring

using sinusoidal waveforms, the so called Paul tfah electrode of Paul trap, the stability region of Paul trap is

the ion trap has been widely applied to mass spectrom-changed. Richards et al. applied the rectangular waveforms
etry [2,3], ion cooling and spectroscody—6], frequency to mass filter for the first timgl1]. They studied the change
standardg7,8], quantum computing9,10] and so on. lon of stability region and obtained the mass spectrum. Sadat
trap mass spectrometer has developed through several stagd€iai investigated the characteristics of stability region of
to its current stage of relatively high performance and in- Paul trap using actuall pulse-forrfs6], and Sheretov et al.
creasing popularity2,3]. To apply it to the various objec- suggested the general solution of Hill equation, of which
tives, various waveforms of rf voltage to be applied to the Mathieu equation is the special solutifii¥]. They studied
quadrupole ion trap have been sugge$1dd-16] Specially, the ion trajectory of Paul trap using arbitrary waveforms
the rectangular waveforms have received much attention ofand reported the various characteristics of Paul trap using
many research groug&1-15] The rectangular waveforms rectangular waveforms as an example.
are easier to generate and need lower rf voltage than the Although the usage of rectangular waveforms has many
sinusoidal waveforms. With these interests, many groups, advantages, such as lower power requirement than the si-
such as Ryazan State Radio Technical Univerfi,14] nusoidal waveforms and the convenience to generate, most
and Shimadzu Research Laborat¢ip], have researched of the researches were limited by the characteristics of ion
trajectory and stability region. In this paper, we studied
the change of stability region due to the change of duty
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2. Stability region for an ion trap driven by rectangular Table 1
waveforms The critical point values consist of stability diagram for duty cycle
g; 3 Cuf-off mass (V2
In Paul trap, time-varying quadrupole fields are used to o 0568 B
cpnfing the ions. Specially, Paul and Steinwedel chose they 0.340 0.568 2374
sinusoidal waveforms to generate time-varying quadrupole ¢ 1.099 0.681 Only 73.4
fields. The electric potential and equation of motion for d 1.132 0.650 >71.3
zdirection are expressed l#(1) = U+ Vcogs+¢) and  © 0.633 0.438 Only 127.5
P : f 0.160 0.483 <504.4
d°z/d&c + (a; — 2q, c092§))z = O, respectivelyU and V 0.000 0.483 -

are the dc voltage and the rf voltage with angular frequency — — m—
2 and phase differencg, respectively. When we use the The cut-off masses indicated the mass limits for trapping in Paul trap

. . when the rf frequency, rf voltage, and inner radius of ring electrode of
reCtangmar waveforms, th@(t) 1S replaced with Paul trap were fixed at 1.1 MHz, 1kV and 10 mm, respectively.
@) = U+ S5(n) 1)

_ _ g;-axis intersects thg, = 0 andg, = 1 boundaries at the
whereS;s (1) is the rectangular waveforms with duty cydle  same time, as shown Ifig. 2(d) These features are similar

as shown inFig. 1(a) From Q/d> = —(e/m)V®, the o the fact that the stability region rotates counter-clockwise
equation of motion for an ion is as follows: as$ increases. In the stability diagram, heavy ions are lo-
d20 cated at long,. Fig. 2 shows that heavy ions and light ions
d_gz + (a; — 2q,55(§)0 =0 (2) can be stable or unstable accordinggtd’hat is, when the

mass instability scan method is adopted, the mass scan can
whereQ is the canonical variable, the canonical time vari- be accomplished by changing only the duty cycle, without
able¢ is defined byt = £2¢/2 and theS;(¢) is rectangular changing the rf voltage.

waveforms as a function of the canonical time variahlas TheHs H, andH;) andLs (L, andL;) points are the
shown inFig. 1(b) The trap parameters, andq;, and an- intersecting points between the boundary of stability region
gular frequencys2, are the same to the Paul trap. The change andgq, = 0 in Fig. 2 When all points oH andL for various
of stability region with the duty cycléds shown inFig. 2 duty cycles are connected, a stability diagram is re-defined

Each stability region was obtained by solving t&g. (2) by the loci of theH andL points, as shown ifig. 3. Thus,
with fourth order Runge—Kutta method. Fig. 2(a) the Fig. 3 expresses the stability diagram for duty cycle in no
black line indicates the stability region for the sinusoidal dc voltage ¢; = 0), and consists of many connecting lines
waveforms that were by Paul and Steinwedel. And the gray betweenH andL points for various duty cycles. The exact
line expresses the stability region for the rectangular wave- values ofatof in Fig. 3are shown infable 1 The solid lines
forms with duty cycles = 0.500. The boundaries of the sta- connectingo—c andd—e are the boundaries which determine
bility region ata, = 0 are 0.908 and 0.712 for the sinusoidal the ion’s stability forz-direction. The solid lines connecting
waveforms and rectangular waveforms, respectively. When c—d and e-f determine the ion’s stability for-direction.
the mass selective instability scan method is adopted to an-Also, the solid lines connectirg-b andf-g were horizontal

alyze mass spectrum, the rectangular waveform Wwita lines, so that the two lines provide only one intersecting
0.500 needs lower rf voltage to eject the ion from Paul trap point betweersc-line and the stability diagram.
than that needed by the sinusoidal waveforfig. 2(b)—(d) When we draws¢-line, on whiché is constant, in the re-

shows the stability regions at various duty cycles of rectan- gion of the 0.568¢)< § < 0.681(), dc-line intersects the
gular waveforms. I < 0.5, 8, = 0 andB, = 1 boundaries  stability diagram at two pointd{ andL. These points cor-
intersect theg,-axis as shown irFig. 2(b) If 0.5 < § < respond toH andL in Fig. 2(c) In this case, the stabil-

0.65, theq,-axis intersects with both thg, = 0 andg, = ities of heavy ions and light ions in the Paul trap apply-
1 boundaries, as shown Fig. 2(c) And if § > 0.65, the ing rectangular waveforms can be unstable Zalirection
1 1
Sy(t) ! ! Y6 i n ;
1t -1t —

@ (b)

Fig. 1. Unit rectangular waveform (a) in terms of real timéb) in terms of the canonical time variabje The duty cycle§, is defined bys = /T = 6/x.
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Fig. 2. The stability region. (a) The black line and gray line are the stability region for the sinusoidal waveforms and the rectangular waveforms of
§ = 0.500, respectively. (b), (c) and (d) are the stability regions using rectangular wavefordns 0460, § = 0.600 ands = 0.655, respectively.

whengq,-value escapes the stability diagranfig. 3. How- In other words, with increasing, éc-line moves up and
ever, the ion’s stability is still stable far-direction as in heavy ions escape from the stability region, successively.
mass selective instability scan method. Alggline inter- With decreasing thé, é.-line moves down and light ions also

sects the stability diagram at just one point in the region of escape from the stability region, successively. Additionally,
0.483@)< & < 0.568(@), as shown inFig. 2(a) When the Fig. 3 can be divided into two region®y and B. The B
g.-value is increased incrementally at constanthe trajec- region has different features from that of theregion and
tories of ions of low mass-to-charge ratio are rendered un-is a specially interesting area. The many applications are
stable first followed by those of ions of high mass-to-charge possible using th& region shown irFig. 4.

ratio. The regions of 0.438)< § < 0.483¢) and 0.650q) <

8 < 0.681() correspond to the case &ig. 2(b) and (d)

respectively. Whem,-value in the regions escapes the sta- 3. Mass analysis and mass selection

bility diagram inFig. 3, the ion’s stability forr-direction or

z-direction can be unstable according to thevalue. These Fig. 4 shows only theB area inFig. 3. The open circles
regions are not useful since the ion’s stability Zedirection from b to e were obtained by calculatingg. (2) The solid

is only used in practical mass spectrometry. dn-line is the fitted curve of open circles fromto c, and
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Fig. 3. The stability diagram for the variods. Thedc-line is the line which oS is constant.

81-line is the fitted curve of open circles frothto e. The AlthoughEgs. (3) and (4have no physical meaninggs. (3)
equations ofp-line andé)-line are as follows: and (4) give values ofs corresponding tag,, which are
useful to practically design a mass spectrometeFitn 4,
8n: 8=0.02099 — 0.05699; + 0.00166; + 0.20314, the dot lines indicated the.-value of 0.633, 0.712 and
+0.5007 (0.34< g. < 1.099) @) 0.908, respectivgly. The, = 0.633 isq,-values _qfe point.
The g, = 0.712 is the maximung, of the stability region
for § = 0.500 whena, = 0. And theg, = 0.908 is also the
e 4 3_ 2 2 4z
b+ 6=-219719/; + 885769 — 136708; + 9.82661; maximumg, of the stability region for sinusoidal waveforms

—2.1992 (0.633<¢; <1133 (4)  whena, = 0. Using these dot line§ig. 4is divided into four
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Fig. 4. The stability diagram enlargd®l area inFig. 3 §p-line andé-line are the fitted curve of frorb to c and fromd to e.
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regions. To apply to mass spectrometry, the IV-region is of ands = 0.575 is applied to the ion trap, thig-line can be
little interest because we focused our interest on lower powerdrawn foré = 0.620. Then, ions with the masses fram
consumption of mass spectrometer. Tdevalue is larger to m can be trapped in the ion trap. Whemg is maximum
than that required 0.908 in this region. That is, higher rf mass and is defined through intersectipdetweensc-line
voltage is needed than the case of the sinusoidal waveformsand sy-line, andm is minimum mass and is defined gs
in this region. Therefore, the IV-region has a disadvantage betweensc-line andé-line. This feature is some different
to apply to the mass spectrometry, especially by the massfrom the ordinary ion trapping technique. For the given rf
selective instability scan method, at lower rf voltage. When voltage, all ions with some mass range are trapped in the ion
the lll-region is used with mass selective instability scan trap. When the duty cycle increases, the heavy ions become
method, there needs lower rf voltage is than needed in caseunstable, and mass spectrum can be obtained. For example,
of sinusoidal waveforms. However, this region needs higher the ions corresponding to intersectiqpgbetweers:-line and
rf voltage than rectangular waveforms fe= 0.500. Since dn-line are unstable and ejected from ion trap, successively.
the stability region of rectangular waveform with= 0.500 The light ions are ejected from reversal process. This feature
is very similar to the stability region of sinusoidal waveforms is very attractive. In general, the heavier the ion's mass is,
as shown irFig. 2(a) to useg, = 0.712 of rectangular wave-  the higher the rf voltage needed. However, in this method,
form ata, = Ois better than to use the lll-region as for lower only the change of duty cycle at fixed rf voltage gives the
power consumption. The I- and ll-regions have lovegr mass spectrum. Due to this advantage, not only the size of
than 0.712 and 0.908. Therefore, the lowest rf voltage needssystem can be small but also this feature is applied to the
to obtain the mass spectrum among the region mentionedmass selection.
above. However, when the I-region is used with mass selec- Fig. 4 can be transferred t6ig. 5expressed by rf voltage
tive instability scan method, ion’s stability fordirection is instead ofg,. When it is assumed that there exist only three
not guaranteed. Actually, the ll-region is effective to apply kinds of ion, and the mass of the ionsrig, my and ng
to mass spectrometry at the lowest rf voltage. Additionally, (m1 < m2 < m3), the regions that express the right diagonal
the IlI- and IV-regions are also worth in a viewpoint of trap lines, the left diagonal lines and the horizontal lines, are the
depth. stability diagrams for three kinds of ions{, np and nmg).
Applying Fig. 4to mass selective instability scan method With increasing mass of ions, the stability diagram moves
is simple. Draw theSc-line with 0.483 < § < 0.568. The to right. And there existed the overlapping area as can be
intersecting point betweef-line ands;-line play a role of seen in the figure. If the rf voltage with the duty cycle cor-
g, = 0.908 in the case of sinusoidal waveforms. For a given responding td® is applied to ion trap, all of the ionsg, mp
ion, ions are stable or unstable accordingtat fixedq,. andnmg) are trapped in the ion trap. Then, if the duty cycle
For example, when a rf voltage correspondingte= 0.650 is changed fronP to Q suddenly, the ions ofry and mp
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Fig. 5. The stability diagram for ions of various mass of ions. The right diagonal line, left diagonal line and horizontal line are the stability fdiagra
light ion, standard ion and heavy ion, respectively. The mass of each imn {80 amu),m, (100 amu), andng (110 amu). The geometry of Paul trap
and angular frequency are fixed igt= 10 mm ands2 = 27 x 1.1 MHz, respectively.
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more species may remain in the ion trap after the above vari-
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