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ABSTRACT 

A system for mass-selective capture of ions by a Paul trap was designed and tested. 

An Paul trap and associatcd electronics have becn assembled and tested, seleetively trapping 
the ionte clustcrs c+ 2 and C+ 3 from a pulsed laser ion source. The ions were injectcd at 90 
eV, trapped, extraeted and detccted, several parameters related to these processes were 
investigated. Simple models of the injection mechanism employed and for evaluating the 
pseudo-potential weil depth of the ion trap are proposed. The overall efficieney of the ion 
injection system has becn evaluated and compared to other methods of ion capture 
by an RFQ trap from an external source. 
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RESUME 

Une système pour sélectivement capturée les ions dans une piège à ions de type Paul a été 
construit et testée. 

Une piège à ions de type Paul et éléctroniques associées ont été montés ct testés, piègant 
sélectivement les c1usters ioniques C2+ et C3+ à partir d'une source d'ions à laser pulsé. I.es 
ions ont été injectés à 90 eV, piègés, extraits ct detcctés. Plusieurs paramctrcs relatif à ('CS 

processus ont été examinés. Des models simples ont été proposés pour étudier le 111cchanismc 
d'injection et pour évaluer la puit pseudopotcntiel du piège a ions. L'éfficacité toiale du systeme 
d'injection d'ions à été évaluée et comparée à d'autres méthodes de capturé dcs ions avec ulle 
piège de type Paul à partire d'une source externe . 
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Chapter 1 

Introduction 

There is a great intcrest in confining particles for study. It is a particularly advantageous 

prospect for work with rare and exotic matter which is only available in limited quantities. One 

l way to confine chargcd particles is with elcctromagnetic (EM) traps. There are two widcly used 

varieties of clectromagnctic traps: the Penning trap which utilises both electric and magnetic 

fields to confine chargcd partkles, and the Paul trap which employs clcctric fields exclusivcly. 

By using an EM tran, long term interactions of charged partic1es with external fields can be 

studied. 

The Paul trap, also known as the Radio Frcquency Quadrupole (RFQ) trap can be more practical 

in sorne instances than the Penning trap which requires the maintenance of strong and highly 

uniform magnetic fields. First patented by Paul and Steinweder in 1956 (PA56) the RFQ trap 

has since becn fully intcgrated into the realm of Mass and Laser Spectroscopy where it is 

employcd extensively both as a con tain ment device as well as for direct measurements of 

fundamental partic1e properties such as mass. It has becn demonstratcd suitable for ultra-precise 

expcrimcntal work, providing a weil defined and stable environment. Notably it was employed 

to measure the hypcrfine splitting of energy levels (MC78). 

The RFQ trap consists of three electrodes: a ring enclosed by, but isolated from, two endcaps. 



1 Ions are confined by an elcctric field crcatcd by a radio-frcquellcy (RF) potentiel! to the ring 

relative to the two endcaps. There are many facets of interest to explore in the workings of the 

RFQ trap, one of interest i5 how to introduce ions into the c1ectric field of the trap. The most 

common methods to place ions inside the trap creatcd them inside the lrap. The st.\nddrd 

techniques used were Electron Impact (El) and Chemical Jonization (CI) and Illore recent!y the 

Laser Desorption (LD) technique has bcen applicd [(GI91), (GL89), (HE89), (/(W89), (1.089)]. 

Ions are produccd using the El technique when agas. diffusrd insldc the trap, is bombardcd with 

an electron bca.m. This is a highly effective though non-discriminating mctl10d of ion 

production. In the CI process they are creatcd from rcactive ga<;cs mixcd within the ~onfil1~s 

of the trap. Though this mcthod offers highly selective ion creation i(l, application is limited 

since not aU partic1es intendcd for sludy are the products of reagcnts. Using tl1C LD technique 

ions are produced by irradiating a samp]e surface with a high powcred laser. This mcthod has 

an advantage in that a large variety of samples can be vaporiscd. Howcver like the El technique 

the ion production is non-selective and the source can include a large varicty of particlrs. 

There are many cases where sam pIe purity is important to the cxperimcnt. In high rcsollllion 

spectroscopie studies, for example, it may be absolutely esscntial to contine only one clement, 

or ev en a single isotope. Non-discriminating internaI production mcthods must rely on a ma<;s 

selective ejection process, as was demonstrated by Louris ct al. (1.090), to wccd out undc~ircd 

ions from the trap. Though this method has been shown effective thcre are cl carly advantagcs 

to creating the ions externally and injectiog ooly a targctcd mass group into the trap. 

There are several difficulties associated with capturing ions from an cxternally crcatcd source. 

The problem has received considerable thr.ûrctical attention [(CH80), (CH82), (CS80), (LU89), 

(M089) , (r080)] though only rcœntly has it actually bcen attempted experimcntally. The 

vruious models developed used numerical methods to investigate thrcc c;t<;es of ion injection: 

through the gap bctwcen ring and endcap electrodes, thwugh an aperture in the ring clcctrode, 

alJd through ;'ill. aperture in one of the endcap c1ectrodes. The stability of the injcctcd ion was 

determined by mapping its trajectory inside the field rC'gion. If an injecte<1 ion was able ta 

J' remain in the cavity of the trap for more than a given numbcr of RF cycles, 20 000 cycles in 

2 



l the case of Todd et al. (T080), it was considered stable. 

The results as to the fcasibilit}' of cach injection rnethod are conflicting and comparisons among 

the different calculated results are difficult since the trapping procedures and conditions varied 

greatly from study to study. Il is however an agreement of a11 theoretical analyses that the 

capture of ex te mali y injectcd ions by the RFQ trap for is strongly dependent on their en erg y and 

the timing of injection. The discrimination due to the timing of injection is due to the pcriodic 

nature of the confining field. Furthermore, it was ca1culated by (CSS!) that no injectcd ion can 

remain trapped indefinitely unl~ss its kinetic energy is reduced once inside the trap. That is to 

say, the trajectories of injected ions satisfying the initial energy and timing conditions eventually 

surpass the Jimits of the confining tields unless they are rctarded once inside the trap. 

The calculatcd phase angle for successful injection is typically only on the order of few degrees 

of the cycle [(LU89), (CH83), (CS81)]. The implications of this is that ion capture could only 

be efficient for pulsed ion injection. 

Despite these findings a1rnost ail the work to date on the injection of ions into an RFQ trap has 

employcd DC ion beams. In DC injection a continuous beam of ions is directed through the 

ccntre of the trap, individual ions that are able to reduee their kinetic energy inside the cavity 

have a probability of being trappcd. Usually the cavity is filled with a light buffer gas such as 

helium or neon and sorne injected ions are expected to reduce their energy through collisions 

with these particles. The cycJical nature of ion capture by the RFQ trap means that this type 

of injection can have only a limited efficiency and also requires maintaining high gas pressures 

on the order of 1<r' Torr (M08S) in the trap cavity to be effective. 

Pulsed ion production has become conveniently accessible with the wide availability of high 

powered pulsed lasers. Using the LD technique a Pulsed Laser Ion Source (PLIS) can be 

produced in short bursts of - 100 ns width (BR86). The timing of the pulses is controtted by 

the laser firing and can be synchronised with the RF phase of the tn,p. Because of the small 

percentage of the cycle during which efficient trapping is possible the cyclical nature of the PLIS 

3 



.. makes it ideally suited as an ion source for injection into an RFQ trap. Furthcrmore thcre is 

a naturally occurring separation of different mass groups in transporting a pulscd source because 

of the different flight times. This offers a selective injection mechanism since only one mass 

is available for capture at any given time. 

Injection of ions from a PLIS into an RFQ trap was attempted by Louris ct al. (1.089). Ions 

were desorbed from a target a few centimetres away from the trap and in je ct cd through an 

aperture in one of the endcap electrodes. However l the advantages of this type of injection were 

not made obvious in their results. TIle proximity of the ion sourœ to the trap made it 

impossible to control the purity of the injected samplc beyond a certain mlz cutoff which thcy 

referred to as the "exclusion limit." Thcre was still evidence that ions \Vith an mlz value ubove 

this li mit as well as ncutraI partic1es were also able to gain asscss to the trap cavity. This 

work also relied on inter-ion collisions or collisions with a buffer gas to rcduce the kinctic 

energy of injected ions. They did not report on the efficiency of thcir method. 

It was the undertaking of this thesis to investigate the feasibility of mass-sclective injcclior. (lf 

externally created ions into an RFQ trap. The approach was novel in tilat a Time Of Flight 

(TOF) selection mechanism ensures the purity of the captured ions. No buffer gas was 

employed in this work and ion capture did not rely on collisions to reduce the kinctic cncrgy of 

injected ions. As an alte:native, an electric retarding potential was employcd and the cfficicncy 

of this method was aIso investigated. 

The work is presented in the following manner. In Chapter II of this thcsis the thcory of tht' 

Paul trap and ion injection is presented. A description of the experimental apparat us employed 

for this work is supplied in Chapter III. Chapter IV presents and discusses the rcsults while 

conclusions derived from the experiments are presented in Chapter V. 
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Chapter II 

Background 'fheory 

1.1) Introduction 

An RFQ trap consists of three electrodes, a ring and two endcaps. A radio frequency potential 

(RF) applied to the ring relative to the endcaps produces an oscillating quadrupole field inside 

the trap cavity. The periodic nature of the t-.... ~ produces 3-dimensional alternating restoring 

forces which affect ions deviating from the Ct.f1k of the trap cavity. Not ail ions will be stable 

for a given field and solutions for stable ion motion will define the trapping conditions. From 

the equations for stable ion motion a 3-dimensional pseudopotential weIl that models the trapping 

mechanism is derived. 

The amplitude of the RF field can be quite high for practical trapping conditions, typically on 

the order of several hundred volts. The varying field conditions of the trap create difficulties 

for injecting extemaIly created ions. The RF phase of injection and the ion energy are both 

factors affecting the ion capture capabilities of the RFQ trap. 

This chapter is divided into two sections that examine the basic theory of the RFQ trap and the 

conditions for ion injection. The theory of ion confinement is examined in Part 1 white the 

injection phenomena is examined in Part II. 
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Figure 2.1: Two electrode configurations to produce a quadrupole 
".,.. electric field. Reproduced from (BOL90). 
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Part J: RFQ Trap 

2.2) The Qlladrupole Field 

A quadrupole field is defined in cartesian co-ordinates by the equation 

E = Ea (Àx+ay+vz) 
(2.1) 

where h, (J and Il are constants and Eo is independent of position. From this we observe that the 

strcngth of the field varies independently in each co-ordinate direction and is linearly 

proportional to the distance from the origin along each axis. Figure 2.1 is an example of a 

quadrupole field in 2-dimensions. 

This field is subject to the constraints of Laplace's equation (assuming no free charges within 

the field region.) 

v • E = 0 
(2.2) 

Solving yiclds the fol1owing relationship 

À+a+v=Q 
(2.3) 

Any combination of values for h, (J, and " satisfying equation (2.3) will yield a valid solution 

for a quadrupole field defined by (2.1). The simplest form for an RFQ trap which requires 

confining the particle in 3-dimensions is of the form 

A = a, v = -20 
(2.4) 

The corresponding electric potential ,4> , to this field is obtained from the differential equation 
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(2.5) 
E = v ~ 

Integrating (2.5) to solve for'" yields a solution of the form 

(2.6) 

or in cylindrical co-ordinates 

(2.7) 

The electrode geometry to support this potcntial with thrcc dimensional rotalional syml11ctry, 

confining a partic1e in aU directions, is secn in figure 2.2. It consists of a cylindrical ring 

enclosed at either end by two endcaps. The inner surface of the ring and end caps follow the 

form of two complimentary hyperbolas when viewed in the rz cross-section. The inncr radius 

of the cylinder is defined as '0 and the perpendicular distance bctwccn endcaps as 2zo. 

Given the diameter of the ring as 2ro one cao solve (2.7) for À. 

1 
À=-

2I~ 

and foIJowing from that establish the relation 

The final form of the RFQ trap pot~ntial in cylindrical co-ordinales is thcn 

(2.8) 

(2.9) 

(2.10) 

Other solutions to equation (2.3) will yield quadrupoJe fields with diffeTent clcctrodc gcornctries. 
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Figure 2.2: Electrode geometry to ~upport a 3-dimensional 
rotatlonally symmetrlc quadrupole potentlal. 
The Inner surfaces of the rmg and endcap e lec:rodes 
are comp llmentary hyperbololds. Reproduced from 
(DA 76). 
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t As an example, for 

1 >. = -0 = --, v = 0 
2r 2 

o 

(2.11) 

one obtains the potential for the quadrupole mass fi1ter. The re1ated c1ectric fields confine 

the particle in only two dimensions. 

2.3) Equations of Motion 

Under normal RFQ trapping conditions both De and AC components may be present. Then 

4>0 = u - Vcosw t (2.12) 

where Vcoswt is the AC RF potential applied between the ring and cndcap clectrode to fonn the 

quadrupole field while U is a De component which can be superimposed on the ring to alter the 

stability charactcristics of partic1es in the trap, (Tefer to section 2.5 for furthcr explanation.) 

Substituting, equation (2.7) then takes on the form 

~ ;.. (U - Vcoswt) (r
2 

- 2Z2) 

2r 2 
o 

One obtains the corresponding electric field equations from (2.5) 

E = -~ = - (U - Vc 0 s w t) ...E... 
r 6r r2 

o 

Ee = -.!!! = 0 
z ôe 

E = -~ = 
z 6z (U - Vcoswt) ~ 

2r 2 
o 

10 

(2.13) 

(2.14 ) 

(2.15) 

(2.16) 



( The equation of motion of a singly charged parti cie in the influence of an electric field is givcn 

in one dimension by 

(2.17) 

where e is the elcctron charge and m is its mass. 

Substituting for E, and El we obtain the equations of motion for the partic1e in the 3-dimcnsional 

rotationally symmctric electric quadrupole field of an RFQ trap in cylindrical co-ordinates. 

~2I e 
- - (U - Vcos w t) l = 0 

ôt2 mI~ 
(2.18) 

~2Z 2e 
- - - (U - Vcos w t) z = 0 
~t2 mI~ 

(2.19) 

One obse:ves that motion in the rand z directions is independent and one may treat each case 

( scparateJy. 

( 

2.4) Mathieu F..quations and Solutions 

Equations (2.18) and (2.19) are of the Mathieu type and may be expressed in the canonical form 

of the Mathieu equation 

(2.20) 

by making the following transformations 
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U = I, Z 
(2.21) 

~ = 21wt , ~o = ..!wt 2 0 
(2.22) 

a z -2a r = 4eU .-
mz!w2 (2.23) 

qz = - 2qr = 2eV ----
mz~w2 

(2.24) 

Solutions to this second order differential equation can be cxprcsscd by 

(2.25) 

where a' and Ct" are integration constants depcndcnt on the ions initial conditions of position, 

velocity and RF phase at time t = to whcn the ion is first sllbjcct to the quadrupole licld. The 

coefficients Cm and,.,. are constants representing the amplitude of {)~clllations and the 

frequencies of the infinite numher of components rcspcctivcly. Both dcpelld only on the values 

of the parameters a and q from which they may be calculated using a series of rccurrcnce 

relations in the form of continuous fractions (MA90), thcy arc indepcndcnt of the initial 

conditions. 

A stable solution is defined as one where the partic1e remains within the cavity of the trap 

indefinitely, that is for r < ro and z < zoo From (2.25) we observe that the govcrning variable 

of motion is lA- and the stability of the ions in the trap will dcpcnd directly on the value assigncd 

to il. Note that since lA- is dependent soJely on the parameters a and (j aJl ions with the sarne 

(a,q) value will exhibit the same periodicity of motion. 
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There are four possible forms of solutions for the value of 1-': 

(1) 1-' is real and non-zero 

The eil'r terms diverge rendering this solution unstable. 

(2) 1-' = (i/3 + ex), 1-' is a complex number 

Thcsc solutions are also unstable, the e±a behaving in a manner similar (1). 

(3) 1-' = i/3, JI. is purely imaginary and /3 is an integer 

Thcsc solutions are periodic but unstable. 

(4) JI. = i(j, JI. is purely imaginary and /3 is not an integer 

These solutions are both periodic and stable. 

One th en assumes a solution of the form of (4). From equation (2.25) one can visualize the 

resulting ion motion. It will exhibit a low frequency "secular" motion with a period of 1/{3 on 

top of which the higher frequcncy RF "micromotion" is slJperimposed. An example is depicte.d 

in figure 2.3. The parameter u however is representative of both the r and the z directions. 

The ions thereforc possess both radial and axial components of this motion and there are two 

respective fundamental frequencies determined by (3, and (3Z' These fundamental frequencies are 

defincd by 

A = Pr,Jr (ù 
r,Jr 2 (2.26) 

Solutions for {J arc obtained from a complicated rclationship dependent on the parameters a and 

q, sec (DA 76). Thcre are many approximate solutions, one commonly used (DA 76) form is 

the fol1owing 

13 
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Figure 2.3: SImulatIon of osclllatory motIon of Ion along ::,e 
z-aXl S 111 an RFO trap. Reproduced from (LUc ~', 
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1 (2.27) 

2.5) The Stability Diagram 

The constraints on {3 for stable solutions allows one to establish a closcd set of (a, q) values. 

A plot of these paramctcrs is known as a stability diagram. It is shown in figure 2.4 for both 

the rand z co-ordinales. 

For 3-dirnensional confinement, as is the rcquirement of the RFQ trap, motion must be stable 

in both the rand z directions. This can be achieved only by operating in the overlapping 

stability zones of the (0." qr) and the (au qJ stability diagrams. Though any of the overlapping 

rcgions will yield stable solutions for most work with the RFQ trap ;s limited to the first stability 

{ zone where a and q are both smalI. An enlargcd vicw of this region is presented in figure 2.5, 

it is known as the "Mathieu stability diagram." 

A trappcd partic1e must possess an (a,q) co-ordinate that lies on the Mathieu stability diagram 

to be confined indefinitely in an RFQ trap. Ions whose (a,q) co-ordinates do not lie within the 

boundaries of the diagram are "unstable" in the field and can only rcmain in the trap for a finite 

period, their movcment eventually exceeding the limits of the trap cavity. 

Recall from the definitions of the parameters a and q (equations (2.18) and (2.19) respectively) 

that they are dcpendcnt on U, V and w for a given ion and trap geometry. Thus the physical 

implications of the diagram are that a particular ion can be trapped indefinitely only over a 

Iimited range of these values. For example, given the trap geometry of this work, an AC 

potential of 360 V at 650 kHz and no De component the lightest mass singly chargcd ion that 

possesses an (a,q) co-ordinate within the bounds of stability is 23 amu, all heavier masses are 

stable. The addition of a positive DC component to the ring will shift the a co-ordinate 

15 
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1 nked ln for clan ty, Reproduced from (DA 76) 

16 



0.1 -

o 

·0.1 

·0.2 

·0.3 -

·0.4 

·0.5 

·0.6 

025 

0.4 
0.35 

0.3 

-2-

0.5 

.0.7 L_~_~~_!..-~_~-!..._.:-~_~~_-,--__ 
o 0.5 ~.O 

q~ .. 

F j gure 2.5 En 1 argement of fI rst rz s tabl1 i ty reglon, 
known as the "Mathieu Stabl1ity Diagram." 
Reproduced from (M091). 

17 



1 down, for 20 V De masses as light as 20 amu are now stable. Rcducing the value of V will 

shift the q co-ordinate towards the origin , for V cqual to 300 V ions with a mass greatcr th an 

50 amu no longer have stable (a,q) co-ordinates. This is the basts for mass selective cjcction 

of ions, by varying any of U, Vor w the co-ordinates a and q are shiftcd beyond the limits of 

the stability diagram and the undesired masses are eventually cjcdcd from the trap. 

2.6) Pscudopotential Weil 

Since the ion's {J value wiJl contribute to its overall energy it will be a factor in dctcrmining how 

long the unstable ions are allowed to oscillate before they are 10st. Dy the same tokcn it will 

be a factor in determining the extent to which "stable" ions can be confincd, that is to say, how 

much kinetic energy an ion with a stable (a,q) co-ordinale can posscss and yet still be unablc to 

escape the trapping field. Since values for {3 vary with (a,q) over the slability rcgion some will 

be favoured over others for confining particles. 

Il was shown by Dehrnelt (DE67) that the energy of the {3 oscillation can be thought of as an 

oscillation in a pseudopotential weIl. The depth of the weIl is calculatcd from the maximum 

oscillation energy of an ion can possess white fulfilling the (a,q) stability rcquiremcnts. In the 

axial direction this is given by 

(2.28) 

By making the transformations detined in equation (2.9) the corresponding potential weil in the 

radial direction is found. 

(2.29) 

The shapes are paraboloid; the depth is proportional to the square of the distance from the origin 

(see tables 2.1 and 2.2 for examples of the weIl depths for various cases). Figure 2.6 
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1 demonstrates the variation of the weil depth in the axial and radial directions. Trappcd 

particles are assumed to exhibit simple harmonie motion, oscillating in the 3·dimcnsional weil. 

2.7) Present Working Conditions 

This work studied the injection and trapping of two diffcrcnt ions, the ~ + and Cl + ionic 

clusters of mass 24 amu and 36 amu respectively. Since only one mass at a time \Vas capturcd 

no allowance for mass selective ejection was required and for simplicity, work was Iimitcd to 

the a = 0 tine of the Mathieu stability diagram, (sec figure 2.5). An AC potcntial of 360 Volt 

and 650 KHz was employed. This correspond cd to a q value of .85 for a mass 24 ion and .55 

for a mass 36 ion, both of which are in the region of stability. Though not neccssarily 

providing the optimum trapping conditions for either mass, this particular choice gave 

satisfactory results for both and enabled alternate confinement of either the C2 + or the C3 + ions 

without requiring any adjustments to the field. Tables 2.1 and 2.2 present typical valucs of 

q, 0t' 0 0 Dt' and Dr for both ions over a small range of amplitudes about 360 V for a 650 kHz 

AC potential. 
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( 
Table 2.1: Various Trapping Parameters for a C2+ Partiele Typieal of Experimental Conditions'. 

-
V, (V) ql DI' (eV) D" (eV) Qz' (kHz) n" (kHz) 

280 .68 24 12 155 78 
f--

300 .73 27 14 166 83 

320 .77 30 16 177 89 

340 .82 34 18 188 94 
f---

360 .87 39 20 200 100 

380 .91 44 22 211 105 
-

400 • • • • • 

420 • • • • • 

440 • • • • • 
- --

': q > 0.91, unstable configuration 

Table 2.2: Various Trapping Parameters for a C3• Partiele Typleal of Experimental Conditions'. 

( V, (V) ql DI' (eV) D" (eV) ~, (kHz) Q" (kHz) 

280 .45 16 8 103 52 . 
300 .48 18 9 111 56 

1--

320 .52 21 10 118 59 

340 .55 23 12 125 63 
r---" 

360 .58 26 13 133 67 

380 .61 29 14 141 70 

400 .65 32 16 148 74 

420 .68 35 18 155 78 

440 71 40 20 163 82 

(1) The RF potential has a frequency of 650 kHz, there is no OC potential therefore élz = O. 
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1 Part fi: Injection Theon: 

t 

2.8) Introduction 

Il was calculated by several different modcls that the capturing propcrty of the RFQ Irap is 

strongly dependent on the energy and RF phase angle of the ion at injection. Furthcrmorc that 

no injected ion can remain trapped indefinitely unless its kinetic cnergy is rcduccd once insidc 

the trap. That is to say, the trajectories of injected ions satisfying the initial cncrgy and phase 

requirements eventually surpass the limits of r" or Zoo 

The problem of injecting externally created ions into an RFQ Irap is then two-fold: ions must 

have sufficient kinetic energy and arrive within a limitcd RF phase angle to be in je cl cd into a 

"stable" orbit but they must subsequently lose sorne of that kinetic cncrgy to rClllain trappcd. 

The two principles of injection theory are examined separately: the cncrgy and phase dcpcndencc 

of injection and the cooling of trapped ions. 

2.9) Retardation Factor 

The dependence of the confinement of ions on their kinctic energy is easily understood in tcrms 

of a potential weIl. Ions with kinetic encrgies greater th an the pseudopotential weil deplh 

defined by its (a,q) co-ordinates will not be confined by the trapping potentials. However 

injected ions must possess a minimum kinetic energy at any givcn RF phase just 10 gain acccss 

to the trap cavity and the greater the kinetic energy of the injected ion the less probable ils 

confinement. 

Figures 2.7a and 2.7b iIlustrate two injection scenarios. In figure 2.7a a partic1e with a net 

kinetic energy KE is injected into the weIl and it subsequently escapes. In figure 2.7b the 

kinetic energy is removed and it is subsequently unable to escape the weil and remains trappcd. 

Thus some mechanism for removing a part of the ions initial kinetic energy is rcquircd in order 

for them to succumb to the trapping potentials once in the trap cavity. 
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E=D z 

~ KE _1 __ 

Figure 2.7a: Schematlc of energy of lnjected ion in the axial 
direction. The Ion escapes the potentla1 we11. 

--_._-----
~ KE 

E=O _ t _ 

E=D z 

Figure 2.7b: Schematlc of energy of lnjected 10n 1n the axial dfrectlon. 
Some of the ions initial kinetlc energy ls removed and it 
rema i ns trapped in the po tent j a 1 we 11. 
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'1 Previous work with external sources and RFQ traps relied on collisions, usually with a light 

buffer gas, to cool the injected ions. As an alternative this work employed electrical retardation 

to reduce their kinetic energy. The principle is as follows. An ion subject to an electric 

potential over a period of time will receive an impulse resulting in a change of its momentum. 

A change in momentum translates to a change in kinetic energy. 

'v" 

An impulse (1) is defined by 

l = f F dt = IIp = f m dv (2.30) 

here F is the force acting on the partic1e, Ap is the change in momentum of the particle, m is 

its mass and v is its velocity. 

To reduce the kinetic energy of an injected ion an opposing retarding pulse can be applied. In 

this work the pulse is imposed by dropping the potential on the "entrance" endcap with respect 

to the other electrodes as the ions enter the cavity. 

The force F acting on the particle in an electric field can be calculated from the energy gradient. 

In the axial direction it is given by 

F = qdV 
dz 

The momentum of the ion after the impulse is 

The final energy is then 

f dV p# = p. - q - dt ... ~ dz 

2 
E = Pr 

r 2m 
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Thus travclling through the retarding electric field reduces the ions' kinetic energy and enables 

thcir trapping. The final energy of the ion must be lcss than or equal to the pseudopotential 

depth of its (a,q) co-ordinale for efficient confinement of ions. 

2.10) Injection Energy and Phase Dependence 

The simultaneous depcndence of the energy and time of arrivaI of the ions with respect to the 

RF phase on their trapping potentlal lends strongly to the application of a "phase-space" 

treaLment Lo the analysis. nlis method is commonly used in the study of traps and trapping 

conditions. 

Phase-space is a six-dimensional co-ordinate system defined by the parameters (x,y,z) and 

(PA,Py,pJ rcpresenting position and mornentum vectors respectively. A phase-space "volume" 

specifies a closc.d set of these vectors at any time t. ft is a property of the Mathieu equation that 

only ions occupying a specifie phase-space volume possess stable orbits. It can be secn 

indirectly from equation (2.20) that for stable motion the simultaneous values of u and u' are 

dcpendcnt on the RF phase ~ and that the phase-space acceptance of an injected ion is a direct 

result of the dependence of u and u' on the initial phase ~o. The simultaneous position u(t) 

and the momentum u'(t) of an injected ion must fall on or within a phase-space volume, for any 

phase ~, for the particle to be admitted to a stable orbit. 

Conventional phase-space treatrncnt employs the parameters of momentum and position. An 

energy and time co-ordinate for classicaJ particles in the absence of any externat forces can be 

expressed as a position and rnomentum eo-ordinate by making the following transformations 

12 (KE) i 
Pi = - m 

i = t Pi 
m 

(2.34) 

where ; represents any of the co-ordinates x, y or z, m is the mass of the particle, IŒ is its 

kinetic energy and p is iLs mornentum. 
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FIgure 2.8: Phase-Space Ellipse 
Projection of phase-space volume on the x and Px 
axis at t'NO diHerent times. 
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( Thc phase-space analysis exploits an elliptical reJationship between x and p for a given ~. In 

two-dimensions this appears as 

(2.35) 

whcre r, B and A are constants dependent on the RF phase ~ and determine the orientation of 

the e1lipse, sec figure 2.8. The paramclcr E is callcd the emiltance, it is independent of ~ and 

dcfines the arca of the ellipse. For an injected ion to be trapped its (x'P.t) co-ordinates must 

lie on or within the boundaries of this ellipse. 

Recall the dcfinition of a "stable" orbit was one where the ion 's (a,q) co-ordinale layon the 

Mathieu stability diagrarn and it could be trapped indefinitely. However a further criterion for 

stability is now applied, there is only lirnitcd phase-space volume inside the trap available to a 

stable ion. The shape of the "stahility" ellipse varies though the absolute volume is constant 

over time. Even ions possessing stable (a,q) co-ordinales will be unstable in the field unless 

thcir (lC,p) co-ordinates lie within the "stable" phase-spacc volume of the trap. An example 

of such an ion would be one injected into the trap, where the fieJds have been tuned such that 

the (a,q) co-ordinates of that mass are stable, with a large amount of kinetic energy. Such an 

ion would not be captured by the potential. 

Figure 2.9 represents the "stable" phase-space volume along the axial direction of the trap at a 

certain time. The solid band above the ellipse is representative of a DC ion beam passing 

through the centre of the trap along the z-axis. Through collisions inside the trap, ions from 

the beam may change their position or momentum and alter their phase-space co-ordinates to lie 

inside the ellipse. These ions could then be trapped indefinitely. This is the conventionaI 

method for ion capture in RFQ traps where a light neutraI buffer gas is usually employed for 

collisions. Of course the limitations of such a method are obvious, the collisions and phase­

space shifts of the ions are random and the capturing efficiency is very low. 

In figure 2.10 the injected beam is from a pulsed source, it traverses the trap in a bunch. The 

C effect of an efficient cooling mechanism is demonstrated. At a particular moment in time the 
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Figure 2.9: "Stable" phase-space volume of the trap and 
injected DC beam, at a particular time, projected 
on the z and Pz axes. Ions in the beam can undergo 
collisions inslde the trap and shlft their posItion 
in phase-space. 
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pulsed 100 beam 

Retarding potentlal shlfts 
momentum of ail the 

Ions ln the cloud. 

Figure 2.10: "Stable" phase-space volume of the trap and 
injected pulsed ion cloud, at a part1cular Ume, 
proJected on the z and Pz axes. With an efficient 
retarding mechanlsm all the ions in the cloud can 
undergo a phase-space shlft. 
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momentum of the entire cloud could be shifted to lie on the "stable" ellipse. Sincc the shape 

of the phase-space volume is periodic the efficiency of any sy~tematic retarding mcchanÎstll will 

a]so be periodic. 

Through the use of an electric retarding pulse described in scction 2.9, this is cxactly the 

technique proposed and investigated in thts work. The cyclical naturc of the pulsed bral11 and 

the effectiveness of the retarding potential are ideally couplcd to effcctivcly in je ct into an RFQ 

trap . 
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Chapter III 

Experimental Apparatus 

3.1) Experimental Method 

The experimental apparatus used in this work is presented in figure 3.1. The specifie functions 

of the apparatus may be divided into three main sections: Injection, Trapping and Detection. 

Injection: The first section incorporates the ion source and injection mechanism. Ions were 

ereated by laser desorption at the target (#1) and transported to the "entrance" endcap (#7) for 

injection into the trap. During the transport period a TOF mass separation ~ccurs which in tum 

enabled one to distinguish between various q/m groups in the source. 

Trappin~: The second section of the apparatus was occupied by the RFQ ion trap (#7, #8, #9) 

and its functions. The ions were introduced into the trap cavity through the "entrance" endeap. 

which also servcd to decelerate the targeted q/m ion cloud by applying a fast retarding pulse 

shortly after its entry. After a specified period of trapping had transpired the ions were removed 

from the trap by applying an extraction pulse on the "exit" endcap (#9). 

Detection: The third section of the apparatus contained the extraction drift tube and detector. 
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Upon extraction the ions were transported to the detector D2 (#12). The output of the detector 

was monitorcd on a digital oscilloscope and could be recorded. 

The transport and ion-optics system was designed using the program SIMION developed by 

D.C. McGilvery (DA88). SIMION provided a graphie representation of the field potentials and 

ion trajectories through a user defined electrostatic system. 

The cxpcriments were conducted at a pressure of 2E-6 Torr. This value was sustained by a 

turbo molecular vacuum pump (#13) with mechanical backpumping (#14). 

3.2) Injection 

A}..Laser Ion Source 

The ions were created by pulsed laser desorption. This is a process which occurs when a laser 

beam irradiates a target and thermaIly excites particles. When sufficient energy has becn 

provided they are ejected from the surface in a cloud. The variety of particles created includes 

atoms, c1usters and molecules, both neutraI and ionic depending on the target material and the 

focusing conditions of the irradiating beam. As a result of the desorption process the source 

possesses a net energy sprcad, the extent of which will vary with the intensity of the laser 

(BR86). The more energy provided by the laser, the larger the number of partic1es that are 

produced. The higher density of the source results in more numerous collisions and repulsive 

ionic interactions which causes broadening of the spatial and energy spreads. 

An Nd:YAG pulsed laser was used for the desorption. The YAG had a fundamental 

wavelength of 1064 nm and a frequency-doubling crystal was employed to obtain a 532 nm 

wavelength for use in these experiments. For a wavelength of 532 nm the energy of the laser 

at the target was less than 1 ml/pulse. The duration of the pulse was about 10 ns and the beam 

,( was tightly focused on the target surface. See figure 3.2 for a diagram of the laser use. 
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1 D) Transport and Ion-Optics 

Using SIMION, the transport and ion-optics system was designed to provide effective TOF mass 

separation and a tightly focused beam for transmission through the "entrance" electrode of the 

ion trap. Figure 3.3 is a simulation of the injection optics and transport system. The target and 

holder were kept al a 1 kV potential. Ions were created on the surface with a spatial spread of 

S mm which represented the possibility of a non-centred beam. An acceleration plate placed 

approximately lcm from the target and directed the ions through a facing aperture. The 

potential on the plate was adjusted such that the diffraction caused by passing through the 

aperture is minimal. The fint focus at A was a result of passing through the accelerating plate 

aperture. The ions then entcred a field free region through a screened aperture on a grounded 

plate. The drift distance to the "entrance" endcap of the trap was 60 cm. The einzellens El 

was located 25 cm from the larget. Ils potcntial was adjusted to collimate the beam along the 

axis of the flight tube into the injection Jens. The effects of adjusting the accelerating plate 

and the ein1..ellens potentiaJ were monitored on the detector DI which could he lowered into the 

beam path between El and the injection lens (see figure 3.3). The injection lens was located 
,'fT l aftcr Dl, 10 cm from the "entrance" electrode of the trap. It was used to focus the bcam so 

it could pass through the "entrance" endcap aperture and into the trap cavity. The potential was 

adjusted to focus the beam at B. The trap was kept at a potential of 910 V and ions were 

injected at 90 eV. The potential on the "entrance" endcap was then pulsed down to retard as 

they entered the trap. 

Cl Time of Fli&ht Spectra 

Figure 3.4 is a Time OF Flight (fOF) spectrum of a graphite source taken at detector Dl. The 

timing of the two large peaks corresponds to the ionic clusters ~ + and Cl +, their relative 

abundance was in agreement with other s~.ctra for a Carbon PLIS (SE84). The small peak at 

8.2 #,s is bclicved to be a compound of the Cl + cluster. Since the principal ion group used in 

this work was the C2 + group the presence of the compound did not affect the conditions of the 

expcriment and it was effectively ignored. It is the TOF separation of the C'2 + and Cl + masses 

f that enablcs them to be distinguished. This factor allowed one to trap cach of the two masses 
4. 

35 



~'. 

1 Injection Lens t 950 V 

"Entrance" 
Endcap of Trap 
910 V 

,-, 

EinzeJ Lens, El 
o V, 650 V 

Figure 3.3: Injection ton OptlCS 

..... 

Target, 1000 V 

Acce lerating Plate, 900 V 

Ground Plate, 0 V 



= 

D 
1.. 
fil 
, 
~ 
C 
()) -

-
II) 

~tN~""h.-#"'" . . "'-

r 

-

-

-i ___ ••• _._.~~_ •• _ •••• ___ 

o 2 3 

r.-f>At'o..,.~ 

. 

<4 $ 6 7 

rIme. us 

Figure 3.4: Time of Flight Spectrum of Graphite PLIS 

37 

0/ 
... ~ 

e 9 



1 separately. At Dl there was a1ready a 2 Its lag betwcen the peaks corresponding to a distance 

of approximately 15 cm at a transport energy of 1 keV. 

The width of the peaks was the result of energy and spatial spreads in the c10uds incurrcd in the 

desorption process. Recause the C2 + peak was narrower it was used as the principle source for 

the experimental work presented in this thcsis. The base of the C2 + peak is approximatcly 300 

ns wide which corresponds to a spatial spread of over 2.5 cm. This spatial sprcad was a factor 

to consider when adjusting the timing and shape of the retarding pulse. 

The lasers were triggered externally so the firing and hence, source creation, was synchroniscd 

with the RF phase of the ion trap. The laser output for cach trigger is rcfcrrcd to as a "shot". 

The intensity of the irradiating beam and hence, abundance of the source, was controllcd by a 

cross polarizing tilter Jocated near the target (see figure 3.2). A significant shot to shot variation 

of the source was observed and conscquently spectra wcre takcn over an average of 16 shots. 

Fresh surface areas were often contaminated and laser c1eaning was rcquircd bcfore a suitable 

spcctra could be obtained. 

3.3) Trapping 

A) RFQ Trap 

The RFQ trap used is made of stainless steel and shown in figure 3.5. As stipulated by the 

quadrupole field potential equation (2.7), the trap was designed 50 that cquipotcntial surfaces of 

the ring and endcaps corresponded to cornplementary hyperbolae. The inncr radius of the ring, 

'0' is 2 cm and the corresponding distance bctween endcaps, 2zo, is 2.8 cm, in accordance with 

equation (2.9). See figure 3.5. 

The endcaps each have a 1 cm hole in the centre. One, in the "entrance" endcap, is 10 allow 

the injection of ions from an external source. The other, in the "exit" end cap was used cxlract 

the ions from the trap al the other side. The extraction aperture is scr('.Cned wilh an 
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equipotential stainless steel mesh. The rationale for scrcening the "cxit lt opcning was to 

minimise the diffraction of the extracted beam as a consequence of passing through the endcap 

aperture upon extraction. The influence of the "entrance" aperture on the ions was 

overshadowed by the strong fields from the retarding pulse and of the RF once insi~~ the trap 

and this aperture was not screened. 

There are four additional apertures on the trap which are locatcd symmctrically about the central 

axis on the side of the ring. Though not of use for the bulk of the experimenls pn.'scntcd in this 

work they were inc1udcd in the construction of the trap to provide for spectroscopie and internaI 

desorption experiments. Three of the apertures are of 0.5 cm in diamcter, the fourtll t cm. 

Deviations from theoretical requirernents in the physical assembly of the trap can affect the 

nature of the field in si de the cavity. The topic is approachcd briefly here, a thorough analysis 

is available in (B090). The effects of finite hypcrboloid elcctrodc surfaces, departurcs from 

true hyperbolic surfaces and apertures in the electrodes will introducc non-quadrupole 

components to the trapping field. To sorne extent the y may be corrcctcd by adding correction 

electrooes. A ring-like electrode sitting about the gap bctwccn the ring and cndcap c1cctrodcs 

will help reduce the higher order cornponents introduced by the finitc c1ectrode surfaces. The 

effects incurred by deviations from true hypcrboloid surfaccs are fcll lcss ncar the centrc of the 

cavity, their influences on the trapped ions can be rcduced by incrcasing the dimensions of the 

trap. Finally, screening the apertures with equipotcntial mcsh will lcssen thcÎr highcr moment 

contributions. High precision rneasurernents would require taking such steps to maintain a purc­

quadrupole field, however for the purpose of this work small dcviations in the field can bc 

neglected. 

Under normal trapping conditions the ion trap silS at 910 V, 90 V bc10w the targct potcntial. 

Both endcaps could be pulsed to a lower De potcntial as shown in figure 3.5. On the 

"entrance" endcap this feature is referrcd to as a "retarding" pulse and it was uscd to slow the 

ion cloud after it enteroo the trap. The "exit" endcap had an identical and indepcndcnt pul~ing 

feature, referred to as the "extraction" pulse. It was used to extract the trappcd ions through 
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( its central aperture. 

ID Retardation 

Ions were injected at 90 eV. For the most part this energy was directed in the axial direction 

with sorne radial components present due to the fanning of the focused beam. When the 

retarding pulse was applied the HV on the "entrance" endcap was connected to V re and ions 

inside the trap were subjeeted to a retardation force. The retardation impulse opposed the 

kinetic energy of the fanned beam and slowed the ions inside the trap. The pulse height was 

such that it removed sufficient energy from the ions to enable their trapping and its width was 

short enough to affect only one q/m group of ions. Typical values were of the order of 150 V 

for 500 ns. The timing of the pulse was synchronised with the RF. Since there was a time 

width associated with the PLIS there was a certain RF phase angle over which the timing of the 

retarding pulse was effective. 

( Figure 3.6 is a simulation of the effeet of a retardation force on ions injeeted into the trap. The 

ion trajectories started on the plane A with 90 eV kinetic energy and an angular divergence to 

match the injection conditions of figure 3.3. Ions were immediately subjected to a constant 

force produced by switching the "entrance" endcap eleetrode to a potentiall00 V lower than the 

ring and "exit" endcap. The retarding effeet May be observed by the converging spacing of the 

lime markers on the ion trajeetories as they enter the cavity. The retarding field eventually stops 

the ions which in this simulation were subsequently accelerated outside of the trap. The 

electrostatic limitation of the SIMION program did not allow the endcap potential to be pushed 

back up to normal trapping conditions and the constant retarding potential resulted in the reversaI 

of the ion motion and their escape from the cavity through the same aperture. In practice the 

retardation potential was pulsed and the endcap was returned to a normal trapping potential 

before the ions were accelerated out of the trap. This simulation wcre also perforrned without 

an RF voltage. Though the RF field would have a strong influence on the phasing of the 

injection, the oscillatory nature of its influence would not result in any net energy loss for the 

,( injected ions. The assumption was that the RF effeets could be superimposed onto the retarding 
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Figure 3.6: Simulation of 10n motlolî inside the trap cavity under the 
influence of a retard mg pulse. At t=O the ions are 
located on the plane A wlth 90 eV kinetlc energy and an 
angular dlvergence to match the injectlOn condltlOns of 
figure 3.4. The dots on the lon tra j ec torl es are t lm e 
markers, thelr spacing is 1 us. Observe the Injected 
ions slowing down in the retardlng field by the reducmg 
distance between time markers. See text for detal1s. 
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( field and that the overall trend of the retardation pulse would be observed. 

In practice, pulsing up the potentiaI of the "exit" endcap could aIso have served to retard the 

injected ions however, from injection simulations, it was observed that pulsing down the 

"entrance" endcap potential provided a much more effective retardation force. This was because 

of the shape of the field lines in each case. The "entrance" endcap retardation field !ines had 

a focusing effect on the incoming ions which encouraged them to remain in the centre of the trap 

while the "exit" endcap retardation field tines had a defocusing effeet which directed the beam 

away from the centre of the cavity, towards the wall of the ring electrode. 

Cl Extraction 

After a certain storage period had elapsed the ions were extracted from the trap by switching the 

potential on the "exit" endcap. The extraction impulse drew the trapped ions out through the 

screened "exit" endcap aperture. The height and duration of the pulse was such that the 

combination of the two provided sufficient energy to the trapped particles so that they exited the 

{ cavity in one bunch. If insufficient energy was provided the ions were ejected as two peaks, 

staggered by one RF cycle, or the signai was simply attenuated. Typical extraction pulse 

amplitudes were of the order of 200 V for a 4.2 #-,S duration. The timing of the pulse was 

synchronised with the RF. 

Figure 3.7 is a simulation of the effect of an extraction force on ions inside the trap cavity. In 

this calculation the ions started at rest on the plane A. They were subjeeted to an extraction 

force produced by defining the "exit" endcap eleetrode potential 200 V below that of the ring 

and "entrance" endcap. The extraction force drew the ions out the aperture in the endcap. 

From the diverging spacing of the time markers one observes that most these ions exit the trap 

in less than 2 us. Again this simulation is used only to demonstrate the general effect of the 

extraction pulse, there would be a phase dependent influence due to the RF field. 

Il would also be possible to extract the ions from the trap by switching up the potential on the 

1 "entrance" endcap and effectively pushing the ions out the "exit" endcap aperture. However, 
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Figure 3.7: Simulation of ion motion inside the trap cavlty under the 
mfluence of an extraction pulse. At t=O the ions are at 
rest and located on the plane A. The dots on the ion 
trajectories are Ume markers, their spaclng is 1 us. 
Observe the focussing of the ion cloud through the "exIt" 

"'.., endcap aperture and the subsequent co 1 irnatlon of the 
beam. 
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from simulations the "exit" endcap was shown to be much more effective than the "entrance" 

endcap for this function. "Entrance" endcap extraction had a defocusing effect that spread the 

trapped cloud towards the wans of the cavity white the "exit" endcap method focused the cloud 

out the aperture as shown in figure 3.7. 

3.4) Ion Dl.tectiorl and Data Acquisition 

Upon leaving the trap cavity ions passed through a grounded screen located approximately lem 

from the "exit" endcap. Another positive effcet of "exit" endcap extraction can be ohserved 

from figure 3.7. The natural co11imation of the beam upon leaving the trap directed the ions 

along the axis of the f1ight tube towMds the detector. A second einzellens E2, l5cm from the 

sereen, was used to focus the beam onto the multichannel plate detector D2 located at the end 

of the drift tube another 30 cm away. 

Ions werc detectcd by mcans of two multichannel plate (MCP) detectors, Dl and D2. Each 

detector consistcd of two MCPs and sui table electronics were used to main tain appropriate 

biassing levels across the plates. One detcetor (Dl) was mounted on a sliding rod and could 

be lowered to a position 15 cm from the "entrance" endcap on the beam axis. It was used to 

monitor ion production and transport prior to injection into the trap. When not in use it was 

retracted from the flight path and kept at ground potential. A second detector (D2) was placed 

on the opposite side of the trap al the far end of the extraction drift region. It was used to 

monitor the trapping and transmition of ions from the trap to the detector, (see figure 3.1). 

Prior to the final assembly of the apparatus a calibration between the two detectors was made. 

The dctectors were placed in series, 5 cm apart with Dl in front. A PLIS was directed 

towards them. Spectra from each detector were alternately recorded by raising or lowering Dl 

into the beam path. The integrated spectra from each detector were compared to determine the 

,f' relative area a similar signal covered on each. The integration of the spectra was approximated ,l,t 
'" 
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l by the sum the channels in mV multiplied by the bin width in us. Thus, in the final asscmbly 

of the apparatus the relative number of ions obscrved in individual mass pcaks could be 

determined. Comparisons of the signal area at dctcctors DI and D2 wcre llscd to dctcrminc the 

efficiency of the system. 

The output of the each of the two MCP detectors was vicwed on a 100 MHz Hcwlett Packard 

digital oscilloscope. Because of shot-to-shot variation of the source each spcl:trum was 

averaged over 16 shots before it was recorded. A digital rcadout of the spectra was transfcrrcd 

to an IBM XT PC and later to a PS/2 386 for plotting and analysis. 

3.S) Electronics and Experimental Control 

Al Timin& 

The experiment began with the production of an ion pulse. The ions wcrc accc1cratcd towards 

the trap and each mass group arrived at a different time, differcntiatcd by their mas~cs. A 

second trigger was required to initiate the retardation of one of the q/m ion cJouds. The timing 

of the retardation pulse with respect to the source production was detcrmincd crnpirically by 

monitoring the transmitted signal on the detector D2 while adjusting the pulse delay. Whcn the 

retarding pulse was appropriately timed a marked reduction in the number of ions, particular to 

that q/m group, transmitted through the trap could be observed. A typical firing-retardation 

delay was on the order of 10 us. A third trigger was requircd to initiate the extraction of the 

ions from the trap. For most of the resuJts presented here the ions wr.re trapped for 150 JlS 

before extraction un Jess otherwise spccified. See figure 3.8 for a schematic of the timing and 

triggering system 

A variable frequency pulse generator supplied the master trigger, ail subsequcnt triggers wcre 

derived from it. Work was generally conducted at a rate of about 2 Hz. This signal was 

synchronised with the RF phase and sent to an ORTEC model 416 Gate and Delay Generator 
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( for fine tuning and RF phase variation before trlggering the laser firing. The firing lime could 

be varied on a 0.01 - Il.0 p.s scale with respect to the synchronised RF phase. The retardation 

pulse was delayed from the laser firing on a simiJar ORTEC mode1416 dclay gate. (Sec figure 

3.9) 

The extraction pulse had two-step dclay system. The firing trigger was first delayed on a large 

scale (up to 5 secs) and synchronised with the RF phase. This synchroniscd delay was obtained 

from the B trigger + delay feature of a Tektronix model 465 osciIJoscope. It was then sent to 

an ORTEC model 416A dc!ay gale for fine tuning on a 0.01-11. 0 J.l.s scale. The advantage to 

such a two-step delay system is that the trapping time can be varied over a large scaJe while the 

fine tuning of the extraction timing with respect to the RF phase remains constant. 

B) Power SuWlies and Switching 

The target holder was held at a 1 KV potential provided by a FLUKE model 412A supply. The 

( power supply for the accelerating plate, both einzellens El and E2 and the injection Jens was 

providcd by an ORTEC model 210 supply. 

( 

The HP Harrisson model 6516A provided ail the various De levels to the trap electrodcs by 

means of a divider circuit, (see figure 3.10). (Unless spccified DC potentials are given for 

trapping positive ions. Signs are reversed for experiments trapping negative ions.) Ali three 

electrodes were maintained at an average base floating voltage of 91OV. By means of a high 

voltage (HVSWI on diagram) switch the "entrance" endcap could be pulsed as low as 75 % of 

the base floating voltage to provide the retardation pulse. This same but independent fcatllre on 

the "exit" endcap supplies the extraction pulse, (HVSW2). 

An additional RF potcntial in the range of (200 V - 400 V) was applicd to the ring electrode. 

The RF potential was obtained from a Tektronix model 190A signal generator. It was then 

amplified by a EIN model 325 RF power amplifier and finally by a 20X wire wound transformer 

bfore being applied to the ring. 
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1 he detectors, Dl and D2, were not used in tandem and the power WilS supplied to l'ach 

altemate]y by a FLUKE model 412A power supply. 
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Chapter IV 

Results and Discussion 

4.1 Introduction 

The capture and storage of ions rcquired precise tuning of several pararnctl!rs. Thc'iC includcd 

the timing of ion production, the transport, focllsing and dcccleration of the in je ct cd ion bcam, 

the timing of the retarding pulse as weil as ils strength and dllralion. The RF pOlcntial 

frequency and amplitude of the trap had to be tuned to establish a stable holding environ ment 

for any given mass and the extraction pulse strength, dllration and timing wcrc also sllbject 10 

adjustment. Improper tuning of any one of thcse parameters rcsultcd in an inability to Irap ions. 

In order to understand the results prcsented later in this chapter, an cxample of a typical 

spectrum one would obtain in this work is introduced and discusscd in section 4.2. Following 

that, the results from a series of experiments designcd to establish the working conditions of the 

trap are presented. These include establishing the storage efficiency (decay time of capturcd 

sample) of the trap as well as the relationship of the RF phase of the trap and the extraction 

pulse with the corresponding extracted signal. The results from cxperimcnts particular to the 

injection of ions into the trap are th en presented. These are the RF phase of injection and the 

strength and timing of the retarding pulse. The selective capture of ions from Iwo diffcrent mass 

groups in source isdemonstraled. Lastly theoverall efficiencyofthe injection system iscvaluatcd. 
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t 4.2 Trapplng 

Figure 4.1 is an ex ample of a TOF spectrum taken at the far detector, D2. The signal from 

a photodiode indicating the arrival of the laser light at the graphite target marked the time zero 

and started the digitizing process of this TOF waveform. Ions were created at the target surface 

and accelerated towards the trap. The C2 + cloud reached the "entrance" endcap of the trap 

first, the C3 + cloud arrived approximately 3.5 ,",S taler. The two peaks in the area of 15-20 ,",S 

are ions from the C2 + and C, + groups respectively, transmitted through the RFQ trap cavity. 

A retarding pulse, as described in section 3.3b, was applied. These transmitted ions thus 

represent those that were not sufficiently retarded inside the trap and left the cavity through the 

"exit" endcap aperture. 

The height of the transmitted C2 + mass peak is much reduced compared to the spectrum 

presented in figure 3.4, this is because the spectrum shown was obtained by adjusting the timing 

of the retarding pulse to capture ions from the Cz + group. The transmission of ions from this 

group is likely due to the spatial distribution of the injected ion bunch, not all the ions in the 

group could he sufficiently affected by the retarding pulse. Since the timing of the retarding 

pulse did not correspond to the arrivai of the C, + peak at the trap, they were not subjected the 

retarding impulse inside the cavity and hence were ail either transmitted or lost to the trap 

electrodes. 

The captured C2 + ions were stored for 150 ilS before the extraction pulse was applied. These 

ions were pulled from t.he trap and after drifting to the detector (D2) the extracted ion peak was 

recorded. This group of extracted C; + ions can be seen at approximately 165 ilS on the 

spectrum, corresponding to the storage time and the TOF of the ions from the target to the 

detector D2. Should any C, + ions have been trapped their mass peak should have appeared at 

a later time. TOF considerations confirmed that the mass of the extracted ions corresponded to 

that of the C; + cluster. 
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4.3) Phase Dependel1ce of Extraction 

The effect of varying the RF phase of the extraction pulse was investigated. To do this the 

extraction pulse delay was varied in increments of 0.1 J.l.S with respect to the RF phase of the 

trap while monitoring the extracted ion signal. The shape of the signal was observed to change 

with the phase of extraction. Figure 4.2 plots the extracted signal height against the relative 

delay of the pulse over several RF cycles. The height of the signal was measured using the 

digital voltage markers on the HP oscilloscope. The associated error on these measurements was 

approximated by recording a signal and repeating the measurement several times. The standard 

deviation was less than 3 % of the measured signal height. 

From the figure a phase relation to the shape of the extracted peak can be observed. The 

subtlctics of the shape fluctuation did not digitize weIl due to the slow sampling speed of the 

oscilloscope and were further blurrcd in the averaging. Individual spectra could not be 

compared bccause of the shot-to-shot variation in ion production. A sketch of the sequence of 

the signal variation over RF phase is prcsented in figure 4.3. It dernonstrate~ the shape variation 

of the extracted signal over half a cycle. The shape of the peak would change frorn (a) to (e) 

and back again over one full RF pcriod. A second dependencc on the {3z oscillations of the ions 

inside the trap could also affect the extracted peak size. Howevcr, lhis depcndence was only 

obvious al {3z fr~:qùencies whic!1 were inlcgral numbers of the RF frequency. Since this was not 

the case, givcn the parameters used for these experirnents, variations due to this factor were not 

significant enough to be observed. 

The fluctuation of the shape of the extracted peak with the RF phase is a weil sludied 

phenomenon and is explained by the variation of the phase space volume of the ion cloud inside 

the trap as a function of the RF phase (LU92),. For this work, which was principally to 

investigate the injection phenomena, it was sufficient to note that the extraction phase must be 

maintaincd to resolve the TOF of the extracled peak and that sorne variation in the size of the 

signal could be secn at different extraction phases. 
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1 4.4) Trap Storage Efficiency 

The trap storage efficiency was evaluated by monitoring the extractcd signal size over inneHscd 

trapping periods. The holding time was extendcd by dclaying the extraction trigger white 

keeping its phase constant with respect to the RF cycle. Figure 4.4 is a plot of the cxlractcd 

signal size for a trapping periods ranging from 50ms to 1 s. The signal siLC is plottcd 011 a log 

scale. 

Loses are primarily due to destabalising collisions between ions or with with residual gas 

partic1es inside the vacuum. One would expect the decay trend to be exponcntial if thi~; were 

the sole reason for losses. Though the curve is roughly exponential for long holding times, it 

appears to flatten out for shorter ones. It is belicvcd that thcre were two similar yct distinct 

phenomcna accounting for this trend. 

The equations introduced in Chapter II to describc the stability of an ion in an RFQ trap were 

derived for the case of a pure quadrupole field, however in practice thcre may be sevcrcal higher 

order components present due to the finite size of the trap Of abbcrations on the ekdrodcs 

(B090). The addition of higher order fields will cause a coupling of the f-l motion and in sorne 

cases a destabalising effcet on the trapped ions. The "lcakiness" of the traps field refcrs to the 

presence of non-quadrupole components inside the trap. It is likcly lhal the RI;Q trap 

employed for these experiments had physical imperfections and non-quadrupolc cornponcnts to 

the electric field were prcsent. 

An example of the effects of higher multipole components on the ion motion inside the trap have 

been calculated by J. Frazen (FR91). Figure 4.5 taken from {FR91) is a simulation of the cffect 

of superimposing a 2 % hexapole component onto the quadrupole field on the ion trajcctory in 

the axial direction for two sets of initial conditions. Observe the rca~onant growth of the Ion 

trajectory until it cventually col1ides with the cndcap electrode at ZOo Bccausc of the nature of 

the restoring forces, ions in the periphery of the trap cavity pOSSC5S greatcr amOlll1ts of kinctic 

energy than ions ncar the center. They are therefore less stable inside the trap and more likely 

<'\ to leave or collide with one of the electrodes. 
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" A second effcet only obscrvcd for shorter holding pcriods may be rcsponsible for the non-
~ 

exponential dccay at shorter trapping times. Injected ions that were stable in the trap still 

possesscd varying levels of residual kinetic en erg y • Ions with less residual kinetic energy 

remained ncar the center of the trap and were 1he most stable while trappcd ions with more 

kinetic energy occupicd larger orbitaIs. The extraction and transportation of these ions with their 

greater amounts of kinetic energy, distributed in random directions, to the detector would not 

have becn very efficient. The signal at D2 would not have rcpresentcd the actual trapped yield 

since man y of the extractcd ions could have bccn lost bcfore reaching the detector. Since these 

ions were a1rcady less stable than those ncar the center they would be the first to be lost in a 

"Iec'lky" trap and this effcct would not have been observed at longer trapping times. Therefore 

the yicld for shorter holding pcriods wOllld have é1ppeared smaller than it ~ctually was. 

Thus it is belicvcd that there may have bren up to three seperate phcnomena accounting for the 

observed decay trend of the trapping yield: dcstabalising collisions with residual gas particles, 

higher order fields and the ion opties betwccn the trap and the dctcctor D2. Ali of these effects 

are the result of trappcd ions possessing residual kinetic energy and could be reduced by cooling 

the ion cloud inside the trap. It has becn shown by J. Yoda et al. (Y089) that the addition of 

a Iight buffer gas to cool the trapped ion cloud through collisions greatly improvcs the holding 

efficiency of the trap since cooled ions tend to the œnter of the cavity. Having established the 

effectivcness of the retarding mechanism, low levels of buffer gas could be introduced to cool 

the trapped ions through collisions to increas{' the holding efficiency. 

4.5) The Retarding Pulse 

The role of the rctarding pulse was to reduce the kinetic energy of ions injected into the trap. 

Simulations using SIMION prcdictcd that the rctarding pulse would have a maximum effect if 

applied just as the injccted ions entercd the trap cav'ity. Figure 4.6 demonstrates the effects of 

varying the time at which the retardation impulse was applied relative to the source production. 

" Since the time of tlight of the ions rcmaincd constant, this constituted varying the retarding pulse 
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( with the physical position of the ion cloud with respect to the "entrance" endcap. The 

rcJationship between the number of ions that remained trapped for 150 J.Ls and the time at which 

the retardation pulsc was applied indicates a maximum, which can be seen at 7.6 J.LS for the C2 + 

peak. 

The effect of varying the strength of the retarding pulse was aJso investigated. The maximum 

yield corresponded to a pulse with an amplitude of 165 V and a 660 ns width. The height of 

the pulse was gradually rcduccd in incrcmcnts 10-15 V until il rcached 115 V which marked the 

threshold for trapping. Rcsults for four differcnl retarding voltages are presented in figure 

(4.7) which plots the ion yield vs. the pulse timing for each of the four differcnt amplitudes. 

From these rcsults the foltowing simple model was proposed for ca1culating the pseudo-potcntial 

we11 depth of the trap. The impulse from each of the pulses can be obtained from equation 

(2.31). From cquation (2.32) it was shown that the effect of the retarding impulse could be 

evaluatcd if the gradient of the electric potential in the trap cavity could be established. Again 

( considering that the influences of the RF field are oscil1atory and result in no absolute energy 

loss to the ions, the following analysis was made. 

Figure 4.8 is a plot of the electric potential field lines due to a 165 V potential difference 

betwecn the "entrance" cndcap and the other two trap electrodes. The trajectory for a 90 eV 

ion moving in the axial direction starting from point A is aIso incJuded. At point B, slightly 

more than l II-s laler, the ion's kinetic energy was reduced to zero and it was accelerated out of 

the trap back along the same Hne. From this simulation it was observed that the equipotential 

lines due to the retarding field are approximately evenly spaced along the z-axis over the first 

third of trap (the area from the "cntrance" endcap moving towards the center.) indicating that 

the potential was essentially linear in this region. Furthermore it was observed from the time 

markers that under these conditions a 90 eV ion did not escape the linear field region in less than 

660 ns, (the duration of the rctarding pulse). 

f Under these conditions an approximation of the potential gradient along the z-axis was made by 
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direct measurcmcnt from figure 4.8. The gradients for each of the other pulse heights were 

similarJy obtaincd. The errors associated in making these approximations werc e!ltimated by 

comparing the potcntial diffcrences bctwcen the broadest scpcration of two equipotential lines 

and the smallcst in the rcgion in question. In this manner the cstimatcd error illcreased as the 

pulse strcngth dccrcased since the ion ther. travelled further into the non-lincar region of the trap 

during the 660 ns period of the pulse. 

Using values for the potential gradient obtaincd in this manner and the equations (2.33) and 

(2.34) the rcsidual kinetic energy of an ion with the initial conditions defined above, subjected 

to the various lcvels of retardation, werc obtained. They are displayed in table 4.1. 

Table 4.1: Efrect or Retarding Impulse 

Pulse lIeight. (V) Energy Loss, (eV) "~inal Encl'gy, (eV) 

165 74 ± 7 16 ± 7 

147 58 ± 9 32 ± 9 

130 44 ± 12 46 ± 12 

115 32 ± 15 58 ± 15 

From the table one observes that the residual kinetic energy of an ion subjected to a 165 V 

pulse was the minimum. Si.~ce it is known that the less energy the ions possess the more stable 

they are in the trap this explains the maximum trapping yield for this retardation potcntiaJ. On 

the other hand the 115 V pulse, which marked the threshold retarding amplitude for trapping, 

left the ions with sufficient cnergy to escape the trap. This value represents the maximum 

kinctic cnergy an ion can posscss and remain in the trap and the weIl depth of the trap can be 

estimated as 58 ± 15 eV. This was compared to the value for the pseudopotential weil deplh 
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1 obtainerl from table 3.1. For a mass 24 ion and the operating conditions of a 360 V, 650 Hz 

RF potential the axial-depth i5 39 eV. The model is in reasonable agreement wilh the 

theoretical value, indicating the vatidity of the approach used in this work for rctarding injcctcd 

ions. 

4.6) RF Phase Dependence of Injection 

The phase dependcnce of the ion injection was investigated by varying the la~er tiring with 

respect to the RF phase of the trap. Since the drift time frorn the larget to the "cnlrance" clldcap 

and the relative timing of the retarding pulse remaincd constant this in tum varicd the pha~e of 

the arrivai of the ions at the "entrance" elcctrode. figure 4.9 dClllon':ltratcs the cffccts uf 

varrying the Jaser firing with respect to the RF phase of the trap on the cxtractcd ion ylcld. I\s 

was predicted a phase dependence betwcen injection and trapping stability was obscr\'cd. The 

width of the acceptence window was estirnated by averaging the FWHM of the pc~l"~. It was 

caJculated as 90° ± 10°, this value was mueh larger than anticipatcd givcn the thcorctical 

predictions. 

Calculations of the RF phase acceptence angle for axial injection are on the \.)fdcr uf 100 for 0-

20 eV ions and expccted to narrow for greater kinetic encrgics [(I.U88), (OB 1), (1'080)). 

However existing models of the axial injection phenomena have only Iimited application to this 

work since none included an effective retarding mechanism. Ollly Lunncy ct al. (LU88) 

incorporated retardation into their mode] in the form of a 5mall damping potcntial bctwccn the 

two endcaps to temporarily limit the axial displacerncnl of the ions. J ,ikc the RF this rctardation 

is oscillatory and does not retard the ions absolutely. Il provides a tcrnporary rctardation of the 

injected ions which increases the amount of lime the y spend inside the trap cavity, and hcncc, 

the probability of their collision with the buffer gas to rcduce thcir cncrgy absolutely. 

The trajectory of a trapped ion subjeet to eollisional retardation would have been very difficult 

- to calculate. Though it would appear to be reasonable to do so with an clectrical retarding 
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Figure 4.9: Variation of the trapped ion signal height as injection timing is 
delayed w.r.t. the RF phase of the trap. 

69 



, , 
\ , 
• 
~ 
! 
~ , 
r 
~ 
j. 
• r, 

~ 
~ 

r-, 

, 
E 
~ 

-.... 

potential, it has not been attempted. As a consequence the application of any of thesc l110dels 

to the case of injection at hand, using a 90 eV ion subject to c1ectrical rctardatioll, is restl ictrd. 

However, sorne comparisons can still be made and the fol1owing argument is offcn.:d as a 

possible explanation of the observations. 

The relative1y high energies of the injected ions (90 eV comparcd to valucs on thc arder of 20 

eV used in theoretical ca1culations) in this work meant that thcy were able to ovcrcol11c the RF 

field al the "entrance" endcap over a broader phase angle. Though they may not have becn 

immediately accepted into stable orbits, a larger number wcrc able 10 gain acccss 10 th~ trap 

cavity. Once inside they underwcnt a dramatic encrgy loss from the rctarding pulse. The ions 

were then at a stage whcre they have acccssed lhe trap cavity and reduccd thcir kinclic encrgy. 

The retarding pulse had transformed the phase-space of the cloud which was othcrwi~c 

unacceptabJe for pJacement into a stable orbits and brought it closer to the phasc-~pacc onglll 

and the acceptance volume of the trap. At Ihis point the problcm becamc one of capturing from 

an internai source. Since a Jow energy ion cloud in the center of the IraI' is the mmt stahle 

situation for confinement in an RFQ trap one would expect a broadcr acceptancc for this case. 

Using this theory to explain the events, the succcss of the injection phcnoll1t'lla obscrvcd uver 

the course of this work indicates that the energy and phase of injection arc of lcs~cr importance 

than the subsequent ion energy reduction for effective capture from an externat sourœ. 

4.7)Mass Selective Capture 

It was dernonstrated that trapping individual q/m groups from the same source was pos!>ible by 

varying the timing of the retardation pulse. Figure 4.lOa is a spcctrum of the transmittcd source 

in the absence of any retardation. The pcaks correspond to the C2 + and C3 + cJouds. They were 

slightly distorted by the RF field white passing through the trap. ln the absence of a rctarding 

pulse no ions were captured as was rcveaJed by the Jack of an extractcd peak aftcr the cxtra~tion 

pulse was applied al 80 us. 
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1 The distortions of RF field aside this otherwise typical TOF spectrum indicates that the C2 + and 

C3 + ions are travelling at different speeds and will pass through the trap cavity at different limes. 

Thus by varying the timing of the retardating pulse one could retard either uf the q/m clouds 

inside the trap. 

.. 

In figure 4.10b the retardation pulse was applied 7.6 ILs after the ion creaticn. Observe that 

the transmitted C2 + peak was reduced while an extracted peak appears shortly after the extraction 

pulse was applied some 150 ,",S later. It is of interest to note that the retarding pulse appeared 

to have only affected the central portion of the ion peak. Also that the tllne base of the 

transmitted peaks appear to have broadened as a result of passing through the Irap cavity. The 

C2 + peak base is now of the order of 2 p.s wide as compared to 300 ilS at detector Dl. This 

will have consequences on the efficiency of the injection mec.:hanism. 

By increasing the retarding pulse delay to 11.0 us, ions from the C/ group wcre captured as 

seen in figure 4.1Oc. The increased TOF of the heavier Cl + ions to the detector may be 

observed from the spectrum. 

4.8) Trap Capture Efficiency. 

The efficiency of the injection mechanism was estimated in the following manner. A spectrum 

of the ions transported from the source as far as the first channel plate Dl was recorded. The 

C2 + peak was isolated and its signal was integrated to estimate the total area and hcncc numbcJ 

of ions it represented. The detector Dl was then retracted and the retarding pulse applied to 

capture C2 + ions. These ions were trapped for 150 ,",S and the extracted peak was recorded on 

detector 02. The integrated spectrum of the extracted ion peak was compared to the spectrum 

taken at detector Dl. 

The results of repeated experiments varied, however using this definition, an efficiency betwecn 

3% and 6% was typical. Though this value compares quite favorably to estimations of 0.001 % 
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(L089) and 0.02 % 1 (M092) overall efficiencies for continous beam/buffer gas cooling injection, 

one would cxpcct that the ovcrall efficiency of PLIS injection should be better still. 

Tt is bclicved that the grcatcst limitations on this value were from two sources: the finite width 

of the injectcd mass pcaks, and the ion optics. The base of the injected C} + mass peak was 

cvaluated as approximatcly 2.5 cm wide at the detector Dl in section 3.3b, this value is close 

to the 2.8 cm axial Jength of the trap cavity. Furthermore as was demonstrated in section 4.7 

therc is a broadening of the signal due to the RF ncar or inside the trap. Since the strength of 

the rctarding field varied significantly over the entire length of the cavity (refer to figure (4.8» 

it could not have effcctively retard cd the entire ion cloud. This effeet was also secn in section 

4.6 where the timing of the retarding pulse was varied and compared to the extracted signal size. 

Though a maximum in the size of signal was apparent it was also obvious that there was a 

broad, 1.5 us, time window over which ions were retarded sufficiently for capture due to the 

spatial diameter of the incoming cloud. Therefore one could assume that for any given run not 

an of the ions in the targetcd mass group were effectively retardcd by the 660 ns pulse. Also, 

the spatial width of the peak indicated a finite volume of the phase-space of the ion cloud and 

rcduccs the probability of acceptance of the entire cloud at any given RF phase. 

The consequences of any of these factors would have reduced the effectiveness of the retarding 

pulse. The impact of this would have been observed as a reduction of the number of ions 

extracted to the number of ions injected and as a reduction in the overall efficency. 

Losscs of this nature could be reduced by decrea~ l,e Jatial width of the injected peak. 

Though sOllle energy and spatial spreads are always inhelcnt in the laser desorption process, to 

a certain extent they are corrcctable. It has becn demonstrated by (M090 and references therin) 

that a two-gradient scquential accelerating rncchanism will reduce the energy and spatial spread 

of the pulsed source. The initial spatial distribution of the ion cloud cou Id be further reduced 

by decreasing the size of the irradiating laser spot. 

1 0.2% for 10% of the total beam 
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The effectiveness of the ion-optics in focussing the injected beam through the" entrance" endcap 

and transporting the ions from one area of the apparatus to the other also cou Id have affectcd 

the evaluation of the capture efficiency. Since the spectra were each recordcd al some distance 

from the "entrance" and "exit" endcaps of the trap, and it is believed ions wcre lost in transport. 

Thus, fewer ions were actually transmitted through the "entrance" cndcap than wcrc rccordcd 

at Dl and more ions were actually extracted from the trap than wcre record cd at D2. Il 1S thus 

believed that this method of evaluating the capture efficiency May have rcsultcd 111 an 

underestimation of the absolute injection efficiency. 

One way of accounting for the 10ss due to the ion-optics is to examine the spectrum of a 

transmitted peak al detector 02. A transmitted peak of the C2 + ions is record cd wilhout any 

retarding of the ions. This signal more accurately represented the numbcr of ions that wcre 

actually injected into the trap and relative losses in transport would no longer al fcct the rcsults 

since now both transmitted and trapped ion clouds travel the same path. Thcrcforc, whcn 

compared to the extracted peak this method provides a more accuralc gage of the 

injection/capture efficiency. Using this definition the efficiency of the injection mcchanism is 

of the order of25%. Though this figure makes sorne correction for the lon-opties Il still reflccls 

the losses due to the spatial width of the injected peak. It is predicted that an cvcn higher 

efficiency could be achieved by controlling this factor. 
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Chapter V 

Conclusions 

An injection system was designed and tested to determine its feasibility for mass-selective 

capture of ions by an RFQ trap. Using this system, extemally injected ~ + and C3 + ions 

were selectively captured from the same source. A capture efficiency of 25 % was attained 

indicating that a pulsed ion source coupled with an electrical retarding mechanism is weil 

suited for effective capture by an RFQ trap. 

The study of several of the system paramaters has helped to isolate the factors limiting the 

efficiency. It was determined that the most cons training influence was due to the spatial 

width of the injected ion pulse. Further studies on the broadening of the injected ion peak 

by the RF field of the trap cao serve to determine wh ether bunching the injected ion cloud 

could improve on the capture efficiency of the system. 

The FWHM for capture of injected ~ + ions was measure.d to be 90° ± 10° of the RF cycle. 

It was determined that this value was particular to the phase space volume of the injected ion 

cloud and thus, could not be compared to the results of calculations found in the literature. 
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The effectiveness of an electric retarding potcntial in reducing the kinetic encrgy of in je ct cd 

ions for capture by the RFQ trap was cvaluated. Based on thcse rcslIlts a simple model to 

estimate the pseudo-potential weIl depth of the trap was formulated. Due to the silliplicity 

with which the rctarding pulse could be modclcd, and ilS dcmonstratcd ~ucce~s, il is 

proposed to be applied to cxisting thcoretical models so that highcr cl1crgy ion injection :lIl1ld 

be evaluated anal yticall y. 
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