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ABSTRACT . , . , 
The mathematlcal , basis for operation of . . the 

r~di~-frequeDcy (uadrupole devices Is described and related 

'to the operation of real devices. The design, cGDstr~etion _ 

an~ operation of an rfq 
\ 

. ~itumented. Experlments 

,estimàte of the absolute 

mass fil ter and ~on trap are 

are described 
;]' '.. ~ "",,- ~ 

vhich pI"tJvide, an 

number of ion,s in a trap and the 
l " 

efficiency vith which a trap can confine anddretain'ions 

produced, outside ther::ap and injected into it: 
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L~s bas.es .. mathématiques pour l'opération d t appa'r~il~\ à champ 
\ 

quadrupolaire électrique de radiofréquence sont dé~rltes et 
{ -

( reiiées à des app'areils réels. La conception, la 

construction' et, l' o~. ration d' un fil~asse et 'd' un 

p.iège' .à .i~ a ba de champ quad rupolaire électriq ue de , 

radiofréq uence. sont doc.;'men.!fe:5 •. Des expér~enG.es sont 

décrites qui donnent une estime du nombre absolu d'ions dans 

le " p;iège et de l'efficacité aiêc laquelle un piège peut 

: 

confiner 
, "-----

r~t~nir des ions produits a ~'extérieur et qui et 

lui sont, injectés .• 1 
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l INTRODUCTION •.. 

STATEHENT OF PURPQSE 

There are two main purposes to this the/sis: first, ta 
~ . 

document the establishment of an experimental facility to 

. study the characteristics and possible applications of 

radio-frequency quadrupole field mass selective devices; afid 

second, to de scribe initial results of investigation into the 

possibility of injecting ions into a rfq trap and retaining 

them for a .significant period of' time. Over the past two 

years the author, with the help of students, faculty and 

staff of the Foster Radiation Laboratory of McGill 

University's Physics Departmen t, has assembled a vacuum 
« 

system capable"of pressures 0 the order of 5 x 10-8 Torr; 

constructed a tractable ion an output of up ta 

100 nanoamperes vith energy v 
v ~" 

from 0-200eV and 

pulsable with pulse widths down t 3 microseconds; designed, 

assembled and tested an rfq mass f lter and ~'suitable power 

sUPP,Iy enabling .. the filter to be operated both in a 
'" 

low-resolution, high-transmission mode and a 

medium-resolution (around 50) mode tunable over a mass range 

of 0-150 Ui assembled and tested an rfq ion trap vith power 

g supply' and 0 detection c-'rcui'trYi and assembled and tested a 

microproce~sor-controlled d'gitai da;a acquisition system 

vith 8-bit r'esoltition enabling ~sition, storage. and 

. \ 

o 

.... 

, \. 
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output of th~ ion trap detection 
1 

circui try. These systems were used to inject ions produced 

in an 

possible 

is the 

external con trolla ble ion gun so las t'o investiga te 

capture mechanisms. To the authorl, s know1edge this 

first time control1ed ion injectiol into a trap has 

been performed' l Experiments have beenl performed which 

provide an estimate by new means of the number of ions in an 

rfq traP2 and' a measurement has been made Ji the efficiency 

with which the trap captures externally 'produced ions 

injected a10ng the z-axis. 

HISTORICAL PERSPECTIVE 

Historically t'h..t-.first rfq fiiters and traps were 

construc ted by Wolfgang Paul and his colleagues at the 
\ 

University of Bonn during tn,e period 195'13-19553 • The 

princip1es governing the operation of the devices were 

suggested by the work of Courant, Living ton and Snyder 

developing the concepts of strong focuslng ,f proton beams 
. l 

through alter~ating gradient magnètic quadr pole fields in 

their work at Brookhaven Nattonal The 

differential equations describing the motions f ions in the 
\ 

fields associàted vith rf~ mass-se~ective de iees had been 

investi&ated much earlier; Mathieu had in 1868 ntroduced the 

functions ~g his n:me in mathematica'~ \l~terature to 

describe the modes of OSCi11.t1on~ an e11i;tti .11y bounded 

diaphragm, while Hill dealt with the more geJera equation of 

which the Mathieu equation ls a special case in his study of 

J 

\ 

1 
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the ~mean motion of the lunar per~geet in 1877
5

_ Analytical 
, 

treatment of real devices remains '" extremely diffieult 

espeeially when device toleranees and fringing fields are 

taken into aecount. However the rapid' development of digita.l 
~, 

computers· over the past 30, years bas result,ed in deeper 

understàJd'ing of the funetioning of rfq devices through 

application of ,numerical, calculation of fields and 

traj~ctories_ Application o'f m,atrix and phase· space beam 

optics offers further ~nsights into the operation of actual 

devices. 

Rfq mass filters and trap.s both possess certain 

eharac~eristies which give the. distinct advantages over the 

lIagnetic 

devices 

spectrometers whieh were in common use when the rfq 

first app~ared. ~~the mass fil ter these include 

ease of construction, absence of magnetic fields, easy 

adjustment of 

resolution, light 

and tradeoff 

weight due 

between : sensitivity and 

to absenc~ of iron cores for 

magnets, linear mass 'scale, and the p~ss1bility of high-speed 

electronié scanning. ' The trap potentially offers these 

advantages and in addition the ability to integrate the ion 
/ ~ 

formation rate. Furthermore the 3-di~ensional trajectory 

avoids the limita'·.c to resolution posed by length in the ~ns ~ 
mass filter. These advantages-c-oupled 'vith a large increase 

in the routine application of higb and ultra-high vacuum 
) 

technology have resulted in a rapid development of quadrupole 

, spectrometry whic~ contrasts markedly vith the slow evolution 

( 
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.. . 

P~esentiy the masS filier i5 fairly weIl understood; 

current developments are mainly in the field of applications 
J . /' 

and;large number5. of commercial products using rfq'filters are 
" 

availableo on the market today. The rfq trap is a less fully 

eXPIOrOPiC. _ It~;theorE;tical potential as a 

high-resolution, compa\f' sensitive spectrometer has not been 
.' Cl 

full-y realized. to this da and its means of 

sto['ing < ions produced at a slow rate ls 
, 

that one must get the ions into the trap 

to benefi t from the 'a bili ty to rétain them th e. 6 

, 
,~ 

v , 

( " 

~ 

~ 

... 
the fact 

in crder 

'"', , 

\ 

• • 

.-

. ' 
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work of this l ucid and complete compendium of the history and 

• techniques of the art. Chapter 1 con tains a concise history 

and a survey of the Many applications of the rf quadrupole 

field. 
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TI MATHEMATICAL BASIS OF QUADRUPOLE FIELD DEVIeES 
. . 

THE QUADRUPOLE FIELDI 

The fundamental characteristic of the 'quadrupole field is 

the linear dependence of the field vector li on coôrdinate 

posi tion. In carte sian coordina tes 

~ • Eo(jxlx + kyl y + lzl z ) 

where j. k. lare weigh ting constants; 1 .' 1 • 1 are unit x y z 

vectors in the x, y. and z. direc tions; and E is a term 
, ·0 

common to the 3 components of E. The fact that this equation 

is decoupled in three directions m~kes it possible to 

consider motion in each direction separately. This model is . 

. absolutely valid only in perfect devices. The approximation 

is close enough to give a fa,irly accurate picture of t~,!! 

fûndamental nature of the ion motion in real devices although 

;J.ts Ivalue in terms of numerical prediction of actual results 

) ia limited. 

In order to sati-sfy Maxwell' s 'Di vergence 'equa tion. 

if there is no charge inside the - electrode stru'cture of a 

part~cul.,r device. 

div. E - 0, so that 

j + k + l • o. 
Two simple sets .. of va1-ues which satisfy this condi tion are 

a) j --k, 1 • 0; 

b) j -k. 1 - ... 2j 

with case a) applying to the mass fil ter and case b) ap'plying 
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to the three-dimensional rfq ion trap. 

A potential distribution giving rise to a field of this 

type is 
-~ '/" 

P • (-Eo/2)(jx 2 + ky2 '+ lz2). 
\ 

( See figure 1 for a d iagram of a t vo-d imensiona1 poten-~ial 

distribution givinS" rise to a quadrupole field.) 

EQUATIONS OF MOTION--IDEAL DEVIeES 

The idea1 mass filter consists ~f four hyperbolic 

cy1inders, infinite1y long, arranged vith a four-fold 

symmetry about the z-àxis (see figur'e 2a). If the distance 

between opposite cyl 

adjacent electrodes is 

P • (P /2r' 2)(x 2 
o 0 

2 
Bo • -P o/r 0 • 

2r and. the potential between o 

The ideal ion' trap ls a three-electrode structure with two 
... 

end-caps and ~ ring electrode. A croas-section in the r-z 

plane sgows complementary hyperbolae with a ratio of 21 /2 of 

the semiaxes (ro/zo)(see figure 2b). If P is applied o 

between the ring and the end caps then inside the trap 

p • (P 12r 2)(r2 _ 2z2). l 

. 0 0 

For the mass fil ter the equations of motion are thus 

d 2x/.d t 2 + P ex/mr 2 0 • o 0 

d 2yÎdt 2 2 P ey/mr • 0 o 0 

d 2z/dt 2 • 0 

wi.th ions of ,char-ge e and mass m, neglecti~g g~avitational 

.1 
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forcés • 

For the ion trsp, 

d2x/dt 2 + P ex/mr 2 • 0 o 0 

d2y/d~2 + p
o

ey/mr
0

2 • 0 

d 2z!dt 2 2P ez/mr 2 _ O. 
o 0 

In cylindrical coordinates, vith x-rcoscb and Y-'fsincb, the 
. ' 

{irst two equations for the ion Frap may be transfor~ into 

the equivalent equations 

d 2r/dt 2 _ r(dcb/dt)2 + p er/m~ 2 • 0 
o ' 0 

2(dr/dt).(d~/dt) + r(d 2ri>/dt 2) _ o. 

The latter equation yields the resule . . 
.... 

cOllstan t; angùlar momen t um is conserved in the trap. The 

former equation may thus be'written in the form 

d 2r/dt 2 + P er/mr 2'. L2/~3 .".ith 
o 0 

L • r2dcj)/d~. 

The term containing L !Day be thought of as simllar to a 

centripetal force and makes it impossible for a~ ion ."ith an 

initial angular velo,cit~ to reach the center of tlle trap. 

For most applications the angular veloctty may be considered , 

as negligible in which case the equation in r for the ion 

trsp becomes 

d 2 r / d t 2 + Poe r / m r 0 2 • 0,. 

In sinusoidally driven devices the potenti'al P is chosett 
0 

- to be of the form (U - Ycoswt) vith U being hall the De and V 

being half the peak AC voltages applied petween adjacent 

electro<Jes, and III bei.ng the angular frequency of the rf drive 



- 'la - '; 
,.,1 ' 

.1 ! 
( f./J- 2 11' x the r f f r e que n c y ) • Make the following substitutions: ' 

~ . for the mass fil ter 

au - a - -a -x y 

qu - qx - -qy -

Z - wt/2 
... l 

'-.... -,/'- while' for ,the i~n trap 
;,t 

au - a z - -2ar - -4eU/mw
2

r o 2 

2 2 
qu - qz - - 2q r - -2eV/mw ro • 

.. 

, . 

\ , 

Making the substitutions i~ the relevant equations 
1 

puts e_ac~ of the ,equations in the form 

d
2

u/dZ
2 + (au - 2Qucos2Z)u - a 

-

\ 

f' 

• 

.. 
• i 

of motio'l\ 

. · Y~r-\ ( 
<2 

) 
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ANALYTICAL SOLUTIONS TO THE HILL ~D MATHI~QUATIO~S 
J • 

. /; As . mentioned before the equations of motion of part1cles 

in rfq de~iees may be reduee~t'o e~ua tions 0 f the form 
. 2 2 ~ 
(1) d U/dZ +' CA + S (2A cos2sZ» x U ,. 0 o -s 

vhere the ~ indicates summation over s from 1 to infinity and 

the summed term represents any fu~ction W of period w. 

Floquet'a theorem states that for any second-order 
':\7 

differential equation vith periodie coefficients there exists 

a solution U such~that 

U(Z + 2w) • K x U(Z) 

vhere K is a complex constant2 _ 

Let 

Construct \ 

P(Z) ~ e-UZU('Z);' then 

P(Z + w)'. e-uwe-UZU(Z + w) 

, .è-UZe- U1fKU(Z) 

_e-IJZU(Z) 

-P(Z) 

9. t,7t P ia periodic vith period 

repre ented by t~e series 

S 'c e 2inZ 
-0 2n 

n including negative a'nd positive 

wr!tten in the form 

(2) 

1f and may thus ,be 

integer's. and U may be 

') 

,/ 

, -
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1,2 .;. 

• 

~He " 

'~'\ , S 2A cos2sZ ::or S A (e 2isZ ) 
, -s' s -9 S 

with ',A • A 'an'd 9 now incl uding aIl in tegers ag>"well t and 
, S -9 
1 

equation (1) become9 

d2U/dZ 2 + S A e 2iSZU. O· ;' -s S t 

, 
substitution of (2) for U thus leads to an infini te ~~ies of 

,e~ions of the f?rm 

~ (2in+u)2C e(2in+u )Z+ 
~n 2n 

l 
(s A e 21SZ )(S C e(2in'+U)Z)_O 
-s s -n' 2n' 

Removing the common fac.tor e UZ and setting the coefficients 
. 

of common powers of e to 0 gives another infinite set of 

equations of the form 

(3) 

In the general case for any W of period ~ if th. As place 

limitations on the parameter u·then it is clear that t~C2n 

are a1so functions of the A and thus that the essential s . 

nature of the motion is ~ndepencie-nt'- of the initial 
,. 

conditions. For the set of equations (3) to be consistent it 

is \ ·.~é~essary tha t the determinant of the coefficients of the -. 

C2n be zero. lt can be shown that 

1)' this determinant is convergent; 

2) that i t should 

, , 
c 0 9 h ( VU) .. 1 -

converge to zer~ requires 

D(O) x sin 2(rrx (A )1/2/ 2 ) 
0, 

that 
,) 

3) ~D(O), the value of the determinant for U-O, May be 

'.approximated by considering the central 3x3. 5x5, 

\ 
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. ~~ 
etc., terms to give as close a determination -

as necessary for an actual value of ~3. 

To reçapitulate, to this P9int 

~('.Z) .' et'x .§.nC2ne2inZ 

is . a sol ut10n to eq ua t"ion (1) 

it pas been shown that 

\ 
•. (and 

for 

\ 
that specifying the A 

s 
determines \.1. Substituting -Z 

Z in the • differential equation does not alter it; 

ther.jfore 

ut (Z) 

is also 

'\ solution 

a ~utfon. lJnder most circlJ4ll~ances this second 

1s inâependent ~f the first so that the complete 

solution 1s 

vith 

B eUZ x 1 

.on1y Bl 

conditions. , 

S)C e 2inZ + 
-1'\ 2n 

an~ to 

, 

B -uZ S C -2inZ 
2e x -n 2n e 

be determin4d by tbe boundary 

\ The essential nature of the solution is determined by the 

9 ~~arameter U, with the following possibilities: U may be 

real. in which case one part of the solution will increase 

w1thout bound as Z goes to infinity and the other part will 

~'I, increase without. bound as Z goe~ to negative infinity; U May 

, 

be comp1ex. in which case the real part of U will lead to a~ 
~ 

sim11ar resul t; or U may be purely imaginary, of the 'form '16 

where a 
ca'se as 

is rk~l. There are several variations 1n th1s Iase 

w~ll. If a is ratio~the~ the complete solution 

is -periodic and bounded; while if a is irrationa~ the 

solution is a,eriodic although bounded. However it 1s true 

\ 

. \ 
~ 

\ 

, 1 

-' 
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a1though' 

1'-, 
rnt'ege,r. 

" 

14 

/ 
immediat'ely. appa~ent that when u=iB with B .an 

U' i' 
are 1inear1y dependent. The recursion 

rtormu1as th; Çma~e ,) certain of them equal Lor 

8 4 • For the Hill ~qua~ion ~genera1 ~ of 

. " 

.... 

-

.\' 
q 

certain of 

~eriod w) aJother per~odic bounded solution may e~ist under 
\ . ' 

these 

(W ... 2q,c ;SZ, 1 À ... a. a' corollary of Ince' s theorem noted by 

condit~ons[, ho~ever for the Mathieu equation 

,\0 ;; 
Arscott stJtls '<\ 'ha't when U=i8, a integra+. the second 

" \ J' \ 
dent ~pl~~n will be of the form 

i 
B3 ZU(Z) lr F(Z) 

w~e.re F(Z) ~s '" function: of periocÎ w or 2 w. D3 is a 

con~ant having the value U2 (1T)'/'W. aG U(Z) is th'e function 
. \ C 4" 

gi ven by ,"\). T\he term con Qnbounded, at posit'i v~ -

and neg:5fve irfin~çy complete solution 1s 

uns table in the hase of intègral 8 as we1l. "''i'.. 
-. \ 

.... 

Q 

! 

.. , 
~. ,.,-, 

\ 
\ .\ 
1 
\ 
\ 

• 

• 
, 

~ \" , 

~ .. ,", , 

(' 

,. { 

, " 

p 

" , , 

: 

\ . 
., 
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MATHIEU STA~ILITY DlAGRA~ 

For -the Mathieu 
~ 

equation the determinant of the 

coefficients is somevhat simplif~ed; the set of equations ts 

still infinite but there are only three ~on-zero terms in 

-' each equation. As has been indicated above, specifie values 
, 

of a and q determine the characteristic eiponent ~ ana the 

stability of the complete solution. Recurs~on rèlationships 

derivable from the above equations lead to numerous formulae 
"'-. 
~-for approximating ~ whose ap~l~caDility depends on the 

" t ' 
absolute and relative magnitudes of a and q6- For particular 

a and q values of specifie interest. tables'of ~ have been 

published maki~g calculation unnecessarY7~. 

The paT~meters (a,q) ~~fine. a plane which can be divided 

into regions of. stable a(\d unsfab~e solutions to the Mathieu 

equation; that is ~egions' with imag~nary ~ (-f(a,q» and 
, . 

tegions vith real or complex ~. The boundaries of the 

regions are knovn as Ma.thieu. functions ,o.f integral ~rder (see 
,,--

figure 3). ç:onsider1ng 8gain the';K!,allIh1eu equation' 

d 2U/dZ 2 + (a 2qcos2Z)U - 0 

it is ·cl~ar that as q approaches 0 there are two solutions to 
: \ 1 \ 

this e~uation. one of the form U - sin~Z and one of the form 

U - cos~Z, ~2_a. The functions f(a,q) vith characteristic 

exponent i6, 6 of integral value vhich reduce to sin~Z and 

cos~Z .vhen\ q-O are ~novn as Mathied fubctions of t~e first 

kind of or,der ~ . A J:, common notation i9 

• 
'. 

(, 



\ 

\ 
" 

~' , 

~O:ine~iPtical ân(i·ne.-elli~tical. 
\ 

The curves in fig~re 3 show plots of specifie'values of a 
"' 

~nd q which lead~ to solution~ to the Mathieu 'equation ~he 

chara.c teris tic, exponen t of which i s 18 t f3 .Many 

interesting propert~es of f~nctions have been 

discovered. For th~ p~e;e~t urpose i: is suffici~nt ,0 note 
, 

that the curves do not inte~se except at q=O and th:!j~hen a 

poin t (a, q) lies bet"{een ce' and se l the~al ue of is ,n n+ (' . 

purely imaginary while between ce n and s~,6' U "may be e:i,"'ther 

, complex t or re~l.. ("" / 

Two final facts are necessary to understand the 

~ . 

mass-dependent operation of rfq devices: Firs't ~d q are 

directly' proportional to U and (V , the o~at,in~v~lta es, and 

invers~ly prop,ortional to t e mass,' of the id ~p cies in. 

" que;; ~ ~ ~ • For agi ven U ~ n d V ,r â t ~ 0 a / q i sin d e end en t 0 f 

~,mass but tbe specifie values ef a arrd q; ,and hence the 

charact~ris~ exponent Ut vary with the masse Even if the 

.. 

} 

a/q qlti,o and the mass are fixed t varying the ampli ude of U 
• 

and V changes U., Second, the symJ4,etries of the ~ athieu 
~ ~' , 

equation and its solutions a~~such that if a and q come-a 

tand -q, the dia.8~ of stability in figure 3 

reflect~d thr-ough the)q-axis .. 

simply 

There are ~egions of the (a,q) plane ~n whi~h t~e two sets 

of regions of stability, overlap and other regions in ,.rh' ch one 

or both of tpe solutions ar. unstable'. As 

a = ~a for the mass filter 
x y ~ 

/ 
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while 

a r • -2az for the ion' trap. 

for a given U and V there will be some masses confined in 

either two (filter) or three (trap) dimensions and o~hers for 

which the ions will eventually leave the device. 'See figures 

4 end 5 for views of the overlapping regions of stability'lor 

the mass filter and the ion trap respect1vely. o -

.. 

. . 
.. ' 

--
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" • 
2a 

2b 

Fig. 1. Eî~~~tential lines for a quadrupole field where 
·~-(.D/2ro2)(x -y). 
Fig. 2a. The electrode strueture required to generate the 
potent~al shown in fi~. 1. These'are the ideal quadrupole 
mass fil ter electrodes having,hyperbolic cross-sections. 
,Fig. 2b. Section through a three-electrode ion trap showing 
the hyperbO~surfaces employed. The dimensions ro and Zo 
are related y 2a2z02 ~ 

• 

from guadrueole tlass Spectrometry 
P. Dawson, ed •. 
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Figure 3. Stability chart.~or Mathieu fu~ctions of integral 
arder. The characteristic curves 80. b l • al, b2, ••• , divide 
the plane into regions' of stability and instability. The 
even-or~der curves are symmetrical, but ~e od~-order curves 
are as mmetrical about the a-axis. The complete diagram r 

is symm trical about the' a-aX~iS. , 

from Theory and Applications 0 thieu Functions 
N. W. McLachlan 
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4b 

Ooerattng 
•• ne 

Fig_ 4a. The Mathieu stability diagram for the mass filter 
showing ~he regions of simult~neous' stability in the'~ and t 
directions. \ . 

1 

Fig. 4b. The lover stability region normally used in mass 
filter operation showing -iso-6 lines for the' x and y 
directions and a typical operating line. 

trom 9uadrupole Mass Spectrometrr 
P. Dawson, ~ 
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Sa 02 Sb 
{1, 

0, 

{J, 
ql 

-02 

~ 

-04 ():)eot'allMg IIne 

-06 

o 02 0.4 ().6 08 1.0 
?, 

Fig. Sa. The overal! stab11ity diagram for tbe 
thtee-dimensional quadrupole ion trap obtained" by 
superimposing stability diagrams for the rand z directions. 
Fig. Sb. The lo~est region of stabil~ty for the quadru~ole' 
ion trap showing some 190-8 lines. 

from Quadrupole Mass Spectrometry 
P. Da", son, ëC:i"7""" 

... 



- 22 -

REFERENCES--II 

1. Dawson (see ref. 6, Chapter 1); Chapter 2 of this work 

gives a description (followed closely'in the present work) of 

potential and electric field derivations a~d propérties as 

weIl as the general characteristics' of the solutions to the 

Mathieu equation. Chapter 3 giveS" a more complete analytical 

treatment of the general solutions to the equations of 

2. See, for example, Mathews Valker; ~hemat~cai 
mot-ion. 

Benjàmin 
- ~ .. 

Methods of Phlsics, 1965, and co., New York; pp. 

190-192 di'seuss Floquet's theorem and its apPlicauOr to 

Mathieu functions. 

3. Morse and Feybach; Methods of 'Theoretical 
,;'-

Physics, 

Mc~raw-Hill, New York, 1953: see pp. 555-568 for a detailed 

description of solutions to the Mathieu equatfon including 

treatment of the Hill determinant. 

4. ibid., p. 567 

5. Arscot~ F.M.; Periodic DifferentiaI Eguations, MacMillan 

Co., New York~ 1964; pp 34-3& describe Ince's-theorem and the 

(conse~uences for the 

~ Il . 
6:r::~achlan. ~ Tbeory 

~nctions, Oxford at the Clarendon Press~ 1947. 

Mathieu equation solutions. if b is 

Application .2! Màthieu 

7. See for example T~r, T; Mathematical Computa/tians 16 

(1962), 77: Maeda; Fukada; Sakimura; ~ SpectroscoPI ~ 

·c 



- 23, - ) 

Tokyo 17 (1969), S3~(referenced by Dawson). 

" 

.. 

( . 

• 
" ' 

\ 
\ 

" : , , 
.' . 

) 

" 

" .. 



, 

;..------.", 

1 

) 

.. 

. , 

( 

'\ 

" 

.-<P-

. , 

III REAL DEVICE;JS 

The analyti 

1 
/ 

". -/24 :.. 

/ .' 

! 
1 J 

, ,'~,J 
solution to the Mathieu equation -predic~s 

" ~_:Ulotion of a single ion in an ideal trap or mass filter. 

L 

~
Solution will bel of the form stated above with the 

sta ilitJ, of the traj!ecto,ry determined by the pa.ra~eters u, 
7 \ ~ 

V, 'nd the charge/ma~s ratio af the ion in queation. 'These 
1 

.., 1 . 

parameters àt:lUff,icient to deterl!ine the character:istic 

exponent and t e C~~fficients of the Fourier series in the 
y' ~. 

solution, while the aGt'ual amplitu~Otf th~ motion in a given 

direction is a function of initial~osi ion, velocity, and 
. . r 

phase in addition to the C2n - . 

Eyen con.idering the trajectory of a s1n~e 10n; th~ 
analytical approach presents~,' problems,. A preci\t.e\.soIU~îO~ 
dep~nds on ,knowledge of initial phase', veloci ty, and ~tion 

different 

transmission in t 

case of the 

to determine 'and if i t j. 

in rtinuous 

large number of 

a prediction of 

fil ter or ,capture rnthe 

ap. Fringing fieids in the case of the 

mass fiiter and geometrical r-11Dperfections in both devi'c~s 

introduce other errors which become vefY diffiçult"to treat 

analytic~lly -l The existence of other ions and neutrai atoms 

ii the vacuum a4ds further diffictilties. 
0#-

It is difficult to . / 

even construct al) equation ;1fhich adequately describes the 
... 1,. 

\ 

) 
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problem 
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presented. 
r 

When the equations are 

analytical solutions~ May be difficult if not 
'!! 

The two approaches to the problems presented by 
.0 

actual rfq devices in the real world are ~umerical,solutions 
.' 

and simplified models. 

NUMERICAL HETHOD~--A BRIEF SUR VEY 
\ 1'\ "\ 

l t is' not th.e~urpose of thi\s thesis to give a detailed 

.descrfption of "" numerical techniques broùght to bear on tHe-
, . 

design p'roblems lof rfq mas~-selective devices but a brief 

survey of ~he field is per~aps id order. Re~l electrode 

structures 

~ . technique 

caleulation 

more 

the 

~o ~ot ~~ive 
..pf finite 

rise to perfect quadrupole fields; the 

differences ~nables ~ numerical 
• ç 

of app,roximate f~ld strengths which i9 perhaps ..' . "-
than' the perfect quadrupole' fields a,s9umed- in 

o ~ • -

~., ~ ,the m 

equation 1 • Given a refined field aRproximation 

equation of motion May then be inC~grate~ point 

"<~! point to 

tfm.e-depend~nt 
. 

arrive 

forces 

at an ion trajectory, based 

and ~~sultant' acceleration9~ 
on the 

Given 

-'initial pos,! t;16n and 'veloei ty, the position a'nd ve!oci ty at a 

time t + dt ~are approximated on th~ basis of 

averag~s of velocity and acceleration over dt 2 • A 
, 

use~ approximation 
\ 

\ 
various' orders of 

is,the Runge-Kutta method which can give 

accuracy of approXimatton3.)' Anothe~ 
\ 

aumer~al method used with success involves ma~rii 

~ultipl~cation similar to that used by acc~r~tor physicists 1 

- 'j 
1 

\ 

,\. 

" 
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i 
.' i:I 

to study beam optics. A continuously varying field is broken 

into piecewise constant portions; the portions are treated as 
1 

lenses ~hich , velocity and positiôn in a particulsr affect 

"coordinate 'dimension in ,a way which can be described by a 

matrix multiplication;. the product of aIl the matrices which 

make up a compljte cycle of the field gi~es the single matrix 

which describes the effect on position and velocity of the 

traversaI of a complete cycle. This matrix raised to the "nth 
,.~ 

""" power sho1(s the effect of n cycl~s of the ,field4~ Finally 

the appliéation of phase sp,ace dynamics in conjunction vith 

~ 'the. matrlx methods discussed above "not only simplifies 

long-term calculations trajectory 
71 

but al10ws : rapid 

computation of device acceptance for any combination of 

initial position and initial velocity for th) 'ideal' case of , 
an infinitely long sojourn in the rf field."S 

SIHP,LE HODELS\OF ION TRAPS AND THE EFFECTS OF SPACE CHARGE 

G~~en the existence o:jother particles besides the singl~w 

ion for which the anal~l solution is calculated and the 

~field imperfections~resent in real devic.es, the Mathieu 

equation and its solution themselves represent~~ simplified 

model of the actual conditions. For the "'" mass filter, 

particularly when used as agas analyzer, low ion aurrent 
. 

densities mean that space Charge and the presence ~f other 

particles in 

perturbation 

the filt~r do not ususlly constit~te ~{SeriO~s 

of the equation of motion. Hovever the io'l'f' t~R 

\ " 

.. 

1 

1 
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,.. 
is another matter. The device is intended to accumulate 

charge and to retain it for long perieds of time so that an 

individual ion is' bound to interact with other ions in the 

trap and with othèr Molecules in the vacuUllll system., One- of 

't,he 
. 

moti'Vations 
o 

fo-r the research which spawned this thesis 
... 

was the investigation of ~,jeè:tion into a trap of ions 

created outside the trap. Such ions must clearly have a 

maximum amplitude in the funda~ental harmonie of greater 

aimensions than the trap unless the trajectory is altered 

once inside the trav. 

In order to determine the capture ~ficiency of a trap it 

.1 

is necessary to h~ve some notion of the absolute nùmbér ofr-~ 

ions in the 3trap at a g~ven time. Most detection methods 

give a clear picture of relative number~ under given 

operating conditions. H~wever the absolute magnitude of the 
~-- .. 

stored charge is difficult to estimate. Most published works 

give estimated" values of around l07/cm 3 for ~he,space charge 

densitY7 s- Given the high voltages involved in the 
- , 

confining field. a quantitative measurement of this charge 

collected, for example, on one of the electrodes of the trap 
o 

presents certain difficulties in instrumentation. Some 

investigators have built essentially transparent traps and 

collected -the 
«:fJ 

ions ejected from the trapS' on 

electron-multiplier dynodes 6 , but there are enough variables ., 

in the transfer efficiency from trap to multiplier to make" 
r , 

this method of questionable precision. Fischer7 J and . 1 .... ·->·- '-
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Dehmelt'8' have offered tW9 d±fferent methods of estimating the 

, maximum number of ions 
' ~~ 

cOIl~ined in a trap base? on simple 

models of the ion motion while R. B. Moore has suggested to 

the author a means of relating the ~mplitude of the ion 

signal produced by the non-destructive detection means 

employed to the charge and hence the number of ions present , 

in the trap. 

FISCHER r S MODEL 
. 

The .' method o~ Fischer7 assumes that the bUildup of space 

charge in the trap has the effect of changing the dc bia~ 

voltage U in ~the Mathieu equa~on. Based on the potential , 

distribution inside an ellipticàl spheroid $'f cons't'~nt charge 

density p vith 
2 ' 2"'" , 

ro - 2zo he derives the res~lt ttiat dUz • 

-dUr • -pro~/4Eo vhere eo is the permittivity of free space~' *~ 

The shift in dc bias dU will l~ad to a change in the, 
') 

char--a~teristic exponent and thus to a shift in the resonant" 
• frequency of ~he ion~ vhich may he ~easured vith ·the 

detectiQn circuitry employed. I~ practice' the shift in dU i~ 

measured directly as the lateral translation of the ion peak 

a.,it. ,amplitude grovs. ) 

Il j 

.. 

IJ 

l' 
e 
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<.. individual ion vould exeeute simple harmonie motion. Further 

assumptions about the average distribution of ions in a 
• 

filled trap lead to an estimate of the maximum charge densi'ty 

accepta ble. This model is worth examining in some detail 

because it gives a pieture of the eonfinemênt process whieh 

is a litUe easier to cope with intuitively than the Mathieu 

eq uation solutions. 

The method of 

motion of an ion 

Deh~t. Major and Wuerkera ,9.10 breaks the 

in ~he trap into a micromotion whieh may be 
1 

described as an oscillation around" a moving c'enter at the 

~ency of 

center around 

the rf drive and a 1arger motion, that of the 

which the micromqti6n oscil1ates. The 

assumptions 

smaller ~n 

are that the micromotion amplitude 1s much 
i 

that of the drift motiol1 but that the- veloci ty 

of the microm~ion is much greater than that of the drift • 

Based on 
li. ' . , 

these assumptions an equation describing the drift 

motion is derived which describes a particle of the seme 

charge/mass ratio moving in a parabolic.potential ~el1. that 

i9 an equation of simple harmonie motion. The frequency of 

this motion turns out to be roughly the same as th~ 
\ 

predict~d by the characteristic exponent. 
• • 

One starts. thtm, from the eq uation of motio"n put in the 

canonical Mathieu form: 

where n - r or z and a and a are as previously defined. r z 

) .. , 

" 1 
( .. 

/ 
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Assume 

where Z is a large-seale secular motion and z i8 

micromotion due to the rf drive and oscilla tory about Z 

Assume 
v 
that the driving force. proportional to q. is not too\ 

large 50 that z«Z but dz/dt»dZ/dt. Then 

d 2z/dx 2 .... ( a - 2q cos2x)Z n n 

'If a«q and Z is constant through one rf cycle, integration 

yields 
o 

Z • -(qnZcos2x)/2, 

an intermediate result re,arding ~hich it is interesting to 

not~-that the micromotion incr~ases vith Z and 1s 1800 out ~f 

phase vith the rf drive. Substitution into the equation 

which relates n, Z, and z yields 

n • Z - (q Zcos2x)/2 n 

and' substitution of this result' into the original equation 

leads to . " 
d 2n/dx 2 • -anZ + (anqnZcos2x)/2 + 2QnZcos2x - qn2ZC~S22X 

which when integratéd over a complete cycle of the rf drive 

yields the result ·that -= .... 
, 

(d'2Z/dX~)'av - -(an '+ qn2/2)Z, as (d,2Z/ dx 2')av • o • 
. 

The above is "the equation for simple harmonie motion vith 

angular frequency vith respect to 

qn2/2)1/2'. Remembering that 
(0-

\ 

the variable x of w -(a + x n 

x - wrf t/2, ~he i~nic 

\ 
1 

\ 
\ 
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oscillation angular frequency witb respect ta time is 

li) -ion 

Consider motion in the z direction. ,wf.th 1 -0, z 
2 ~ 2 

q _-2eV/mz li) f. The modified enuation of 
Z 0 r 7-

motion then 

beeolles 

2 2 2 2 - 2 '4 2 
d Z/dt - -{e V /2m zoo wrf )~., 

The "force" on an ion of mass m and charge e ia therefore 

g~ven by 

md 2Z/dt 2 
- -edD IdZ, with z 

dD' dZ - ev2
Z/2mzo 4wr /. 

D _ eV 2/4mz 4, .• f2 
Z 0 ""r • ~ " 

Integrating dD from·O to 

Keeping in mind the relationships betweèn rand Zo and 
~ .0 

between Qr and qz' i t: is 

~ 2 2 ,ff' a trap witb-,"~ -2z • 

easily es~ablishe' that Dr • Dz/~ 

~ The' assum~~~a 0; smali q, negligible a. slowly varying 

Z and z«Z thus lead to a piç t~rè of an ion executing simple 
(1 

harmonie motion in a "paeudop~~J!ntial" well parabolic in 

shepe and of dejh Dn· Aecording' to· Wuerkeris these_ 

assumpt:i.ons remai self-consistent up until a point around 
, 

q-.4· when the ratio z/Z beeome~ tao large to support the 

• arguments. 

additionsl 

Dawson furt~e,r potnt's out that the ~f~ec ~ pfl' an 

de bias (non-zer' a) changes the .wel,1 depth 0 

depending on its sign so that a, point is eventually ,reached 

in ei ther the z or r direcçion at which the ion la no longer 

boundIl -

lt 18 clear tbat' for an ion to experience the force due 
".' 

., 

( 

r 
r 

t
l-

'1 , ., .' 

l> 
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to this pseudopotential it must 

stationary ion would feel a force 

be~Oving in the trap. A 

~ac component ~f which 

would average ta zero and the dc companent of wltich would be 

d,ue ta tlt,e dc bias VOl~8e. lt ia a1so true that 

added to the trap must modify the fields e~ 10n 
e erienced by those already in the trap and that the Pictye 

• 
of a single ion< executing large-amplitude simple barmanic 

'\ 

mo~i:c:in cannot adequatel~describe the behavlor of individual 

ions in an ion -;dloud"?ontained wi thin a trap There ois some 

evidence tÎi.at the ions in an lion cloud beco0crystal1i~ed'" 
• , . 

particularly in the presence of a buffer gas, and that except 
1 

for the' m:lcromotion\: due to the r f drive they remain 

relatively stationarYlS(see figure 6a.b). The force avera~ed 

'over the rf drive cycle then gives ir,ise ta th~ co~fining 

force. 

An estimate of the space charge-limit~d maximum density of 

ions in th!, trap may then be made base.d on the assumption 

", that' within the ion cloud the potentia~ must be constant or 

the ions vould redistribute themselves. 
J ~ • ~ 

Thus if Pp fs the 

pseudopotential deri ved above and 'p ia the electrostatic e 

pc;»tential due to the charge of the ions in th~ trap t then 

~p + Pe • constant sueh that 

-dlv.gradP • div.gradP • 411'p 
/" e p max 

vith Pmax the 'maximum charge density. 

Making use of the relationsh4.ps between D z and Dr and between 
,,~ 
,~~ 

.. ~ ~ ~r 
, 0 and if there is no de bies then the pseudopotent'ie,l 

v 
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~ q) 

--Pp may be, expressed in the form 41 

, 
P • (D /4z0

2)(x2 p z 
+ y2 + o4z2) so tha,.t ----..........-----_ .. 

d~v~gradPp • 3Dz/z02; 

in' viev of the above one thus has 

Z 
Pm~x • 3Dz/41r~0 .-

AN EMPIRICAL MODEL 

R. Moore has suggested to the author that it should be 
o 

poàsible to' relate the ampl~tude of the detected signal, ,oc 
""~ ---'--=C-

the absolute number of the ions in the trap. An oscil~ating ~ 

body driven into periodic motion in a 4amping environment 

dissipa'tes an amount of energy related to the driving ,force 

and frequency, t~ ampli tude of the oscillation, and the 
• _ ~ --<0",,> 

l ' 

dampitlg . ~orce acting 
, » 

on. the ~bdy; if these parameters ean be 
,-' -

determ~ned for a given ~on the pover dissipation per ion can 
l 

be determined. If the motion of each ion is more or less the 

same and if the total pover input into the system can be 

determined th en ~he number tif ions ean be ascertained. 
, . 

The :Lon 'detection system employed invol ved application of 
~ ~ .. t • () 

a lov-amplitude deteetion driv~ frequency aeross the endcaps 
• , 

of the, trap which vere part of the capaciti~e load of a 
.7" 

high-Q 'resonant circui t. The fundamental ion oscillation 

, frequency was 
)~ 

varied ~hile the amplitude of the detection 

the endeaps vas mO~'i"tored. h drop in drive voltage across. 

the detection voltage amplitude indicated a change in the "Q" 
/ 

-' 

of the tuned CirCUr due t~ abs{~ption of energy by the ions 
~·r 1 • 

i -' , . " 

\ 

i 
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st the resonant frequency. 
, 

"As mentioned abovel8, there is a certain amount of 

evidence for the validity of the assumption .tha~ the ions, 

. when in a cloud damRed by the presence of a bulfer gas, . ~ 

become "crystallized" into a more or less stationary array in 

WhiC~ the bound ions execute the micromotion described by the 

Deh~l t model. There is' perhaps less evidence to support the, 
, 

assumption of constant charge density. ~sults of Knight and 

Prior12 and Schaaf; Schmè1\l.ng and Wert.KJ.3 suggest that the 

charge distribution is an elliptical spheroid with the radial 

density function gaussian in shape; the charge is mainly 

confined to a region with axes around 1/6 the 1ength of z , o. 

and r '~n the z and r directions respectively. If the field o ; 
betveen the e1l'dcaps ls app,roximated by the field between 

paralle1 plates spaced '2z0 apart then the drivin~ forc~ may 

be approxlmated by fcosWdr~ • The fundamental oscillation 
. 

frequency of the 'cloud, the wion predicted by Dehmelt, proves 

to be reasonably close to the actual frequency at whiçh the 

ions do absorb energy from the detection circultry. 

A \fair amount of work has been done on the effects of 

cb.11isions ~i\h assorted neutral species on the tràjectories 

,of ions in traps. Briefly, for light background atoms the 

energy 10ss per collision is proportional to the original' 

energy of the incident ion· and the constant of 

proportionality is directly related to the ratio of the 

respective masses while tbe number of collisions per unit 
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time is proportional to the veloci ty of .the· 10n14 • A damping 

coefficient construçted irom t-his sort of energy 1088 

mechanism gives rise to a term proportiona'l to the square of 

the velocity and thus to a nonlinear differential equation • 
. 

If the c:lamping term is small a co~n vay of treating such 

nonlinear terms is to construct a liJlear term which ~esul ts 1 

in the s8;me. average enersy loss over one cycle and th"en to 

solve the 1inear. equation which results1S - However attempts 

to derive a suitable tlamping term on the basis df geometric 
-

cross-sections and mean free pa ths resulted in damping 
1 

coefficients! which led to calculated amplitudes of 

• oscillation on the arder of meters; instead of a damping term 

based on first principles it was necessary tQ derive a term 

from an experimental measurement of the peak width, an 

extrapolation on the basis of the relation between dc bias 
1 

voltage and ion oscillation frequency which yielded a "Q" for, 

~ the assumed damped resonant.circuit, and" a calculation of the 
1 

damping factor based' on the'relationship betveen Q and the 
'f 

1 

damping coefficient. lt seell)s likely" that the motion· of 6e 

ions under the influence of the rf drive field increases the 

tf effective cross-sectiona! area in some vay. 

The basic differential equation chosen to describ& the 

ions unde~ the influence of the detection dr~ve ~as 

d2z'/dt2 + (R/m)dz/dt '+ wion 2z • Fcoswt/m ' 
·1 

with F • eVd t/z , e . 0 

the solution to which may be,found in many eleme~tary physics 
"" ~, 

~.' . 
J 

c 
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or mathematics books16 to be 
'" 

Z' •• ~F,os(wt - 'op1(m2 (wion 2"'_ 

tan'S, • wR/ (W~- w2 ). '\. 

,-

w2 )"2 -+ w2R2)1/2 

For a driven damped system the 1ree resonant frequeRcy, 

the damped resonant frequen'cy" the frequency at which the -
driven oseillat~ons reach maximum ampli tude and the frequency 

kt . 
wh"ich maximum power is d1.SiPat.~~ ~ot al~ame. 

However if the damping factor'ia sma hey are very close 

.,and may be ~ed equivalent • 

Q • mWi /R 

These approximations lead 

to . 

, on 

\ 

A • F/w1 R·. eV/wionR max on 
~ 

The energy input to the resonant circuit per unit t~me may be 
1 • 

ex:preased as 

wCV 2 /2Q • res' 

the power dissipated by the ions is 
.. 2 2 

N~(mw A /2Qion). 

t~SU~ing the energy inp~t into the resonant circuit to be 

unchanged. the change in amplitude in the resonant circuit 

must be balanced by the energy ~~~rb~d by the ions: 

WCV2/2Qres - WCV·2/2Qres + Nw3~ 2/2Qion-

f SUb~tin8 for _ A and sol ving for N, 

~V~WC/2vt2Qres - 'wC/2Qres)(wmz02/ 2 Qion ) • N 

, '" 

In fact .the constant power assump not valide AlI 

one can say ~ith certainty is that the ~ower diasipated at V' 

:ls wQN' 2 /2Q' while that dis~ipated. n the tank circuit is 
. res 

Il 

. , 
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, . 

wCV,2 /2Q w1t h Q and Q' the effective Q of the tank res' al' 

r circuit without and vith the coupled ions. Setting the 

difference equal ta 'the power dissipated by the ions, 

(Ne2V,2Qion)/wmzo2 • (WCV'~)/2 x' (l/Q'res - 1iQres) 

or N,- (Cw2mzo2)/(2e~ion) 'x (l/Q'res - l/Qres) 

or if Q~ _ Q + dQ then to terms in dQ2, 

N • (Cw2mz~2~/(2e2QresQion) x (dQ/Q). 

Comparin~ this with the constant power assumptlon one finds 

that' the' two are identical except that in the constant power 

case the term (dQ/Q) is replaced by (V 2/V,2 - 1) which, if ~V 
• 

./ 
/ 

/ 
ls small, ia approximately equal to d (~~2~/v~. If R 18' the / _ 1".,;: 

isolating 0 resistor 'between the de,tect7,ol) drive and the tany 

circuit, V IS.the detection oscillator amplitude, V and/~' 

.\ 

o / 

are the voltages de~eloped ~cross the detection tank cir~uit, 

and Q/wC i8 the eff~ctive resistance of the tank circuit at 

resonance, then 

v - V oQ/(flJlC ".Q) 

V' - V Q'/(RwC + Q') o 

If R»Q/ wC then 

v~2/V2 = (Q,2/Q2) x (1 - 2Q'/R~)(1 + 2Q/RwC) 

. and Ùnally 

d(V
2 )!V2 

- 2dQ/9 

if dQ/Q»dQ/RwC, so that 
.~ 

d- 1 
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CAPTURE-LOSS RATE, LAW 

The 

by the 

rate of change of ions in the trap wil&l be af~e,d 

number of ions in the trap, the number oi neutral 

aiOms or Molecules in the trap, and-the rate at which ions 

\ 

@.re being form'ed in 

suggests a rate law of 

.\ wi th N' the numb"er of ions in the t~ap, p 
Cl 

background g'as. k 1 a constant related 

the trap. Dawson l7 

the .Rre.~uL the 

to the rate of~ 

formation of ions, k2 to the rate of 10s$ of ions from the 
~ 

~ trap due to collisions with othe; ~s and k3 to the rat'e O'f " 

loss,tpm ç~llisions vith molec~es of the. background 8as.· 

Dawso s'formula fo~ ions formed by ionization of 

gas lready ln For~ the condition in which an ion 

current is 

is still reason~ble 

propôrtional t~ the 

ion c.urrent remains 

trap ~fi..ll,rt'Wi~h Ga bU~fer sas, tt 

sume that ~ capture rate will be 

ressure of the buffer gas. Thus if the 

constant , the above lav should sti~l 

apply. The constants May be eVf.luated through some slmp.le 

"experiments. ~' 
.) 

~h _ the 

-Èapture: 

trap saturat,ed, the losses equal 

k1P -

the nate of 

, 1 

If the trap is emp~ied and the ion source turned on, ~hile N 
" 

is smaU 

dN/dt • 

r 

~. 

\ 
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~ 
(Î 
/~/ 

1 

form 

, 
which 1s of the general form y-a exp(bc),+~c and thus can b~ 

.~ 
treated by standar~ exponential curve-fitting procedure using 

the decay data plotted as lIN vs. t. .~ 

(" 
, • > 

\ 

/ 

,"" , 

-' 

\ , 
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,Fig. 6a. Many body suspension, v,iewed in r~e r-z plnne. 
Experimental values: / V8c.500~rms. drive- f~encY=21~ Iiz, 
particle oscillation frequency-21.7 Hz. - , 
Fig. 6b. Suspension of 32 positively chargea particles viewed 
in the r-8 plane. Vac ... SOOVrms, drive freq ... 135 lit:, 
oscillation freq.a43.6 Hz, e/m .... 00765coul/kg. 

from,Wuerker, Shelton, Langmuir; 
Journal .2! Applied Physic"s .30 (1959). p. 342 

____ ,_._ .__ _ _~e _____ .:.-________ _ 
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IV EXPERIMENTAL PROCEDURE AND RESULTS 

APPARATUS 

The experimental setup described in tfiis thesis may be 

convenientlr divided into five main parts. These are the 
-, 

vacuum system, the ion gun assembly, the mass f~lter and its 

associated detection system and power supply, the ion trap and 

its detection system and power supply, and the computer 

interface system. 

VACUUM SYSTEM 

~he main components of the vacuum system were a 

Leybold-Heraeus 230 litres/second turbomolecqlar pump and 

power sjPPlY and an Alca'tel ·2012 rotary-vane t'-1o-stage 
,/ 

roughing pump- which were used to evacuate the chambers in 

which the trap and mass filter were operated. Forepressure 

,~as monitored by a th'ermocouple' gaug..le ,,,hile chamber pr~ssures 

were measured in the .ass fil ter expe~iments with a 

Penning-style ionization gauge and in the ion trap system with 

a Spectrum Seientific Ltd. $M 800A residuai ga~ analyzer. The 

volume of the mass fiiter cham~er was"appro~imately 10.3 

litres f630 in 3); eh~t of ,the ion trap, about 11~8 litres ~715 
" 

in 3 ) • A 30cm section 01 IOem diameter aluminum tube was 

common to bath chambers. The remainder of the trap cham ber 
/ 

was predominantly stainless steel while many of the tubes in 

f-
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the mass filter system were aluminum. Vacuum seals were of 

the O-ring typ~. Most of the rings in the trap system were 

Viton whi1e the mass filter was put together using Buna-N 

rings. Feed-throughs for e1ectrical connections were glued 

in place with vacuum epoxy for the mass filter system while 

for the trap welded ceramic-insulated feedthroughs were 

employed. The trap system had two further special fea tures: 

a liquid nitrogen cold finger aJld a needle-valve controlled 

helium leak which permitted regulation of the background 

pressure. ~_ (See figure 7 for a block diagram of the two 

systems. ) 

Testing of the mass filter did not proceed beyand a 

fairly rudimentary stage; vacuum requirements were not very 

stringent and i t is sufficient to note tha t the system 

operated in the range of 10- 5_10-6 Torr with the ion gun at a 

modeTate current level. After tae 8un had been operated for 

~' aroun~ 45 minutes the pressure began ta increase, perhaps due 

-

o to, heating of the 01'.J'ings, and it wc)uld become necessary to '. 

shut the gun heater down and allow the system ta cool- off 

before' continuing. No ef fort was 

\:onstituents of the res1.dua1 gas. 

In' the case of the ion trap a low background pressure is 

essential ta attain good confinement times. Some effort was 

made to 

with ,8 

higher 

bake the chamber, both with electric heating tape and 

heat gun, a1 though ~iS doubtful that temperatures 

than IOOoe 

... 
" 

were a t tained. Addition of tbe fiquid 
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nitro,gen cold finger resulted ip a subst'antia1 reductdon of 

, 1 -8 T the base pressures. After baki1g. pressures of S.x 10 orr 

w,re routinely measured vi th ,.Ihe quadr~pole. gaS analyzer; 'at 

higher pressures the analyzer 

equivalent to those of the Pjnning 

check on the calibration of the RGA. 

readings were rough1y 

gauge which was used as a 

Princi pal compone~ t's o~ 

the residual gas st the base.pressure were water vapor and 

nitrogen. There wer.e some traces of hydrocarbons alth.ough 

these were a smal1 fraction of the total. 

Measurement of the buffer gas pressure vhen a a~gnificant 

amount of helium had been leaked into the chamber present~d a 

problem as the sensitivity of the gas analyzer to high helium 

pressures seemed to decrease with time. An attempt to 

correlate compression ratio of, . t'he turbo pump and 

forepressure as measured with the thermocouple 8auge,~ith the 

readings of the gas analyzer, taking into account the factor 

of 4 introduced by the relative sensit~ity of the analyzer 

to helium and its calibration fQr nitrogen, showed r-ough 

initial agreement between the two methods. However as time 

passed the reading of the gas analyzer would decrease 

d 1(A -Marke ly while the forepressure would remai~ constant. 

possible explanation offered by L. Nikkinen 1s that the 

pressures of helium might be high enough to co~l the filamen~ 
Cl 

in the 
/ 

thus reducing the e~ron analyzer significantly, 

emission and thus the ion current.) The author feels that 

agr~ement of the initial reading of the gas analyzer with the 
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forepressure calculation gives a background pressure accurate 

at least to vithin an order of magnitude. 

ION GUN 

The basic design for the ion gun, together with the 

principal components and a supply of c~sium and ~ubidium 

~mmunition vere brought by R.Moore from-researchers st the 

University of Hainz, W. Germany, where such sources are 

routinely employed
1

_ 

as follovs. 

The basic principles of operation are 

Zeolite, a sodium aluminosilicate 

commonly used as a molecular sieve, can be considered as an 

aluminosi1icate base with two very 100sely bound alkali metal 

ions_ When the substance is heated, the aikali ions viII 

1eave the' substance, alvays as ions and never as neutral' 

atoms. If the sodium z'eolite is ~rè'ated by an ion exchange 
,); 

process in a saturated solution of another soluble alka1i 
) 

salt (e.g., CsCI), a Cesium aluminosi1icate 1s producedhwhich 

will when heated give off cesium ions. Weber and 'Cor~es2 

refer to an ion source constructed of cesium zeolite vhich 

produced ~on currents of on the order of 10 microamperes over 

a lifetime in exçess of 300 hours of aperation. 

In arder ta take advantage of the above properties the 
'f-·ç~ , "r' . 

stainless ""Steel'~linder vith a small 

in one end and a thread d plug in the other. 
1 

zeolite vas placed in a 
Î .. : 

orifice (hole) 

A stainless steel electrode spotwelded to the plug prov~ded 

.. 
1 
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" an electrical contact to bias the gun. T~e g~n was p~aced in 

l " / a baron nitride,cylinder ttie'exterior of which was threâded 

wi th a pi,tch of 10 threads ~er mm; the grooves helped 

~aintain the spacing of a .25 mm tungsten filament vhich 

was wrapped around the boron nitride to provide heating. A 

Macor (Corning machinable ceramic) jacket enclosed the 

tungsten-wrapped boron nitride oven. Thus the boron nitride 

prGvided eiectricai insulation between the gun and the 

filament while ~he Macor prpvid~d thermal and electrical 

insulation between the filament and the auxiliary support 

structure. (See figure 8 for details of the construction of 

the ion gun.) 
~ . . 

Two separate steel cylinders vere empIoyed to contain the 

,zeolite. One was an ordinary cylinder as ,described above; 

the other had the orifice partially blocked with,tungsten -wires to reduce the emission of nèutrai atoms which might be 

deposited on the steel walls and then reejected. No 
~ 

difference in performance was_~oted between the two guns. 

Two separate types. of ion-exch~nged zeolite were employed: 

cesium and rubidium. No efforts were made to quantify the 

differing properties of the two types of source although tt 

seemed that higher- currents' at lower temperatures were 

produced by the' cesium than by th. rubidium zeolite. A , , , 

m~xture of the two substances produced an ion beam which 

could be decomposed into two separate p~aks of mass ratio 

roughly 2/3 by the m~~ filter described Iater. The cesium 

, , 
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, . 
ion source was studled a bit more thoroughly as it was 

'" employed both for the mass filter and the. ion trap. An 

optical pyrometer indicated that at around 7000 C the gun 

. begaD to emit a detectable current. The gun was operated 

over a" vide range of" heater curren'ts and produced an ion 

current of in exeess of 1 microampere measured with a faraday 

;up and a Picoamm~ter. A circuit vas constructed Whe~the 
gun cou Id ~e biased negatively with respect to ground ~OUgh 

~­, 
'- , " a large resistor an~ then pulsed about 15 volts po~itive with 

a square pulse through a capacitor; pulse widths of as short 
J ' . 

as s'everal microseconds were distin-guishable in the output of 

the mass fil ter measured vith an electron ~uItiplier tube. 
1) 

MASS FILTER 

The design process W~ch resulted in the mass fil ter 

~ could kindly be described as prsgmatic. Half-inch.diameter 

stainless steel rods were chosen as there was some half-inch 

stock in the machine shop i ,the operating frequency of one Mhz 

vas <chosen beca~se the author had a crystal an4, some 

experience with oscillators at that frequency; the length of 

six inches vas a compromise betveen resolution and ease of 

manipulation • The length, diameter, and frequency vere 

checked ~ith empirical formblae giveR i~ Davson and found to 

require an rf drive voltage of less t~an lOOOVp-p whereupon , 
construction-was started. Tvo problems. mechanical precision ., "'< , 

and voltage regulation, vere encountered. 

.' 
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The literature contai~s many ingenious ds to ensure 

pric~se alignment of the rods and Many cavea~s streQsing the 

importance of precise alignment in 

resol ution 3 • Faced \Ii th an abundance o~w-precision .95 cm • / 

diameter ceramic insulators and a te~tive dearth of 1.27 cm 

ruby s pheres, the author chOse - to de~Lgn a supporting 

structure which would allow alignment of the rods after 

'assembly rather than dependin,g. q~ \reCis~aChinin8 .to achieve 

the tolera~~es nec~ssary for h~esolu 'on. Accordingly the 

rods were attached at each end to cera " insulators which 

were recessed into large holes in aluminufu endpla~es and 

bolted through holes larger than the bolts, with teflon 

washers providing a friction lock. Three of the rods were 

adjustable in two directions; brass screws 6f pitch of 10 

thread s/mm, wi th 1 steel baIl bearings pressed into the ends, 

brought to bear on the sides of the ceramic insulators. 

proved relatively essy to adjust the alig~ment of the rods 
, 

to wi thin .025 mm tolerance. It also proved relatively easy 

to break the ceramic insulators. The whole assembly was 
1 0:> 

mounted in a 10 cm diameter aluoinum tube in the walls bf 

which were glued two Kovar feedthroug~s which provided 

electrical con~acts for the electrical drive for the rods. 

(For d~tails see figure 9.) 

The power supply present~d three main problems: achievin~ 

~he . high ·voltage required, maintaining the ac-de ratio to a 

high degree of precision, anu balancing the output 

t 
'\ 

. ' 
• 1 

... 
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to maintain zero potential 
1 

condition is particularly 

degre~ of certainty as any 

power suppl Y will load that side. The technique finally 
~ 

employed was measurement with a"high voltage'high impedance 

, probe at~hed -first to one side and ~hen the other; althopgh 

the load unbalanced the 

'was the sallie on both 

g~t. dri,ve circuit" when the, effect 

iQes it was assumed that the circuit 

was~effectively balanced. , 
The rf drive w~s' provided by an a~jUstable signal 

. generator amplified by,. a broad-band rf (amplifier wi th a 

malCimum output of '~Vp-p. In order. to step this u'p to 1000V a 

transformer was_ r\qUired wit~a ~urns ratio of 40/1. The 

'lMhz operating fpequejC Y ~d the stray capaci tan.~e of ~n the 

order of 5~pf dic~ate~ ëhe employment Qf air-core 

transformers ln order to achieve lov enough inductance to 

·tune the secondarY4. Shielding was necessary to eliminate 

feedback coupling the air-~ore transformer to the input ~f 

the rf amplifier. Tuning capacitor~t a balancing capacitor, 

a capacitive divider used to pick offoa low-amplitude signal 

proportionsl to the sc .ign~the ma.s filter itself 

coupled capacitively to the ac tTansformer and through a dual 

3 megohm film resistor 

the secondary load. 

ladder to the ~c bias source, made up 

AC dr~mpiitudes in excess of 
.--J 

1000Vp-p vere achieved before arcing occurred in the tuning. 

capacitors. 

, ,. 

See figure 10 for a block d~agram of the mass 

a 

é 
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fil ter system. (~ 

The standard means for achieving ac/dc ratios in 

high-resolutton apPI~ations involves the use of vacuum tube 

diode rectifiersS; t e author felt that for preliminary test 

purposes an op-amp a isted signal diode rectifier would be 

easier to implement. ,Accordingly such a circuit was built 

using a 3~8 fast op-amp and a germanium diode to minimize 
, ~ 

errors due t f rward-bias drop and switching times 6 • The 

circui t ~ved 

although at 

irregulari ties 

more linear than the diode itself 

l~e and very small voltages some 

themselves. 1 Mhz appear.ed, to bé 

the limit of the circuit constructed althou8h perhaps better 

diodes and faster op-amps exist which might pu~h this limit a 

bit higher. The ou'tput of the capacitor-divided rectified 'Be 

signal was fed to a variable-gain dual-polarity dc amplifier 

which produced positive and negative voltages of 0-100 volt~· 

proportional • to the 

couPled) resistively 

ac 

ta 

signal7• ~hese volta~es were t~en' 

the ro~ pairs. See figur~ Il fôr a 

circuit diagram of the d~c. power supply. 

EXPERIMENTAL RESULTS .~ 

The 

ion gun 

devices. 

mass ftlter was primarily used as a test béd for the 

an'd the' elec tronic circ::itry needed to drive t~i""~ 
, 

. A~,though the power supply for the mass fftl ter l'as 

slight1y ,~ore complicated than that of the trap, the 
/ 

inject}on of ions into the masê fil ter was trivial while 

,/ .~. 

-' 
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accompli shed with lexistirig previously utilized apphratus in 
~ • i 

the case of the mass filter while the resonant detection 

circuitry was untested.and built specially for the ion trap. 

Hard is' .minimJrt and of 
... " 

qualitative desc~~tion 

data from tbe mass-filter experiments 
l ,,-. 

general interes~ However a 
.~ 

of the re'sults obtairred is in oroer. 
l' 

The mass filter vas mounted coaxially with the ion gun 

and an electron multiplier (ReA 4643-4~) • The ion gun was , 

charged vith a mixt~re of cesium and rubidium zeolite. First 

5 
the dc voltages liere turned off and the ac voltage was ~ 

increased monotonically while the ion gun vas maintained at a 

constant heater current and with'a constan~ biaa No1tage of 

18 volts. 

from zero. 
, 

fluctuated 

Seco the 

lt was observed that /s the ac voltage inCr(ased 

the ion c~rrent first increased raPidIY~- ~hen 

over a wide range oJ:: ac valu~:0and finalty ' .. 

.to zero past a p.;~Ular thres~ol. ~olt.Be. 
ac voltage,was ~et to a point slig t beloll the 

<: 

dimîni héd 

cut ff point and the dc bias lias inçreased until the ;1'8\a1 
é . \ Î 

d~sappeared • The 
J 

dc and ac voltages were adjusted at th1~ 
1 

th~ point until a na~row peak of transmission occurred; then 

voltages vere decreased, with the ac/dc ratio remaining 

constant. lt was observed t~at another region of 

transmission occurred at a voltage aJll1)li tude of a bout 2/3. 

" that of the maximum re8ion~ Up to this point th~multip11er 

/ 

il 
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currents had been measured vith a de picoa~r. A final 
" 

expe~imen, performed involved the o~eration 'of the mass 

fil ter , in~he ac-only mode and the introduction of a 

resistor-c acitor circuit vhich enabled the gun to be, biased ... -

negativel.y and pulsed positively vith Da. squa6B pulse of 

variable vidth. The output of the mUltiplier vas monitored 

v~th an oscilloscope connected across a lOO-ohm resistor to 

g~e a lov time-constant. 

v~ sun' vas bias.ed 

There vas no discernible current 

negatively. Positive pulses as 

narrav as 3 microseconds produced a definite pulse output, 

fro~ the multiplier • 

ION-TRAP '\. L· 
David Lunney of McGill's Electrical Engineering 

department, assisted by R.- Moore, vas responsible for the 

design. and construction of the ion trap. A fuller 

description of design and cbnstruction considerations vill, 

a~n Lunney's Masterr~ thesis; a briéf srnopsis90f the 

relevant consideratio~~110VS. , 

-An r vas chosen which would be large enough to contain a o 

~'significant .~~m~er of ions and small enough that the voltages 

required vould not be too high and that the overall 

r: dimensi.ons .... of the trap would be convenient. lt vas 

originally planned ta u~e ba~i~m as a test ion due to its 

optlcal- properties and the possibilities of using a laser 

, 
'; 



\ 

'1 , , , 
f 
r 
\ 

1 , 

54 ~ 

fluorescènce detection s,stem. However. an ion-resonant 

electromagnetic detection schem~ proved easier to implement. 

The detection circuitry was designed around an ion resonant 

frequency of about 50· kHz wi th no dc bias. - Gi ven the 

approximate relation 

wion • Qz W
rf

/(2)3/2 with 

q • 2eV/mz ~W f2) z 0 r 

fixing rot m. and wion leaves V and wrf as variables. It was 

possible using a Mountain Computer Inc. ADe-DAC 

digoital-to-analog interface with an Apple 11+ microcomputer 

to sweep over +/-5V without additional hardware. Lunney's 

calculations showed that this vould result in a va~iation in 

th~' ion oscillation frequency over t~e range of 49-55 kHz. 

Varying the ac amplitude made ~t possible to put the resonant 

interaction of the ions vith the detection circuitry at about 

the middle of the dc sweep. Ions from the ion gun we!e 

injected' through a hole bored in one of the end caps of the 

trap. (See figure 12 for details of the trap construction; 

figures· 13 and 14 are photographs of the ove"rall experimental 

setup and a detail showing the hole in the end cap 

electrode.) 

RESONANT DETECTION SYSTEM 

~ 't The detection system employed utilizes the coupling of 
. . , 

the ions to a highly tuned tank circuit containing the two 
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end cap~ of the trap as part of the capacitance. Similar 

" circuits have been employed.i~ the past, notably by Fischera, 

who gets~eaily credit for the tec~nique along with Berkling
9

, 

and Rettinghaus lO - The ions, as mentioned before, have a 

fundamental oscillation frequency wi which is a function of on ' 

the charge/mass ratio, the rf drive frequency and amplitude, 

the dc bias, and the dimensions of the trap. When ions are 

present in the trap .and ooion 1s the same as the resonant 

frequency of the tank circuit there may be an exchange of 

energy between the ion~ and Gte tank circuit. Under cer,tain 

circumstances the tank circuit will take energy from the 

ions, cooling their oscillation. However, if the tank 

circuit 

damped 

of the 

is driven externally and the motion of the i0;ts 15 

by a light buffer gas, the effect is to lower the "Q" 

tank circuit and thus ,the amplitude of the 
1 

oscillations therein ll _ As ooion is a funct~on ~f the de bias 

voltage applied between the endcaps and ring eiectrode, 
o 

varying this voltage viII sweep the ion frequency over a 
1 

certain range; if the frequency sweep includes the frequency 

to olf'which the tank circuit is tuned, york is done on the 
o 

damped ions and a dip in 
1 

the voltage across the endcaps 

occurs which can be obse~ved vith suitable circuitry. 

The detection circuitry was modeled after a similar 

. circuit 12 modified to suit ~he present p~rposes. The coil 

'which makes up the inductive part of the tank circuit is 

loosely 'coupled inductively to a fast integrated buffer 

a" 

/ 

, ( 
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followed by a high-gain rf tra~sistor amplifier. The input 

of this a,mplifier was °bypassed with an LÇ shunt to r~duee\ the 
, , 

amplitude of the rf drive reaching the detector. The 

amplifier is folloved by an emitter-follover buffer and a 

rectifier- stage which derives a de signal from the ac input. 

Both the buffered rf amplifier and the detector_ output may be 

monitored. The amplifier output g~ves some idea of the 
<>. 

absolu te amplitude of the oscillation~ in the tank circuit 

while the detector output- shows changes to this amplitud_e as ~' 

peaks and valleys. The tank circuit is tl~iven by a signal' 

generator tuned to the resonant frequeney an~coupled through 
1 

a ,thr.e megohm film ~esistor~_ee-~~~~----
-- ---- -----

- -- -

DATA ACQUISITION' SYSTEM 

euts and 16 outputs, aIl of which had an operating /// 
1 ---/ 

~ ,/ 

--+5Vdc and 8-hi t resol ution. Conversion time_ --for 

for the DAC 

the ADe was 9 microseclln while the slew rate 
-~ --

vas lOV /msec.· 'Contr l1.ing subro'utines were 

one 

written in 6502 Assembler language while méin programs,were 

written in Applesoft Basic. A special purpose machin~ 

language display routine was developed w~ich could update a 
c 

sereen display as often as 40 times a second. 

The interface card pe~forméd 3 functions. lt turned the 

-

/ 
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ion gun on an,d off by changing the gun bias 
~ 

lt vol tase. 

directly genera'ted the dc sweep vol tage applied in 

conjunction with the rf drive to the ring electrode. Final1y 

it read the detector output and stored t~is information with . 
the dc sveep voltage. The dc sweep was derived directly from 

the -5--+5V' output of one of ~he DAC channels and cou pIed 

resistively to the ring electrode. The capacitive link to 

the rf transformer, grounded on the other end, imposed a high 
-Q 

frequency limit on the sweep rate~ The gun bias was 
<60 

controlled by a transistor in series with a variable de power 

supply. Base eurrent· vas s~p'plied . from one of the DAC 

channels through a resistor. lt was possible to control the 
1 -

magnitude 'of 'the bias voltage by slisht variations in the 

base current but for the experiments described later the 

transistor was just "used: a, a switch. lt was necessary to 

build a further amplifier and level shifter to maximize the 

resolution of the ADG. This was accomplished with an 

inverting op' amp vith the positive input tied low and the 

deteetor coupled capacitively vith a large capac~tor. (See 
~ 

f~gure 16 \or a block diagram of the ion trap operating 

system. ) • 

nTRAP EXPERIMENTAL DATA AND RESULTS 
r <1 

"Several preliminary experiménts were" performed with a 
, 

view t~ ealibrating the various instruments used to measure 

l' 

() .. . l'il 
. Ir 

1 
1 

/ 
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. thj 

t\e 
operating" parameters of the trap. As mentioned before, 

base prèssure readings of the gas analyzer tube vere 

compared against the readings from a Penning-styl~ ionization 

gauge and 
j~ 

found to be in rough agreement over the operating 

range of the Pen~ing gauge. ~ calculation of the buffer gas 
t~ C' 

pressure through use of the ~pproximate compr~ssion ratio 

given for the turbomolecular pump when used vith)a heliu" 

residual· gas and the foreline pressure measured with a 

thermocouple gauge ~as compared with the gas analyzer reading 

to get a measure of the buffer gas pressure when it was high. 

A known BC voltage was applied to the end cap electrodes and 

in order to get 
~ 

an experimental figure 
\ 

for the 

effective gain of the detection,and amplification circuit. 

To get some, idea of ~the ions available for trapping, the 
) 

, total 1 ion eurrent and the fractiun reaehing the ~ar end cap 

through th~ hole i~ the near end, cap vere measured with no 

drive voltages applied. 

The trap was firs't at the 
"­

lowest pressure 

attainable (around SxlO-8 Torr) and vith a high ion ~urrent. 

The output of the detection circuit showed a definite energy 

exchange between the ions and the tank circuit at the , '. 
resonant frequency as the dc sweep varied the ion oscillation 

~ 

~requency through the tank resonant frequ.ncy. The "peak" 

man1fested beats on either si de of the main central peak an,d 

a tendency for the main peak to be positive, 1ndicating the 

tank circuit vas tak,ing energy from the ions rather
4 

than 'the 

. , 
J 



( 

o 

- 59 -

. 
other vay aroun<;l. The storage times were fairly sbort,and 

1 

the amplitude of the signal was low compared to those of 

later experiments. See figure I 7. 

The pressure in the chamber was then raised by allowing a 

controlled helium leak through a needle valve while the pump' 

continued to func tion. As the helium background pressure 

increased, the peak became much more stable. With quite 

smali background pressures it assumed the characteristic 

smooth negative peak with a small amount of ripple and 

overshoot on the sides. lncreases in pressure up to the 

order of 10-4 Torr resulted in corresponding increases ~n the 

peak height. After 10-5 Torr the peak began to broaden 

noticeably and above 10.-4 Torr the broadening became 
0 

pronounced, vhile the amplitude ceased ta increase and even 

,diminished slightly. See figure 18. 

With the buf f er -4 gas pressure maintained st around JO 

Totr the trap was emptied and the gun turned o'ff. The gun 

vas turned on and the peak was scanned at .5 second intervals 

to observe the rate at which it grew'vith time. The trap was 

then filled and the gun t urned off; the trap wàs again 

scann~ at 

signal ~h 
.5 second inter,vfills to observe the decay of the 

time. lt was observed that from th~, point,at 

vhich the p~ak was fir~t observable to the point at which its 
1 

height was stabi12~ed it moved~to the left. This' indicated 

a freq uency shif t due ta space charge in the trap which was 

used to calculate thè ion 'density by the Fischer method. See 

" 

• 

J 

,\ 
'.' .. 
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figure 19. 

The amplitude of the detection signal and the amplitude 

of the dip in this signal shown by the peak height were used 

with the empirical model to calculate another value for the 

number at-ions in the trap.' This 'alue vas compared vith the , 

estimate of 10n de~s1ty given by Dehmelt's space-charge 

limited density and that given by Fischer'e frequency shift 

estimate. The slope of the fill rate plot, coupled with a 

"best guess" estimate of the number of ions in the full trap, 

gives an estimate of the capture efficiency of the trap for 

ions injected through a hole along the z-axis of the trap. 

CALCULATIONS 

(A note concerning units: Dehmelt's formulae are derived 

in Gaussian units .while Fischer and the empirical method, use 

MlS units. The formulae are expressed as they appear in the 

original texts ,in order ta facilitate referen~e ta thell.) 

1. Experimental data 

Peak height of 4.4V corresponds to dV.4xl0-3V. 

Peak shift due ta space charge. lV. 

r 2 • 2z 2 • 4xl0-4
112 

o 0 

Rf drive: 275 kHz, V-200V. 

Detection drive: 50 kHz, 60x10-3y • 
. 

Peak broadening: Q of resonsnt circuit. 150; C - 500pF; 

2. Ion~density (Fischer method) 

N - p/e- dUx4Eo/ro2e 



.. 

, 

\ -

~ 6x1011 /m3 

• 6x105/cm3 

- 61 -

3. Ion density (Dehmelt method) 

N .. 3V2/16'11'IDZ 4w 2 o ri 

4. 

• 2.6xl0
6

/cm3 

Actual number of ions 

q • 2eV/mz02Wrf2 

- .5 
2 2 8,1 - -4eU/mz II) f o r 

• .015 

'a2 - .018 

,,-

B - (a - (a_l)q2/ C•2(a_1)2_q 2) - (5a+7) q4/(32(a-1)3Ca- 4» 
- (~a2+588+29)~6/(64(a-l)5(a~4)(a-9»13 

Bl • .384 

Qlon- B/dB - 8,0 (apprQx) 

2 2 2 2 2 
N • d(V )/V ) x (CII)ion mzo /4e QresQion 

• 8x10
4 

ions 

5. Trapptng efficieDcy 

Iil the first second of injection 'te peak reached 
4 ') 

1/4 of its maximum; therefore 2x10 ions vere • approximately 

, -8 
trappe~ The 10n gun produced a current of about lx10 

-la'" smpares of which sbout 2xlO amperes entered the t'r'sp; this 

corresponds ta about 109 ions/second. The capture efficiency 

19 on the order of 10-5 • 

... 



0'-" 

. 

Faraday Cu-p--- -'-

.., 

B 

~ 

• 

TI Mass' D 
iltèr 

Figure 7 

Vacuum Systea-

Block Diagra. 

-
~ 

Electron . 
Multiplier-

<t 

Heliu. Needle Ble~d 

J 

B 
Cl 

--

Ion 
Trap 

-eybold­
ereaus 
urbov,ac 

~\ 

-

Liquid 
itrogen 

Coldfinger 

Q\ 
Vacubm Gauge N 

itrogen Bleed l 

Yalve 
ir Bleed 

\ 

Alcatel 
Rotary Pump 



·-

r' 

~-, 

.... 

t 

~ 

Alullinum 
Macor 

)Soron Nitr;!. de 

Tungsten Wire , 

~ 
Stainless Steel 
Cylinder . 

,\ Stainless Steel P 

Bias Electrode . 

Figure 8 (n~t to scale) 

Ion Guo vith Mounting (sketch) 

D. Young 

... 



~ 
r- :-. 

" 

.....,.. 

; 

:8-· - . 
..... 

1 1 

~ ) CI) 
l 

-< 

• 

(" 

.' 
r-------------Aluminum Hounting 

Ir=;:t;t==i. J i OCfeflon Washers 

:--, "Brass Sèrev vith 

... .,. 
1 ._ ... 

BalI -Bearing 

1/2" Stainless 
Steel rod 

~-----Mlhreaded rod 

----__ ..... erallic insulator 

Figure 9 (not to seale) 

Hass Filter Details (sketch) 

D. Young 
" 

-c 

0-
~ 



.-

.... piçoammeter .~ 

" 

. 

Oscilloscope 
.(10001oad) ~ ... , 

. 
1 

{ ~ -
. f -

Broadband Tr.ansforller 
RF A.vlifier 

, (O-IOOOV H: (0-25 ) . -
,. '1 l' 

~ 
. - - ~ T t 

, 
Dual 

Oscillator Rectifie~ , Trl\cking 
_ (lasHz) .. 

" 

, Regulator 
(O-IOOV) 

<. 

-

( 

Faraday Cup 

l' 

Electron 
Multiplier 1..-

i' Tube 

Hass , Filter , ,. -
.. 

'~ 
'"- . 

Ion 
L 

Gun ~ 

'l' 

Keater 
Current 

(O-50V,15A) 

j 
.~ 

L 

-

.. 

-

L 
, 

) 

-3000VDC 
Suppl y 

. 

. 

DC Bias 
Supply 
(D-l"QOv) 

-

Pulser 
(+/-30V)"" 

-
---

., 

. 

~ 

1 

0-
I.n 



-.........-
'1 .. ~~ . 

.-t 

J 
10K 25K 

~. l' ) '. 

v-LL:.- ~! 
1 L--7 l ' 

~t ~ 
~ 

CI) - :1 ~~ 
Il 

'" 
M ~Ak' T1AIt )" .; 25K , 

-. ptp 10p 10p t70~ , --=-___ t-' ( ~f ~ ~ E- '\" oooo~ E'" -' u-> ''''-\ V''-~ 
~ .. 1 -:. h::t 1" a .. , ": 0-

0 0-. 
" -

" 
7 

1 ~ { 1'\ ........... ,1 10K 

ë~ .~ rt~ ~ ~ <tl 0- O· 
1).4 T·1p 

v--
tf> J \ -L - -- -. 
t·' 

--1- ~ Figure Il 
~ -e 

". f. Haaa Filter Rectifier and De Supply ~ .. ~E+ and E- 8r~ çonnected to rod pairs 

~ 

'2 r 



-' 

. . , 

1 • 

.\ 

1 ---.. 
1 " -'- \ 
l " \ 1 \, 

+- ,----
1 1.' 

1 

67 

Figure 12 

Ion Trap Details 

D. Lunney 

Ceramic 
Insulator , 

Ceramic 
Insulator 



" 

". 

• 

(Th~s page deliberately left blank) 

-, 

(') 



- 68 -

r 
J " 

" . 

,0 

Figure 13 

Photograph of the Ion Tr~p--Ion'!~Gun Assembly" ." 

Photo by R. Moore 
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Figure 14 

Trap Detail Showing Hole in End Cap 

~hoto by· R. Hoor~ 
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V CONCLUSIONS 

lt is easy to explain the apparent discrepancy\. bet'ween 

tne number -of ions calculated' empirical1y 'and the iol 

> densities predicted by Dehmelt and Fischer on the basis of 
\ 

the results of Knight and Prior noted above. If the ions are 

actually confined to a much smaller volume than the inscribed 

ellipse, then the densities of either the Fischer method or 

the Dehmelt method could be consistent w~th the smaller 

number of ,ions observed. lt shou1d a1so be noted tpat the 

trap was ma~e of aluminum sitting in close proximity to a 

heat source. The base pressure in the trap ~as probâbly an 

order of magnitude higher than that indicated by the yacuum 

gauge andÇthi~ wo~l.d tend to ~ake the 

The trappij8 eff1ciency of 10-5 is 

~rap less effective. 

nothinS,to be proud of 

but this 1s 

efficiency. 
r 
i 

j. 

certain angles 

a first effort, vith no effort ta m~imize the 
\> 

The work of 

of injection 

Schuessler and 0 suggests ~at 

might ~~ more 1ike~0 lea~ to 

capture than the one chosen; R: M.oore has suggest,ea that 
/ 

.,> 

.\ -bunch1ng the ions m1ght make them easier to ,.,catch and that 

not only the rf drive fr~quency but a190 tM ~uch ~ower ,ion 

oscilla tion' frequency m1ght produce ~hase effects worth 

exploFing. Lunney hopes in h'is the ~" to mathematically 

explore some of these""'l uestions thro,ugh con,$ideration of a . 
man'y-body model w1th the buffer-gas interaction taken into 

account. 1 
, , 

, ~ 
, 

(' . , 
1 

" 'r. 1 
j 

.. 
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At'the Foster Radiation Laboratory a stainless steel trap 

vith provisions for laser detection is under construction; 

our laser group is intereste'd in the pos~ibility o.f using the 

trap' for high-precision measurement of nu~lear.propertie~ of 

nucle! such as the various isotopes of strontium. Work on an 

on-line laser ion source.~s vell under vay and some interest 

has been expressed in the mass fil ter as a possible means for' 

reduc-ing background. 
, 

While. experimental vork on 

radiofrequency mass spect'rometric devices is a new 

development here, there is continuing interest in a vide 

range of applications of the preliminary research done on the 

~roperties of the rf quadrupole field. 

,0 
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