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ABSTRACT | .

- (e - . N ' !
The * mathematical basis for the operation of

“w -

2

~

ridib-freqnency quadrupole devices is described and related

]

‘to the operation of real dévices. The design, construction

aan operation of an rfq mass filter and 1ion trap are
i h:A .

/ ,

estimate of the absolute number of ions in a trap and the
{

efficiency with which a trap can confine and'retain ions =

produced- outside the trap and injected into it:

[V

documented., Experiments aré described wh’ichm ﬁ?avide_ad

RIE
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RESUME .

. ” - \
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Les basgs mathématiques pour l'opération d'appiréils\a champ

\
A

quadrupolaire électrique de radiofréquence sont décrites et
¢ Coom

//ﬁreiiées a des appareils réels. La conception, la

-
¥

construction et 1l'opération d'un £iltr de masse et d'un

piege 3 igns @ ba de champ quadrupolaire électrique de

radiofréquence. sont documenjées. Des expérienQFs sont

b

. décrites qui donnent une estime du nombre absolu d'ions dans
. ) . S 7 -
le " piége et de 1l'efficacité avec 1laquelle un piege peut

confiner et rotenir des ions produits & l'extérieur et qui

o

lui sont injectésféx f
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I INTRODUCTION L T

STATEMENT OF PURPOSE
There are two main purposes'to this thesis: first, to

; B
document the establishment of an experimental facility to

study the characteristic; and possible applications of
radio—frequencg quadrupole field mass selective devices; and
second, to describe 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 4author, with the help of séudents, faculty and
staff of the Foster Radiation Laboratory of McGill
Univerg}ty's Physics Départment, has assembled a vacuum

system capable!gof pressures onsthe order of 5 x 10-8 Torr;

constructed a tractable ion sourde with an output of up to
100 nanoamperes “éih‘ energy variable from O0-200eV and
pulsable with pulse widths down t¢ 3 microseconds; designed,
assembled and tested ;n rfq mass filter and a‘'suitable power
shpply enablin&\ the filte? to be operated both in a
low-resoluﬁ}on, high—transmission mode and a
medium-resolution (around 50) mode tﬁnable over a mass range
of 0-150 u; assembled and tested an rfq ion trap with power
supply - and. detection c@rcuitry; andﬁassembled and tested a

microprocegsor-controlled digital data acquisition system

with 8-bit resolution enabling <Eiizfsition, storage, and



i

rapid display of the output of the iqn trap detection
circuitry.,. These systems were used to inject ions produced
in an external controllable ion gun so las to investigate
possible capture mechanisms. To the author's knowledge this
is the first time controlled ion injectioL into a trap has
been performed.1 Experiments have geen\ performed which
provide an estimate by new means of the number of ions in an
rfq trap2 and a measurement has been made Af the efficiency
with which the trap céptures externally produced ions
injected along the z-axis.

HISTORICAL PERSPECTIVE

‘ Historically tkgv\first rfq filters and traps were
constructed by Wolfgang Paul and his colleagues at the
University of Bonn during the period 19§3-19553. The
lp;inciples governing the operation of the| devices were
suggested by the work of Courant, Livingston and Snyder
develqping the concepts of strong focusing ‘f proton beanms
through alternating gradient magnetic duadrwpole fields in
their work at Brookhaven National Laboratorya. The
differential equations describing the mptions f ions in the
fields associated with rfg mass—s%;ective devices had been
investigated much earlier;oMathieu had in 1868 introduced khe
functions faring his name in mathematicalgljterature to
describe the modes of oscillation of an ell;/ti ally bounded

diaphragm, while Hill dealt with theé more geAera equation of

wvhich the Mathieu equation is a special case in)his study of

‘v\

P I

|
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- the 'mean motion of the lunar perigee' in 18775. Analytical

treatment of real devices remains - extremely diffic;lt
especially when device tolerances and fringing fields are
taken into account, However the rapid development of digital
computers- over \the past 50« years has'resultpd in deeper
underst%ﬁding of the functioning of rfq \devices through
application of .numerical calculation of fields and
trajectories. Application of matrix and phase-space beam
optics offers further insights into the operation of actual
devices.

Rfé mass filters and traps both possess certain
characteristics which give tﬁ:n distinct advantages over the
magnetic spectrometers which were in common use when the rfq

e

devices first appeared. q‘phe mass filter these include

ease of construct;on, abseﬁce of magnetic fields, -easy
ad justment of and tradeoff between :sensitivity and
resolution, 1light weight due to absence of iron cores for
magnets, linear mass scale, and the pésSlbility of high-sgpeed
electronié' scan;ing; * The trap potentially offers these
advantages and in addition the ability to intigrate the ion
formation r;;e. Furthermore the S;dimensibnal trajectory
avoids the 1limita ;s to resolution posed by length in the
mass filter. These advan;ageS”cvupled'vith a large increase
in the) routine application of highaand ultra-~high vacﬁum

technology have resulted in a rapid development of quadrupole

spectrometry which contrasts markedly with the slow evolution



of the magnetic devices. ’ . v .o oa

-

Presently the mass filter is fairly well understood;

t

current developments are mainly in the field of applications
) /‘ . )
andfﬂarge numnbers. of commercial products using rfq filters are

available” on the market today. The rfq trap is a less fully
explore topic. Its theoretical potential as a

high-resolution, compagk, sensitive spectrometer has not been

fuliy realized. to_ this da and its potegqtial as a means of

storing ‘ions produced at a slow rate is hampered by the fact

that one must get the ions into the trap efficiently in order

to benefit from the ability to retain them th e
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_ the_ author; extensive use was made throughout the present

work of this lucid and complete compendium of the history and
techniques of ‘the art, Chapter 1 contains a concise history
and a survey of the many applications of the rf quadrupole

fieldo : ’ . ' ’
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IT MATHEMATICAL BASIS OF QUADRUPOLE FIELD DEVICES

THE QUADRUPOLE FIELD,

The fundamental characteristic of the quadrupole field is
the linear dependence of the field vector Q'on coordinate
position. In cartesian coordinates

E = Eo(jxlx + kyly + lzlz)

where j, k, 1 are weighting constants; lx"ly' 1z are unit
vectors in the x, y, and 2z directions; and Eo is a term
common to the 3 components of E. The fact that this equation

is decoupled in three directions makes it possible to

consider motion in each direction separately. This model is -

rabsolutely valid only in perfect devices, The approximation

is close enough to give a fairly accurate picture of tgs
fundamental nature of the ion motion in real devices although

its«#value in terms of numerical prediction of actual resu1t§

'is limited. : : )

In order to satisfy Maxwell's ‘"Divergence -equation,

ifnthere is no charge inside the -electrode structure of a

!
i

particu;‘r device,
‘ div. E = 0, so that
§+#k+1=0.
Two simple sets. of values which satisfy this condition are
a). j = -k, 1 = 0;
b) j =k, 1 = <23
with casé a) applying to the mass filter and case b) applying

i

.

%



to the three—dimensional rfq ion trap.

A potential distribution giving rise to a field of this

type is y
P = (-EO/Z)(jx2 + ky2'+ 122).

N
X

(See figure 1 for a diagram of a two-dimensional poﬁeqtial

distribution giving rise to a quadrupole field.)
{

[}

EQUATIONS OF MOTION--IDEAL DEVICES

The ideal mass filter consists qf four hyperbolic

#

cylinders, in%ihitely long, arranged with a four-fold

symmetry about the z-axis (see figure 2a). If the distance
between opposite cylifnders is 2r0 and, the potential between

adjacent electrodes is Po then
P (P /2r %) (x* y?) with

2
EO = -Po/to .
The ideal ion trap is a three-electrode structure with two

L] .
end-caps and a ring electrode. A cross-section in the r-z

plane shows compleméntary hyperbolae with a ratio of 21/2 of
the semiaxes (ro/zo)(see figure 2b). If Po is applied
between the ring and the end caps then inside the trap

2).‘

For the mass filter the equations of motion are thus

P = (i’o/2r02)(r2 - 2z

dzx/.dt2 + Poex/mro2 = 0

2 5.2 2
d°y/dt” - Poey/mro =0

d2z/dt? = 0 ,

with ions of <charge e and mass m, neglecting géavitational'
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r

forces.
For the ion trap,

2

2 2
d°x/de” + Poex/mr0 = 0

4%y/dt? + P ey/mr 2 = 0
o o .
dzz/dt2 - 2P ez/mr ® = O. .
o o .
In cylindrical coordinates, with x=rcosd¢ and y-&sin¢. the
first two equéfions for the ion trap may be ttansforqti.into
the equivalent equations :
W
a?r/ae? - r(d6/de)? + P_er/ar % = 0
2(dr/dt)(de/dt) + r(d?s/dc?) = o, “ -
The latter equation yields the result that r2d¢/dt is a
constant; angular momentum ig conserved in the trap. The
former equation may thus be written in the form —
dzr/dt:2 + Poer/mrozla L%/r3 with
L = r2dé/de.

_The term containing L may be thought of as similar to a .

"centripetal force and makes it impossible for an ion with an

initial angular velocitzw to reach the center of the trap.

AY

For most applications the angular velocity may be considered'

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

trap becomes ,

2
e

¢
8

d2r/dt? + P er/ur % = 0,
o 0 .
In sinusoidally driven devices the potentiai P° is chosen

to be of the form (U - Vcoswt) with U being half the DC and V

- being half the peak AC voltages appliéd between adjacent

electrodes, and w being the angular frequency of the rf drive

Ao , : (§
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~
\»-,/,

(w=27 x the rf frequency). Make the following substitutions: -

.for the mass filter ’ [ \i\\

' a ma = -a = 4eU/mw2r 2
u X y . o
2_ 2 ’
qu = qx - —qy E J ZEV/mw t‘o N ) o .
Z = wt/2 ' . .
while‘for,the ion trap . ] c . '
! 2 2
a, =a, = —Zar = -4eU/mw Ts - \\
qu ; qz = -Zq = -ZeV/mwzr 20 / &

Making the substitutions in the relevant equations of motiom
puts each of the pquations in the form {\/
' d%usdz? + (a, - 2q cos2Z)u = 0 y , g g

which is_the canonical form of the Méthieu equatch.

$
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ANALYTICAL SOLUTIONS TO THE HILL AND MATHIﬁG/;QUATIONS

ve

'LAS . mentioned before the equations of motion of partﬁcles
in rfq devices may be reduced to equations of the form -

. - o
(1) a%uaz? + (a_ + 3, 28_cos2s2)) x U = 0

where the § indicates summation over s from 1 to infinity and
the summed term represents any function W of period m.

Floquet's theoren states that for any second-order
W

differential equation with periodic coefficients there exists
q‘soluéion U such:that

U(Z + 27) = K x U(2)
where K is a complex conétantz.

Let

K = eu";

-

Construct \ _ .
P(2) = e H2y(2); then |
P(Z+ 1) = e " Myz + 1)
'me HZe"HTyy(2)
-e M2y (2)
=P(Z)

© -

- go that P is ﬁériodic with period T and may thus be

repregented by the series
eZinz . | .

§-nCZn ?

n including negative and positive integers, and U may be

written in phé form

uz 2inZ
(2) e §n02ne .

2N

L

. . PN



o 2isZ) : ,
- SyPAgcos2sZ = S,A (e (\

with }As - A_s’an@ s now including all integers as-~well, and
equation (1) becomes
d%usaz? + 3 _a_e?1%%ya 0;

substitution of (2) for U thus leads to an infinite series of

eg#f?ions of the form ’

2 (2in+u)2
§,(2in+u)7C, e +

2isZ (2in'+n)2Z
(SgA,e )(8,4Cyve )=0
Removing the common factor euz and setting the coefficients

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

equations of the form

. 2 '
In the general case for any W of period m if the As place

limitations on the parameter u.themn it is clear that tggkczn

-

are also functions of the As and thus that the essential

nacpfe of the motion is /indepéndent“ of the initial
coéd;;ions. For the set of equations (3) to be consistent it
is 3quessary that the determinant of the coefficients of the
bé'zero. It can be shown that

2n s
1) this determinant is convergent;

c

2) that it should converge to zero requires that

v ' cosh(mu) = 1 - D(O0) x sinz(nx (A°)1/2/2)

3) .D(0), the value of the determinant for u=0, may be
\

A ‘ approximated by considering the central 3x3, 5x5,

T,

v

’ »
‘ \
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etc., terms to give as close a determination .

as necessary for an actual value of Hye

To recapitulate, to this pgint it has been shown that
: 2inZ

u ‘ .
u(z) -~efx -S-n(?Zne ‘ \/

1

is a solution to equation (1)

\ . .
(”~and that sgpecifying the As determines u, Subgtituting -Z -

for Z 4in the differenfial equation does not alter it;

theg;fore ‘

-~

-2inZ

uz
x §n02ne

U'(Z) = e~
,is also a solution. Pnder most circqp;&ances this second
\solution is independent %f the first so that the complete

solution is

uz 2inZ ~uZ -2inZ
B,e™ x §&C2ne + Bye x 8,Con®

with only B1 an&/?g;\ to be determined by the boundary

condit%ons.
l\ The essential nature of the solution is detérmined by the
ﬁrﬂgparameter u, with the following possibilities; U may bg
real, in which case one part of the solution will increase
without bound as Z goes to infinity and the other part will
increase without.bound as Z goes to negative infinity; | may
be complex, in which case the real part of W will lead to aq
similar result; or u may be purely imaginary, of the form ié
where B8 is rhél. There are several variations in ghis last
case as wel{.' If B is ratio .theﬁ tﬁe‘complete solution

is -periodic and bounded; while if B is irrationa% the

solution 1is aperiodic although bounded. However it is true

RV i
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2n

certain values of BA' For the Hill equation fgeneral W of
beriod T) a%other periodic bounded solution may exist under

|
these conditiions; hoWever for the Mathieu equation

(W=2qc 2sZ, 0= jd corollary of Ince's theorem noted by

Arscott stgt%s"‘hat when u=iB, B8 integral, the second
N \

o

\ .
indeperdent splp on will be of the form
*
B4 ZU(Z) ‘T F(Z)

where F(2) %s a function of period w or 2 m, By is a
A \ )

conktant havinﬁ the value Uz(n)/%, aEE U(Z) is the function

»

given by (2). The term containing Z is unbounded at posifivgn
and negaE ve iLfini;y an:\\§ﬂ§=525} completé solution is

unstable in the Lase of Iintegral B as well, "+, X

. I * . . ,
|

and U' are 1linearly depanent. The recursion -

; ' ' ‘ > »
‘formulas 'relating the Jr—’\;ake lcertain of them equal £or

Ll
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MATHIEU STABILITY DIAGRAM .

For - the Mathieu equation the determinant of _;:e‘
coefficieﬁts is somevhat simplified; the set of equations #s
still infimite but there are only three non-zero terms in
each edﬁation. As has)been indicated above, spécific values
of a dnd q determine the characteristic exponent u and the

sfability of the complete solution. Recursion relationships

derivable from'the abéve equations lead to numerous formulae
0 ,

7’

. \\
for approximating u whose applicability depends on the

absolute and relative magnitude§ of§; and'q6. For particular

@

a and q values of specific interest, tables-of u have bé;ﬁ

published making calculation unnecessary,.

! -

The parameters (a,q) define. a plane'}hich can be divided
into regions of stable and unsfab%p solutions to the Mathieu
equation; that 1is régions‘ w;th ‘imag;ﬁary 9 (=f(a,q)) anq
regions with real or complex wu. The boundaries.of thg
régions are known as Mathieu:.functions of integral grd;r (see
figure 3). Considering again theVM@Qﬁieu equation’

d2u/dz? + (a - 2qcos22)U = 0
it is -clear that as q approaches 0 there are two‘solutions to
this 'egL;tion. one of the foqﬁ U = ;inuz and one of the form
U = cosuZ, u2-a. The fynctions f(a,q) with characteristic
exponent iB, B of integral value which reduce to sinuZ and

cosuZ when' q=0 are known as Mathied functions of the first

kind of order u. A “common notation 1is ceu, seu,vfor

-

-
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cosine-elliptical an{ sine-elliptical., .

- 16,~- ) .
1 ) %’h

-
o

A

The curves in figure 3 show plots of specific values of a

characteristic:. exponent of which is iB8, B
interesting properties of
discovered. For the p%es%ht

that the curves do not intenée

end q which lead- to solutions to the Mathieu equation the

Mmtggral. Many
B
functions have been

e . L@
urpose it is sufficient }o note

-~

except at q=0 and that when a

point (a,q) alies between. cendand se 1 th?/;alue of is

-

purely imaginary while between ce and siﬁ, U may be either

complex or real.

<

/

5 »

Two final facts are necessary to understand the
i
mass-dependent operation of rfq devices. First nd q are
hl . F o ﬁ " |
directly proportional to U and V, the oﬁéfétin?’v ltages, and
inversely proportional to the gass/ of the io: pecies in.

ques ;on.

t mass

For a given U and V ratio a/q is independent of

but the specific valies 8t a and q;,and hence the

characteristic exponent U, vary with the mass. Even|if the

alq ralio

and V changes u.. Second, the symmetries of the i
/\ [ v

equation
and -q,
}eflectgd

There

or both of the solutions ares unstable. As '

a
X

1

and the mass are fixed, varying the amplitude of U
Mathieu

and its solutions é?éxsuch that.if a and q become -a
the diagrgm of stability in figure 3 is simply
through thelYq-axis.

are regions of the (a,q) plane in which the two sets

= vay for the mass filter
9
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while L/

a_ = -2az for the ion’ trap, . ) -

for a given U and V there will be som; masses confined in
either two (filter) or three (trap) dimension; and others for
which the ions will eventually leave the device. See figures
4 and 5 for views of the overlapping regions of stability for

the mass filter and the ion trap resbeccively. o-

«
- -3
4

[
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Fig. 1. Egb{gotential lines for & quadrupole field_whére

B (0,/2r0%)(x2-y%).

Fig. 2a. The electrode structure required to gene}ate the
potential shown in fig. 1. These are the ideal quadrupole
mass filter electrodes having hyperbolic cross-sections.

‘Fig. 2b. Section through a three-electrode ion trap showing

the hyperbol surfaces employed. The dimensions ro and 2z,
are related Py 2g2=22,2 0 .

from Quadrupole Mass Spectrometry

P. Dawson, ed.
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Figure 3. Stability chart-for Mathieu functions of integral
order. The characteristic curves ap, b;, a, b2, ..., divide
the plane into regions' of stability and instability. The
even-order curves are symmetrical, but gﬁe odd-order cugves
are asymmetrical about the a-axis. The complete diagram

is symmegtrical about the a-axis.

from Theory and Applications o thieu Functions
N. W. McLachlan :
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Fig. 4a. The Mathieu stability diagram for the mass filte
showing ‘the regions of simultaneous stability in the 'x and

it directions,
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stabiliti region normally used in mass
filter operation showing iso-8 1lines for the x and y
¢ directions and a typical operating line.

a

from Quadrupole Mass Spectfometrz

P. Dawson, ed.
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Fig. = Sa. The overall stability diagram for the
three~dimensional quadrupole ion trap obtained . by
superimposing stability diagrams for the r and z directions.
Fig. 5b. The 1lowest region of atability for the quadrupole-
ion trap showing some iso-B lines.
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III REAL DEVICES

The analyti solution to the Mathieu equatiénupredic;s

i

the motion of a single ion in an ideal trap or mass filter.

"

solution will be/ of the form stated above with the

stapility of the craj@ctqry detgfmined by the éqrameters U,

V, J¥nd the charge/mg s ratio of the ion ig question. These

parameters are 1uffiqient to defer@ine the characéetistic
.

exponent and_ coefficients of the Fourier series in the
L csd )

solution, while the agtual amplitude\gi the motion in a given

direction is a function of initial Yposition, velocity, and

phase in addition to the C2n' ‘

1]

Even | considering the trajectory of a sinii: ion, the

)

}
’\folution

analytical approach presehts;'problemQ. A preci
depends on knowledge of initial phase, velocity, and pagition

N
of theﬂon. These @re t always easy to determine and if it

in 1F¢Bntinuous

or § large number of

> l\
is _desired to o§2ra thy device in quest

mode the amplitudeé ust be calculated

in .

different 1initial/ phase to give a prediction of

transmission in the:-case of the mass filter’or p;péure f;xﬁhe
case of the ion ' ap. Fringing fields in the casé of the
mass filter and geometricalF”imperfections in both devices
introduce other errors whicp become very difficult ‘to treat
analytic§11y.] The,exigtence of other ions and neutral atoms

in the vacuum adds further difficulties. If'isldiff;cult to

even construct - an equation ;ﬁh%ch adequately describes the
- &
o

’

‘ ) . //’m‘ . | .
R O =



{ - 25 -

many-body problem pregented. When the equations 'are
'forﬁulated, anal?tical solutions- mey ~be difficult 1if not

possible, | The‘twd approaches to the problems presented by
actual 1rfq devices in the real world ere ﬁtmericalssolutione

4

and simplified models,

NUMERICAL METHODS--A BRIEF SURVEY
. 1 It 1is ‘not the#@urpose of this thesi;‘to give ; detailed
/ ¥§ ' .description of numerical techniques brought to bear on thev
fdesign problems \of rfq masé-;elective devices but a brief

LI survey of the field is perhaps in order. Real electrode

gé ° structures do~%ot give rise to perfect quadrupole fields; the

J} . " "technique pof finite differences enables a numerical .
?fy - caltuletion of épproximate f#eld»sttzngths which is perhap;
. more ’:han‘the perfect quadrupole fields apsumed?in
* the Hetpieu equatidhiik Given a refined field approximation
\\\\ ftte modified equation qf motion may then be in€egrated point

\Qy point te arrive at an dion trajectory. based on the

‘\ L

t\ne-dependent forces and resultant accelerations, Given
“initial posit;én and veiocity, the position and velocity at a

‘time t + dt sare approximated on thp ﬁbasis of

‘~\\ kA a;erages of velocity and acceleration over dtz. A
N used approximation is.the Runge~Kutta method which can give
vari%us' orders‘ of accuracy of 'approximations. Anotheé
«{% numerite} method ueed with success involves matrix

qultiplteation similar to that used by acceteérator physicists !

I ! -
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to study beam optics. A continuously varying field is broken

(4]

into piecewise constant portions; the portions are treated as
lenses bbich affect velocity and position in a particular

-coordinate dimension in a way which can be described by a

matrix multiplication; the product of all the matrices which’

make up a complete cycle of the field gives tﬁe single matrix
which describes the effect on position and velocity of the
traversal of a complete cycle. This matrix raised to the nsh
power shows the effect of n cycles of the fielda. Finali;
the applid;tion of phase space dynamics in conjunction with
"the_ matrix methods discussed above '"not only simplifies
long-term traje;tory calculations but allows :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."5

14

SIMPLE MODELS ‘OF ION TRAPS AND THE EFFECTS OF SPACE CHARGE

Given the existence of;other particles besides the single,

ion for which the analy ]l solution 1is calculated and the
~4field imperfections -present 1in real devices, the Mathieu
equation and its solution themselves represent a simplified
model of the actual conditions. For the maQ} filter,
1part1cu1ar1y when used as a gas analyz;r; low ion current

densities mean that space charge and the presence of other

particles in the filter do not usually constitute a/sefist

.
-

perturbation of the equation of motion. However the‘idﬁ7tr‘g

e
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is another matter. The device is intended to accumulate
charge and . to retain it for long perioeds of time so that an

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

trap and with othér molecules in the vacuum system, 6ne-of

'the qptivatians for the research which spawned this thesis -

(Y

was the investigafion of %gjettion into a trap of ions !
created outside the trap. Such ions must clearly have a
maximum amplitude in the fundgﬁghtal harmonic of greater

dimensions than the traﬁ unless the trajectory is altered

P

once inside the trap.

In order to determine the capture e¥ficiency of a trap it
is necessary to have some notion of the absolute number of ~

_ " d1ons in the %trap at a given time., Most detection methods
give a clear picture of relativé numbers under given

operating conditions. ﬁ&:gyer the absolute magnitude of the

- %
stored charge is difficult to estimate. Most published works

3 for théospace charge

give estimated  values of around 107/cm
density, g. Given the high voltages involved in the
B ’ .

confining fiéld. a quantitative' measurement of this charge

collected, for example, on one of the electrodes of th; trap
presents certain diffic&lties in instrumentatiLn. Some
investigators have built essentially transparent traps and
(qollected ~th%3 ions ejected from the traps on
electron-multiplier dynodesﬁ, but there aré enough variablesuA

in the transfer efficiency from trap to multiplier to make’

- this method of questionable precision. | Fischer;' and ~ /"“&“\“
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Dehmelté-have offered two different methods of estimating the

o ' \?ﬁg ¢
maximum number of ionhs conthined in a trap based on simple

models of the ion motion while R, B. Moore has suggested to
the author a means of relating the amplitude 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'S MODEL “ i .
The method qf'Fiséher7 assumes that the buildup of space

charge in the trap has the effect of changing the dc bias

~

voltage U in “the Mathieu equagjon. Based on the potential

distribution inside an ellipticdl spheroid of constant charge

density p with r 2-22 2-

he derives the result that dU_ =
o o z

-dUr = -progléeo vhere &, is the permittivity of free space.:

1

3

The shift in dc bias dU "will lead to a change in the

characteristic exponent and thus to a shift in the resonant: =

-

frequency of ‘the ions which may be measured " with -the
detection circuitry employed. In practice';he shift in dU is
measured directly as the lateralotranslation of the ion peak
as its amplitude grows:

THE DEHMELT-WUERKER-MAJOR MODEL

i 14

The theoretical rodel of ion trap;ing attributed by
Dawson to Dehmelt et al | Sterts from the equation of motion,

I3 ,1 - 0
makes some asbumptions about - that motion, and foes on to

derive an equivalent parabolic potential well in which an.

o

&>

]
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ihdividual ion would execute simple harmonic motion. Further
assumptions about the avefage distribution of ions in a
filled trap lead to an estimate of the maximum charge density
acceptable, This model 1is worth examinihg in some detail
becaugse it gives a picture of the confinement process which
is a little easier to cope with intuitively éhan the Mathieu
equation solutions, .

The method of Dehtj}t. Major and’Wuerkera’g.lo breaks the
motion of an ion in/khe trap into a micromotion which may be
described as an oscillation around  a moviné center at the

»—\inequfncy of the rf drive and a larger motion, that of the
genter around vhich the micromgotién dscillafes. Thg
assumptions are that the micromotion amplitude is much
smaller than that of the\drift mot?on but that the- velocity

of the micromotion 1is much greater than that of the drift.

3

Based on these %ssuﬁptibné an equation describing the drift
motion is derived which describes a particle of the same
charge/mass ratio moving in a parabolicapotential:gell. tha;
is an eéuation of simple harmonic motion., The frequency of

this motion turns out to be rouighly the same as tﬁ%ﬁ

N [ d
predicted by the characteristic exponent. .

One starts, then, from the equation of motion put in the

canonical Mathieu form:
~ 2 2_ - ) -l -
d ?/dx - (an anc232x)n with x wrft/Z, .

wvhere n = r or z and a_ and a, are as previously defined,
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Assyme
n=2+z,
where Z is a large-scale secular motion and 2z is

micromotion due to the rf drive and oscillatory about Z

\

v
Assume that the driving force, proportional to q, is not too\
large so that z<<Z but dz/dtd>>dZ/dt. Then

2 2
_d z/dx“ = ---(an - 2qnc032x)Z

i

‘If a<éq and Zlis constant through one rf cycle, integration
yields

z = -(anco;2x)/2,
an intermediate result regarding which it is interes;ing to

0

note. that the micromotion incrgases with Z and is 180" out of

phase with the rf drive. Substitution into the equation
which relates n, Z, and z yields

n =2 - (anc082x)/2 .

¢

and substitution of this result into the original equation

-

leads to .o
dzn/dx2 = -a Z + (a Zcos2x)/2 + 2q_Zcos2x - g 22c6322x
n ndn iy n
which when integrated over a complete cycle of the rf drive
yields the result ‘that — -~
(a%2/dx2),, = —(a_ + 4.2/2)2, as (da%2/dx) , = 0.

The above is ‘the equatﬁon for simple harmonic motion with

angular frequency with respect to the variable x of wx-(an +

qn2/2)1/2. Remembering that x = wrft/Z, the ionic

('9
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3

oscillation angular frequency with respect to time is ?

Wy oo = Bwr£/2 with B-wx.
Consider motion in the z direction, ~with ﬁz-o, ’
qz--2eV/mz°2w:;2. The modified equation of motion then
becomes

4

2
wrf )Z“

»

a22/dt? = -ce*v?ranta)

The ‘"force” on an ion of mass m and charge e is therefore

given by . .,
md’z/dt? = -edd_/dz, vith
2 4 2
dq{dz = eV Z/Zmzo W Integrating dD from.0 to Z g
2 4 2
DZ = eV /lunzo wrf e ¢ ]
Keeping in mind the relationships between T, and z, and

» it is easily established that D = DZ/Z

=lz 20
o

for a trap witﬂﬂg
‘ £ . ‘ ‘ -
’//7i\The' assum%ﬁi’ns of small q, negligible a, slowly varying

Z and 2z<¢<Z thus lead to a picture of an ion executing simple

between q, and ¢
2

z

harmonic motion in a "pseudopotential™ well parabolic in
shape and of depth D.. Accordiné to Wuerkéris tgese_
assumptions remaiﬁx self-COﬁsistent up‘until a poiﬁt around -
qm=.4- when the ratio z/2 bécomeg too lérge to support the

arguments, Dawson'further g:?nts out that the effect ofran

a) changes the de{l depth .

S

additional dc bias (noﬁ-ier
depending on its sign so that a point is eventually reached

in either the 2z or r direction at which the ion is no longer

R -

It 4is clear that for an ion to experience the force due

\
~t

R

s SR
&
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to this pseudopotential it must be ov;ng in the trap. A
" stationary ion would feel a force thé ac component of which
would a;erage to zero and the dc component of which wouid be
\/;1ngly due to the ‘dc bias voltage, It is also true that
Ke y ion_ added to the trap must bmodify the fields
experienced by tho§é already in the trap and F?at the pict7re
o% & single ion' executing large-amplitude simple harmgnic
. motion cannot adequatelx;descfibe the béhavior of individual
ions in anp ion “dloud contained within a trap There 'is some
evidence ti$t the ions in an ion cloud bech:}:;rystallizéd".
particularly in the preseﬁce of a buffer gas, and that except
for ' the - mfzromotioﬁi due to the rf drive they remain

relatively stationaryls(see figure 6a,b). The force averaged
L 4

over the rf drive cycle then gives:rise to thé confining

\

force.

An estimate of the space charge~limited maximum density of

ions 1in the ¢trap may then be made based on the assumption

- that within the ion cloud the potential must be constant or

the ions would redistribute themselves, Thus 1f Pp is the
pseudopotential derived above and 'Pe is the electrostatic

potential due to the charge of the ions in the trap, then

Y

DPP + Pe = constant such that ‘ .

i -

v; -div.gref?e = div.grade = 4T o
with Poax the maximum charge density.,

Making use of the relationships between Dz and Dr and between

IR —
e ~

4

‘fbro and Z, if there is no dc bias then the pseudopotential

’

-
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_th may be expressed in the form?

¢ A\
‘PP = (Dz/lozdz)(x2 + yz *0422) so that ol
3 2.
. div.grade = 3Dz/zo ; (/aﬁ N
in view of the above one thus has Nk
, 7 "‘«J{r
o) = 3D /47wz -

max 2z’ 7" o N

AN EMPIRICAL MODEL )

R. Moore has suggested to the author th;c it should be
possible go relate the amplitude of the detected signal to.

- TN

the absolute number of the ions in the trap. An oscil}gting B
body driven int9 periodic motion in ardamping environment -
dissipates an ka;;unt of energy related to the driving force
and frequency, £\¥ amplitpde of the oscillation, and the
dampi;g force acting on the Pédy, if these parameters can be
deterTined for a given ion the power dissipation per ion can
be deﬁermined. If the motion of each ion is more or less the
same and 1if the total power input into the system can be
determined then the number of ions can be ascertained.

The ipn‘qetection system employed involveq apg}ication\of
a low-amplitude detectionpdrivq frequency across thé endcaps
oé the trap which wvere gg;t of the capacitive load of a
high-Q ' resonant circuit. . The fundameﬁtal ion oscillation
frequency wés varied while the amplitude o0f the detection
drive voltage across. the endcaps was monitored.J/; drop in
the detection ;oltage amplitude ingicated a change in the "Q"
of the tuned circu%f due to ahsg@%tion of energy by the ions

f
;

- . 1[ .

‘ \



., at the resonant frequen;y. ¥ a VS
‘As  mentioned abovela. there 1is a certain amount of
eviQence for the validity of the assumption that the ions,
when in a cloud damped .by the presence of a buffer gaé,'
become "crystallized” into a more or less s£:t19nary arfay in
which/ the bound jons execute the micromotion described by the
Dehmelt model. There ;s'pgrhaps less evidence to support the
assﬁmption of constant charge density. 'Rgsulfs of Knight and
Prior12 and Schaaf;; Schmeiing and Werth13 suggest that the
charge distribution is an elliptical spheroid with the radial
density function gaussian 1in shape; the charge is mainly
confined to a region with axes around 1/6 the length of_zol
and r°~dn,the z and r directions respectively. If the field
between the endcaps is approximated by the field between
pgrallel p}ates spaced'2zo apart the; the driving force may
be approximated by fcosédrt. The fundamentai oscillation

frequency of the cloud, thé w predicted by Dehmelt, proves

ion
to be reasonably close to the actual frequeﬁcy at which the
ions do absorb energy from the detection circuitry.

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

collisions wi%p assorted\neutral species on the trajectories

¢of ions in‘ traps. Briefly, for light background atoms the
energy loss per collision 1is proportional to the original-:
energy of the incident ' ion. ' and the constant of
proportionality 1is directly related to the ratio of the

respective masses while the number of collisions per unit



time is proportional to the velocity of,the~ion14.‘ A dampiﬁg
coefficient constructed from this sort of en;rgy loss
mecﬁanism glves rise to a term proportional to the square of
the velocity and thus to a nonlinear differential'eq;ation.
If the damping term is small a coQégn way of treating such
-nonlinear' terms 1is to construct a linear term which }esults
in the same .average energy loss over one cycle and then to
s;lve the linearnequation which resu1t315; However attempts
to derive a suitable damping term on the basis df gebmetric
cross-sections and mean free paths resulted in damping
coefficients/ which led to calculgted amplitudes of
oscillation on the order ofﬁﬁeters; instead of a damping ternm
based on first principles it was necessary to derive a term

from an experimental measurement of the peak width, an ]

extrapolation on the basis of the relation between dc bias

|

Fh L

voltage and ion oscillation frequency which yielded a " for.
the assumed damped resonanq:circuit,‘ahd‘a calcu}ation of the
damping factor based " on the‘relationshipipecween Q and the
damping coefficient. It seems likely”thaé the motion:of‘@me
ions under the influence of the rf drive field increases the '

f effective cross—sectional area in some way.

The basic differential equation chosen to describe the

v .
>

ions under the influence of the detection drive Qas ) »
d%2/dt? + (R/n)dz/dt + wionzz = Fcoswt/m {
with F = evdet(zo’ ‘ ’

the solution to which may be .found in many elementary physics

: b

. a
FE
-
’

*
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' or mathematics book316 to be .
z -,(F\?s(wt - 9) (m (w 2, 2)1/2 . ’
2

_w)

ion
‘m)o "b .
For a driven damped system the free resonant frequency.

. tanﬁ - wR/(wion

the damped resonant frequency, the frequency at which the

driven oscillations reach maximum amplitude and the frequency

‘km which maximum power is hissipat j not altﬁigg/Same.\

However if the damping factor-is sma hey are very close °

And may be consi ed equivalent. These approximations lead

to

Q= m\mion/R f/ﬁ
A = F/m R = eV/w ’ . )
max ion ~
The energy %nput to the resonant circuit per unit time may be

4

expressed as
2
wCVv /2Qres ‘
the power dissipated by the ions is
No(mew A2/2Qion).

é\z§%§&§suming the energy input into the resonant circuit to be

unchanged, the charge in amplitudeiin the resonant circuit
must be balanced by the energy abq\;bed by the ions:

wev?/2q_, = wevV*'2/2q_ 4 N 2/2Qion

res

§ Subgfituting for A and solving for N,

2

2 2,02 ' .
VewC/2v'“Q r - wC/ZQres)(wmzo / Qion) = N

es
In fact .the constant power assumption is not valid. All

N

one can say with certainty is that the power dissipated at V'

is mG¥'2/2Q'res vhile that dissipated in the tank circuit is

e
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L1

wev'?/2q___, with Q and Q' the effective Q of the tank

circuit without and with the coupled ions. Setting the

difference equal to the power dissipated by the ions, <&
24142 2 ] , , ’ .
(Ne“V' S0, ) umz “ = (wCV'*)/2 x (1/Q' . - 1/Q,.)
2 2 - ' ‘ ;
or N = (Cuw nz )/(Zéﬁﬁion) x (1/Q res I/Pres)_ ‘ < o

or if Q' = Q + dQ then to terms in dQZ,
) x (dQ/Q).

Comparing this with the constant power assumption‘one finds

N = (colnz ?)/2eq Q.
that the two are identical except that in the constant power ///(
case the'terﬁ (dQ/Q) is replaced by (V2/V'2 - 1) w%ich, if ‘dv ,}

is small, 1is approximately equal to d(Vz)/Vz. If R iS‘thé
isolating A resistor ‘betweeq_the dq:ect{%n drive and the tank/
" circuit, Vo is the detection oscillator ampl%tude. v ang/éf/
are the voltages developed across the detection tank circuit,

aﬁd Q/wC 1is the effective resistance of tﬁe tank circuit at

resonance, then - . . ' \

Vo=V Q/(Ruc +.Q)

V' o=V Q'/(RaC + Q') - | .
If R>>Q/wC then o
vv2/v2 & (Q'2/0%) x (1 - 2Q'/ReC) (1 + 2Q/RuC) %3
- and finally , \ _ | ﬁ,

'a(v2)/v2‘- 2dQ/Q ' . \\\‘\

if dQ/Q>>dQ/RwC, so that ‘
TN = (lucsavla - wer20 ) (umz %/2e%, )

= (4(v2)/v2 szmzozl_aezoresQiKY ‘

;o
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CAPTUEE-LOSS RATE LAW

.The rate of change of ions in the trap will be affected
by the number of ions in the trap, the numbe£ of neutral
atoms qf molecules in the trap, and -the rate at which ions

are being formed in or' introduced into the trap. Dawson17

a

suggests a rate law of the form

aN/dt = kip = (kaN? + kalp)
with N the number of ions in the‘t;ap, p the pressucrd of the
background gas, k; a constant ?élated to the rate of

formation of 1ions, k2 to the rate of loss of ions from the
. -3

trap due to collisions with otheiﬁjgbs and k3 to the rate of ~

loss. om collisions with molecules of the background gas.:

-

Dawson/s| /formula is designed for ions formed By ionization of

gas lready in the trap.) For the condition in which an ion

current is injectghninto trap'fxll with a buffer gas, it

is still reasonéﬁle to sume that the capture rate will be
N ' 5.5 3
propdrtional to the pressure of the buffer gas. Thus if the

a

ion cpfrent remains constant the above 1law should still

Y

-

apply;" The constanta.may be evaluated through some simple

t

experiments. N}' %2’ s

R

LY
- b4 v

h the trap . saturated, the losses equdl the rnate of
apture: -

kip = kzN;7J+ kaﬂp‘when dN/dt=0. (j/

If the trap is emf;ied and the ion.source,turned on, while N

is small .

,
.
© .
1
L.

dN/dt = kqp -

~

Y

1
T
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an - Py <

while if the trap'is filled and the source turned off:
dN/dt = =(kaN2 + ksl "'

which inte%gaces to
(1/kap)logn((k2N + k3p)/N) = t. + constant,

Assuning N = No at t = 0 this expression may be put in the

form -

1/N = ((kap + k2N )/k3pN )exp(kspt) - ka/ksp ’

which 1s of the general form y=a exp(bc),+sc and thus can’bq
i )

treated by standaré exponential curve-fitting procedure using

the decay data plotted as 1/N vs., t, —=<v= ’ b
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Fig. 6a. Many body suspension , viewed i

&

he r-z plane,
: ency:%}f&liz.

n
Experimental values: , Vac-SOOYrms, drive  frei
particle oscillation frequency=21.7 Hz.
Fig. 6b. Suspension of 32 positively charged particles viewed

in the r-60 plane, Vac=500Vrms, drive freq.=135 Hz,
oscillation freq.=43.6 Hz, e/m=,00765coul/kg.

from. Wuerker, Shelton, Langmuir;
Journal of Applied Physics .30 (1959), p. 342

[ ' -
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IV EXPERIMENTAL PROCEDURE AND RESULTS

APPARATUS !
The experimental setup described in tHis thesis may be
conveniently divided into five main parts. These are the

vacuun system, the ion gun assembly, the mass filter 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

The main components of the vacuum system were a
Leybold-Heraeus 230 }itres/second turbomolecylar pump and
power s%pply and an Alcatel 2012 rotary-vane two-stage
roughinE/ pump - which weré uged to evacuate the chambers in
wvhich the trap and mass filter were operated. Forepressure
was monitored by a tﬁermoco;plé gaugb‘while chamber prgssureé
vwere measured in the mass filter experiments with a
Penning-style ionization gauge and in thg ion trap system with

a Spectrum Scientific Ltd. SM B800A residual gas analyzer. The

volume of the mass filter chamber was approgximately 10.3

litres ¢630 in3); ﬁhag of the ion trap, about 11.8 litres (715
. e

in3). A 30cm section of 10cm diameter aluminum tube was

common to both chambers, The remainder of the grap chamber

was predominantly stainless steel while‘many of the tubes in

o
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the mass filter system were aluminug. Vacuun seals were of
the O-ring type. Most of the rings in the trap system wvere
Viton while the mass filter was put together using Buna-N
ringse. Feed-throughs for eléctrical 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 features:
a liquid nitrogén cold finger and a needle-valve controlled
helium 1leak which permitted regulation of the background
pressure, . (See figure 7 for a block diagram of tﬁe two
systems.,)

Testing of the mass filter did not proceed beyond a
fairly‘ rudimentary stage; vacuum requirements were not very
stringent and it is sufficient to note that the system

6 Torr with the ion gun at a

operated in the range of 10"°-10"
moderate current level. After the gun had been operated for

around 45 minutes the pressure began to increase, perhaps due

‘to. heating of the Ogrings, and it would become necessary to

shut the gun heater down and allow the system to cool: off
before continuing. No effort Qas made to ‘asdertain the
tonstituents of the residual gas, ff“\§_,/j

In the case of the ion trap a low background pressure is
essential ta attain ;ood confinement tiées. 'Some effort was
made to bake the chamber, both with electric heating tape and
vith .a héat g;n. although Q%ﬁis doubtful that temperatures

higher than 100°C were attained. Addition of the liquid
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nitrqgen cold finger resulted in a substantial reduction of

the base pressures. After ba%zyé. pressures of 5wx 10~8 Torr

were routinely measured with.the quadrupole gas analyzer; ‘at

higher pressures the analyzer feadings were | roughly
equivalent to those of the P nning gauge which was used as a
%Z

check on the calibration of e RGA, Principal components of

the residual gas at the base .pressure vere water vapor and

nitrogen. There were some traces of hydrocarbons although

\

these were a small fraction of the total.

Measurement of the buffer gas pressure when a significant

a;ouné of helium had heen leaked into the chamber presented a
problem as the sensitivity of the éas analyzer to high helium
pressures seemed to decreaée with time. , An attempt.to
correlate compression ratio of-+ the turbo pump and
forepréssure as measured with the thermocouple gaugewwith the
readings of the gas analyzer, tkking into account the facfor
of 4 introduced by the relative sensit%tity of the anﬁlyzer

¢

to helium and its calibration for nitrogen, showed rough

., initial agreement between the two methods. However as time .

passed the reading of the gas analyzer would decrease

‘markedly while the forepressure would remain constant. 4(A

possible explan;tion offered by L. Nikkinen 1i1s that the
pressurgf of helium might‘be high enough to cool the filament
in the pnalyzer significantly, thd; reducing the e;ﬁf%ron
emission and thus the ion current.) The author feels that

1

agreement of the initial reading of the gas analyzer with the
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forepressure calculation gives a background pressure accurate

at least to vwithin an order of magnitude.

ION GUN

. The basic design for the 1ion gun, together with the
principal components and a supply of cesium and rubidium
ammunition were broughf by R.Moore from researchers at the
University of Mainz, W, Germany, where such sources are

routinely eﬁployedl. The basic principles of operation are

¢

as follows.

Zeolite, a sodium aluminosilicate (Nap(A1281,012)

-

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

aluminosilicate base with two very loosely bound alkali metal

ions. When the substance is heated, the alkali ions will

¢

leave the ' substance, always as ions and never as neutral’

atoms, If the sodium zeolite is treated by an ion exchange
process in a saturated solution oghanother solubfe alkali
salt (e.g., CsCl), a &esium aluminosilicate is produced .which
will when heated give off cesium ions., Weber and’Cor?es2
refer to an ion source constructed of cesium zeolite which
produced ion cnrreﬂts of on the order 6f 10 microamperes over
a lifetime in excess of 300 hoﬁrs of operation.

In order to take advantage of the above propérties the
zeolite wAs placed in a stainlessggieel‘? 1inder with a small

orifice’ (hole) in one end and a threadzd plug in the other.

A stainless steel electrode spotwelded to the plug provided

Al



e

an electrical contact to bias the gun, Tneﬂgqn was placed in
S ' .
.~ a boron nitride cylinder the'exterior of which was thredded

with a pitch of 10 threads per mm; the grooves helped

’

maintain the spacing of a .25 mm tungsten filament which
waé wvrapped around the boron nitride to providé heating. A
Macor (Corning machinable <ceramic) jacket enclosed the
tungsten-wrapped boron nitride oven, Thus the boron nitride
provided electrical insulation between the gun and the
filament while the Macor provided thermal and electrical
insulation between the filament and the auxiliary supporf
structuref (See figure 8 for details of the construction of
the ion gun.) )

Two separate steel cylindergfwere employed tg contain the
.zeolite. One was an ordinary cylindgr as .described above;
the other had the orifice partially blocked with . tungsten
vires to ;edu;;_the emission of neéutral atoms which might be

deposited on the steel walls and then reejected, No

©/
difference in performance was noted between the two guns,

Two separate types, of ion-exchanged zeolite were employed:
cesium and rubidium. No efforts were made to quantify the
differing properties of the two types of source although it
seemed that higher- currents at lower temperatures were
prodyged by the ' cesium than by the rubidium zeolite. A
mixtu;e of the two substances produced an ion beam which
could be decomposed into two separate peaks of mass ratio

roughly 2/3 by the mpgs filter described later., The cesium

v
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ion source was studigd a bit more thoroughly aé it was
employed both for the mass filter and the.ion trap. An
optical prrometer indicated that at around 700°C the gun
/began to emit a detectable current. The gun was operated

over a .wide range of .heater currents and produced an ion

.
current of in excess of ]| microampere measured with a faraday

cup and a picoammeter, A circuit was constructed whe 'the
gun could hgﬁgiaséd negaiively with respect to ground tMTough
a large resigtof and then pulsed about 15 volts positive with
. a ;quérespulse through a tapacitor; ﬁulse widths of as §hor§
d

as several microseconds were diétinguishable in the output of

the mass filter measured with an electraon multiplier tube.

N

@

MASS FILTER

The design process J%ifh resulted in the mass filter
could kindly be described as pragmatic, Half-inch.diame:e;
stainless steel rods were chosen as there was some half-inch
stock in the machine shop:lthe operating frequency of one Mhz
was -chosen because the author had a crystal and some
experience with oscillators at thét frequency; the length of
six 4inches was a compromise between reéolut%on and ease of
manipulation, The length, diameter, and frequency were
checked With empirical formulae given in Dawson and found to
require an rf drive voltage of less thanm 1000Vp-p whereupon

) /s

construction-was started. Two prob}pms, mechanical precision

and voltage regulation, were encountered,
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The litefature confa%gs many ingenious methgds to ensure
précﬂse alignment of the rods and many caveats/stressing the
importance of precise alignment in order “to achieve good
resolution3. Faced with an abundancedgfllow-precision .95 cm
diameter ceramic insulators and a frelative dearth of 1.27 cm
ruby spheres, the author 'ch6se “to design a supporting
structure which would allow alignment of the rods after

N .

machining to achieve

the tolerances necessary for h{igh fresolu Accordingly the

rods were attached at each efid to cera insulators which
weré recessed into 1large holes in aluminufi endplates and
bolted through holes 1larger than the bolts, with teflon
washers providing a friction 1lock. Three &f the rods were
adjustable in two directioné; brass screws of pitch gﬁ 10

threads/mm, with, steel ball bearings pressed into the ends,

were brought to bear on the sides of the ceramic insulators.

£n
i

“Z% It proved relatively easy to adjust the aiignment of the rods

to within .025 mm tolerance. It also proved relatively‘easy
to break the ceramic insulators. The whole assembly was
mounted in a 10 cm diameter aiué&num tube in the walls of
which were glued two Kévar feedthroughs which provided

electrical contacts for the electrical drive for the rods.

(For details see figure 9.)

The power supply presented three main problems: achieving

Ahe *high "voltage required, maintaining the ac-dc ratio to a

high degree of precision, and balancing the output

h
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~to maintain ‘zero potential along the center axis. This last °

! .
condition is particularly difficult to achieve with any
degreé. of certainty as any probe attached Eo one side of the '

pover supply will liad_ that side. The technique finally

F) 13 4

employed was measurement with a-high voltage high impedance

Lo probe att@ghe& ‘first t6 one side and then the other; although ..

-

-

the logd unbalanced the gh<Q drive ecircuit, when the effect

%

‘was the same on both id§s it was assumed that the circuit

<

was,Fffectively balanced., . g
The rf drive was ' proyided by an adjustable signal
‘generator amplified by a broad-band rf j%mp;ifier with a
maximum output ofOQEVp-p. In order to step this‘up to 1000V a

| transformer was. réquired withA a turns ratio of 40/1. The
“1Mhz operatihg fpequejcy§§§d the stray capacitance of on the

order of 50pf dictate Ehe employment bf air-core

’ transformers 1in order to achieve low enough inductagce to
‘tune the secondarya. Shield{ng was necessary to eliminate

\ feedback coupling -the air-core transformer to the~input of
thg rf amplifier. Tuning capacitors, a balancing capacitor,

a capacitive divider used to pick off'a low-amplitude signal
proportionai to the ac sighal./and the mass filter itself

coupled capacitively to the ac transformer and through a dual

3 megohm film resistor ladder to the dc bias source, made up

the secondary load. AC dri:ngémp itudes in excess of

—~
1000Vp-p were achieved before arcing occurred in the tuning .

s
- capacitors. See figure 10 for a block diagram of the mass

wr
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filter system, . g

s

The standard means for achieving s‘gble ac/dc ragiog in
higﬁ-resolution applications involves the use of vacuum tube
diode rectifierss: tRke author felt that for preliminary test
purposes an op-amp assisted signal diode rectifier would be
easier to implement, Accordingly suﬁh a circuit was built

using a 318 fast op-amp and a germanium diode to minimize

errors due t fyrward-bias d;op and switching times6. The

circuit Bgived considerably more linear éhan the diode itself

although at very fasge and very small voltages some

irregularities " manifested themselves, 1 Mhz appeared to be

the 1limit of the circuit constructed although perhaps beéter

diodes and faster op-amps exist which might push this limit a

Sit higher. The output of the éapacitor;divided rectified ac

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

which produced positive and negative voltages of 0—100‘volt§'
proportional . to the ac signal7. These volt;ges were then-
coupledB resistively to the rod pairs. See figurg.ll for a

circuit diagram of the d.c. power supply.

e

EXPERIMENTAL RESULTS I (

The mass filter was primarily used as a test bed for the

fromy 3

/ v R
ion gun and the  electronic circuitry needed to drive tA@

S

devices., ‘A;;ﬂough the power supply for the mass (filter Qaéé

slightly -more complicated than that of the trap, the

a

injectioﬁ of ions into the mass filter was trivial while

v
7 ?

-
-
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thereT was some doubt as to whether infection into a trap was

‘

possible, let alone feasible. Detection of the ions wag\
accomplished with kexisting previously utilized apphratus in{
the case of the mass filter vhile the resonant detection
circuitry was untested and built specially for the ion trap.
Hard data from the mass-filter experiments isimini@%& and of
little gene#al interest. However a qualitaé&ve Jesc?}ption
. ~— . .

of the results obtaimed is in order. !

The mass. filter was mounted coaxially with the ion gun

-

and 4dn electron Qultiplier (RCA 4643-4B). The ion gun was

charged with a mixture of cesium and rubidium zeolite. First

the dc voltages were turned off and the ac voltage wasthf¢ﬁf//z '

increased monotonicalli while the ion'gun was maintained at a

constant ~ heater current and with'a constant bias voltage of

18 volts. It was observed that as the ac voltage increased

from 2zero, the ion curront first increased rapidly,'then'

fluctuated over a wide range sz: valuqs, and finally
cular

diminidhéd .to =zero past 8 par threshol voltage.

Seco the ac voltage vas set to a point slight ‘below the
cutdff point and the dc bias was increased until the sig al

o . . Y (‘
disappeared. The dc and ac voltages were adjusted aé thfi

point until a Jarrow peak of.transmission occurred; then the

voltages were decreased, with the ac/do ratio remaining

constant. It was observed that another region of

transmission occurred at a voltage amplitude of about 2/3
4

that of the maximum region. Up to this point the multiplier

-

~

P
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currents had been measured wvith a dc picodgmefgr. A final

expenimenT performed involved Ehe operation 'of the mass

acitor circuit which enabled the gun to be biased

-
-0 negatively and pulsed positively with ‘a . squage pulse of

filter in jthe ac-only mode and the introduction of a
resistor-ca(é_7

variable width. The output of the multiplier was monitored

with an oscilléscope connected across a 100-ohm resistor to

give a 1low time-constant. There was no discernible current

Yify//:;:\ gun was biased negatively. Positive pulses as

narrow as 3 microseconds produced a definite pulse output

L]

from the multiplier.
) .

ION -TRAP \‘R : | L : , ,
David Lunney of McGill's Electrical Engineering

department, assisted by R. Moore, was responsible for the

design. and construction of the ion trap. A fuller
-~ ]

description of design and construction considerations will.

a;}nggd)in Lunney's Master's thesis; a briéf synopsis.of the

8

relevant consideration ggllows.
‘An r, was chosen which would be large enough to c;ntain a
/ﬂxggusignificant‘ggmber of ions and small enough that the voltages
required woul& not be too high and that the overall

(l dimensions . of the trap would be convenient. it was

Q
L,

originally planned to u4e paniuﬁ_és a test ion due to its

optical. properties and the possibilities of using a laser

-
- . ¥

-
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fluorescénce detection systen. Herver, an icn-fesonant
electromagnetiz detection scheﬁé proved easier to implement.
The detection circuitry w;s designed,around an io; resonant
frequency of about 50 . kHz with no dec bias. Given the
approximate relation '
- a,u,/(2)%/?

- ZeV/mzoéwrfz)

w with

ion

1.

fixing Tys My and wion leaves V and wrf as variables., It was
possible using a Mountain Computer Inc. ADC~-DAC
digital-to-analog )interface with an Apple II+ microcomputer
to sweep over +/-5V without additional hardware. Lunney's
calcylations showed that this would result in a variation in
thli ion oscillation frequency over the range of 49-55 kHz.
Varying the ac amplitude made it possible to put the resonant

interaction of the ions with the detection circuitry at about

the middle of the dc sweep. Ions from the ion gun were

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 pho;ographs of the overall experimental
setup and a detail showing ‘the hole in the end cap
electrode.)
‘ .

RESONANT DETECTION SYSTEM

The detection system émployed utilizes thg coupling of

the ion§ to a highly tuned tank circuit containihg the two

-

h
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end caps of the trap as part of the capacitance, Similar
cigcuits have been employed in the past, notably by Fischere,
who gets“early credit for the technique along with Berklinggy,

and Rettinghauslo. The ions, as mentioned before, have a

fundamental oscillation frequency w which is a function of

ion
the charge/mass ratio, the rf drive frequency and amplitude,
té; dc bias, and the dimensions of the t;;p.‘ When ions are
present in the frap .and WS on is the same as the resonant'<
frequency of the tank circuitlthere may be an exchange of
energy between the ions and (ge tank circuit. Under certain
circumstances the tank <circuit will take energy fronm thel
ions, <cooling their oscillation, However, if the tank
éircuit is driven externally and the motion of the 13ys is
damped by a light buffer gas, the effect is to lower gﬁe """
of the tank circuit and thus'-the amplitude/ of the

oscillations thereinll. As w5 is a functign‘of the dc bias

n
voltage applied bgtween the endcaps and ring ¥dlectrode,
varying this voltage will sweep the ion f;equéncy over a
certain range; if the frequenc; swveep includes the frequency
to ywhich the tank cirEuitQ is tuned, work is done on the
damped ions and a dfp in the voltage across the endcaps
occurs which can be obseryved with suitable circuiiry.

The detection circuitry was modeled after a similar

circuit12 modified to suit the present purposes. The coil

-

which makes up the inductive part of the tank circuit is

o

loosely coupled inductively to a fast integrated buffer

¥
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followed by a high-~gain rf transistor amplifier, The input

of this amplifier was bypassed with an LC shunt to réduce the

amplitude of the rf drive reaching the detector. The

‘amplifier is followed by &an emitter-follower buffer and a
reetiéier— stage which derives a dc signal from the ac input,

Both the buffered rf amplifier and the detector output may be
monitored. The agplifier output gives some idea of the - :
absolu;e amplitude of the oscillations in the t;;k circuit

while the detector output” shows changes to this amplitude as M

peaks and valleys, The tank circuit is d:fven by a signal

generator tuned to the resonant frequency andd coupled through
|

a three megohm film }eSiStQf;pgggggﬂg;s&gézisfj—ﬂu‘*' —
/’”'///'/j”/x//— . ‘/;1 ,,/;;;z:?*’;;_‘—*\\\
_ ”;/;i ’ // //’/i;;////
DATA ACQUISITION SYSTEM - **"“;/;;>/ii:j:;f— T -

j ) =
Data from the experiments performed using %Ef’iggﬂg£%£::::::::::::

vere stored on floppy discs using theﬁAiiieffiifzomputer“and——‘—*“‘-

. B
the Mountg/g,computer Inc. ADC~DAC interface card. The card ////
had_/Ié nputs and 16 outputs, all of which had an operating e

~ . // 1 o ///

~_~"range =9--+5Vdc dnd 8-bit resolution. Conversion time -for
one el of the ADC was 9 microsecon while the siew rate
for the DAC was 10V/msec. ' Contrflling subroutines were

written }n 6502 Assembler language while main programs.were
written 4in Applesoft ‘Basic. A special purpose machine
language display routine was developed which could update a
screen display as often as 40 times a second. o

The interface card pekforméd 3 functions. It turned the

o
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ion gun ona and pff by changing the gun bias voltage. It
directly generated the de sweep voltage applied in
conjunction with the rf drive to the ring electrode. Finally

it read the detector output and stored this information with

' the dc sweep voltage., The dc sweep was derived directly from

?

the -5--+3V° output of one of the DAC channels and coupléd
resistively to the ring electrode. The capacitive link to
the rf transformer, grounded on the other ﬁPd' imp;sed aeLigh
frequency limit on the swveep rate, The gun bias was
controlled by :,transistor in series with a variable dc'power
supply. Base current' was supplied ~from one of the DAC
channels through a resistor, It was possible to control the
magnitude of ‘the bias voltage by slight variations in the
base current but for the experiments described later the
transistor was Just .used as a switch, It was necessary to
build a further amplifier and level shifter to maxinize the
resolution of the ADC. This was accoyplished with an
inverting op amp with the positive input tied low and the
detector coupled capacitively with a large capacitor. (See

figure 16 Q@or a block diagram of the ion trap operating

system. ) - e

TRAP EXPERIMENTAL DATA AND RESULTS
‘Several preliminary experiments were ~ performed with a

view to, calibrating the various instruments used to measure

&

2/
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th operating:~parameters of the trap. As mencioned before,
the base pressure readings of the gas analyzer tube vere
compared against the readings from a Penﬁing—stylg ionization
gauge ifnd" founq to be in rough agreement over the cperating
range of the Penning gauge.> A calculation of the buffer gas
pressure th;ough use of %he approximate compression ratio
given ‘for the turbomolecular pump when used withJa heliu%k
resiéual° gas and the foreline pressure measured with a
thermocouple gauge was compared with the gas analyzer reading
to get a measure of the buffer gas pressure when it was high,
A known ac voltage was applifd to the end cap electrodes and
varied in order to get an experimental figure for the
effective gain‘ of the detection, and amplificatio; ci;cuit.
To get some idea of _the ions available for trapping, the

total "ion current and the fraction reaching the far end cap

throﬁgh the hole in the near end. cap were measured with no

A

drive voltages applied. )
. ' . N
) ~ The trap was first operated at the lowest pressure

attainable (around 5x10~8 Torr) and with a high ion current.
The output of the detection circuit showed a definite energy

exchange between the 1ions and tﬁe tank circuit at the

~ .

resonant frequency as the dc sweep varied the ion oscillation
te

LY

‘frequency through the tank resonant frequéﬁcy. The "peak"

manifested beats on either side of the main central peak and
a tendency for the main peak to be positive, indicating the

tank circuit was taking energy from the ions rather than the

L

3
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other way aroung. The storage times were fafrly short and
the amplitude of the signal was low compared to those of
later experiments. See figure 17,

The pressure in the chamber was the; raised by allowing a
controlled helium leak through a needle valve while the pump
continued to function, As the helium background pressure
increased, the peak became much more stableuﬁ With quite
small ©background ©pressures it assumed the characteristic
smooth negative peak with a small amount of ripple and
overshoot on the sides, Increases in pressure up to the
order of 10-4 Torr resulted in corresponding increases in thé
peak height. After 10~° Torr the peak began to broaden
noticeably . and above 1Q’4 Torr the broadening becane
pronounced, thile the amplitude ceas:d to increase and even

,diminished’slightly. See figure 18,

With the buffer gas pressure maintained at around 10-4
QTorr the trap was emptied and the gun turned off., The gun
was turned on and the peak was scanned at .5 second intervals

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

then filled and the gun turned off; the trap was again

scanﬁ%ﬂ\\:: «5 second intervals to observe the decay of the
signal with time, It was observed that from the point at
which the péék was first observable to the point at which its
height was stabil#zed it moved to the left. This indicated

a frequency shift due to space charge in the trap vwhich was

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

TN

@

“x
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figure 19,

The amplitude of the detection signal and the ampli;ude
of the dip in this signal shown by the peak height were used
with the empirical model to calculate another value for the
number of"iogs in ;he trap.’ This ¥alue was compared with the
estimate of 1ion density given by Dehmelt's space~charge
limited density and that given by Fischer's f}equency shift
estimate, The slope of the f£ill rate plot, coupled with a
"best guess" estimate of the number of ions in the full trap,
gives an esgtimate 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 Fischér and the empirical method, use
MKS wunits. The formulae are expressed as they appear in the
original texts in order to facilitate reference t; them.)

1. Experimental data

Peak height of 4.4V corresponds to dVs4x10~3V.

Peak shift due to space charge = 1V,

r°2 - 2202 - Ax}O"Anz

Rf drive: 275 kHz, V=200V,

Detection drive: 50 kHz, 60x10™°V.

Péak broadening: Q of resonant circuit = 150; C = SOOpgg
U, = 2,9V; Uz = 3,5V,
2. Ion_density (Fischér method)

2 .
N = p/em dUxéeo/r e | . ~

e



3.

5.

approximately 1/4‘ of its maximum; therefore 2x10a ions were
trapped: The ion gun produced a current of about 1x10~
amperes of which about 2x10~

corresponds to about 10

N v 3V¥/16mmz_

-61" 1

= 6x1011/m3
- 6x105/cm3

Ion density (Dehmelt method)

4 2
wrf

- 2.6!106/cm3 . . t.

Actual number of ions

2 2
.q - ZeV/mzo m!’f

- .5 .
a; = -AeU/mzozmrf2
= .015 7 e
a; = L018 »
B = (s - (a-Da?/(2(a-1)%-q%) - (sa+7)q*/(32{a-1)(a-4)) -
- (9a%+582+29)q%/(64(a-1)7(a=4)(2-9)) |

By = .384

e

£

B! - -389
Yon™ B/d8 = B0 (approk)
N = d(v3)/v2) x (Cu, 2mz 2/4e?q

n
= 8x104 ions _ . o

resQion

Trapping efficiency

In the first second of injection ﬁ?e‘peak reached
) Y

8

Yy
10 amperes entered the trap; this

9 ions/second. The capture efficiency

is on the order of 10-5.

/
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- Figure 12 g
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Figure 13
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o

Photograph of the Ion Trép--IodéGun Assembly" Eg

Photo by R. Moore
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’Fiéure 14

Trap Detail Showing Hole in End Cap

Photo by - R. Moore
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Figure 16 -
10N Trap'System
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Figure 17 ‘

Representative traces with no buffer gas (10"7 Torr)
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‘ amplitude . . " -
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V CONCLUSIONS
Jt 18 easy to explain the apparent discrepancy[befween
the number 'of ions calculated - empirically ‘and the iof

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 mu;h smaller volume than the inscribed

ellipse, then Fhe dénaities of either the Fiécher method or
the Dehmelt method could be consistent witﬁ the smaller
number of ions observed. It Should also be noted that the
trap was made of aluminﬁm s;tting in c}ose proximity to a
heat source. .The base pressure in the trap was prob&ﬁly an
order of magnitude higher than that indicated by the vacuum
3auge'and this wou?d tend to make the trap less effective,
The trapﬁi}g efficiency of 107 is nothing to be pr;ud of
but this 1s a first effort, with no effort to mq}imize the
efficgency; \-;he ;ork of Schuessler and O suggests at
certain angles of injection might be more likeQzJ}o leagd to

capture than the one chosen; R. Moore has suggested that

. ‘bunching the ions might make them easier toJcatcH and that

not only the rf drive frequency but also £hé/guch lower }on )

oscillation:- frequency might produce \phase effects worth
exploring. Lunney hopes in his theiils to mathematically

eéxplore gsome of these-questions thropgh\coqsideration of a

madybbody model withx the buffer-gas interaction taken into

accounte. / i}

-
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At the Foster Radiation Laboratory a stainless steel trap
with provisions for 1laser detection is under construction;
our laser group is interested in the possibility of using the
trap for high-precision measurement of nuclear properties of
nuclei such as the various isotopes of strontium. Work on an

,on-line laser ion source is well under way and some interest

has been expressed in the mass filter as a possible means for:

reducing background, ' While. experimental work on
- radiofrequency mass 'specfromeEric devices Iis a new
! development here, there is continuing interest in a wide

. range of applications of the preliminary research done on the

€5¥roperties of the rf quadrupole field.

~
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