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Stability and loss in an ion-trap resonator
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The stability and ion loss in a linear electrostatic ion trap are investigated experimentally and by numerical
simulations. The decay of a stored 4.2-keV'Aream was monitored for various potential configurations of the
trap. Both classical trajectory calculations and optical models were used to numerically study the stability and
dynamics of the trapped ions. Two different modes of trapping were identified with very different dynamical
properties. It is found that the ion-loss processes are controlled by collisions both with residual gas species and
among the stored ions.
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[. INTRODUCTION a relatively simple model. In this paper we investigate the
parameters that control the dynamical stability and trapping
The application of ion traps and heavy-ion storage ringsfficiency of these linear traps, and aim to provide a better
has had a significant impact on many branches of physicgnderstanding of the loss processes.
[1]. In these devices, ions are stored for a relatively long

Fime, either as a cIo.udNiFh meV to eV kinetig energies_, in Il. EXPERIMENTAL SETUP
ion traps or as a high-kinetic-energy beatwith MeV ki-
netic energies, in heavy-ion storage ripgsor ion-trap de- In the present experiment, a beam of'Aions, with an

vices, such as the Paul trgguadrupole trap[2,3], the Pen- initial kinetic energy of 4.2 keV, was produced by an
ning trap[4,5], the Paul-Straubel traf®,7], the static[8,9]  electron-impact ion source. The ions were mass analyzed by
and dynamic Kingdon trap10,11], ions are confined using a 20° magnet positioned adjacent to the ion source, and by
static or time-dependent electromagnetic fields. On the othean additional 45° magnet, locat® m downstream. The ions
hand, in heavy-ion storage rings, the energetic ions are conwere then injected into the ion trap, which was located 5 m
fined using large-scale static magnetic structures. away from the second magnet. The ion current was moni-
Recently, electrostatic ion traps for storage of fast iongored with a Faraday cup located behind the trap and was of
with keV energies have been developed. The first of thesthe order of 300 nA. Steering and focusing of the ions be-
devices[12,13 was designed as a resonator in which ionstween the two magnets and between the last magnet and the
oscillated between a pair of electrostatic mirrors. Similar deion trap was done with two electrostatic quadrupole triplet
signs based on the same principle, but using slightly differentenses. An electrostatic chopper located before the first mag-
types of reflecting electrodes, have been bidit—17. An net was used to create bunches of ions with a temporal ex-
electrostatic storage ring has also been sef1d}, which  tension of 1-100us.
allows for the storage of keV ion beams. Among the advan- A schematic drawing of the electrostatic ion trap is shown
tages of these devices are that they are relatively small and Fig. 1. The mechanical design of the ion trap and its op-
that, since the confinement of ions is achieved using onleration have been described previougl,13. Briefly, the
electrostatic fields, there are no limits for the masses of thén trap consists of two coaxial electrostatic mirrors, each
ions that can be stored. Several experiments have alreadymposed of a stack of eight cylindrical electrodes. The po-
been performed with these devices, such as metastable-stdémtials of these electrodes are controlled independently, ex-
lifetime measurements 9,20, lifetimes of negative species cept for the innermost and outermost ones, which are always
[21,22 and charge exchand23]. grounded. Thus, the central region between the two inner-
The resonator type of ion trap has several unique propemost electrodes with a length of 228 mm of the trap is es-
ties, such as the rapid slowdown of the stored ions near theentially field-free. The diameter of the central hole is 16 mm
turning points inside the electrostatic mirrors and the largen the outer six electrodes and 26 mm in the two innermost
focusing forces that are used to trap the ions. A particularityelectrodes. The distance between the outermost electrodes is
of the linear-trap resonator that arises from from these prop407 mm. The trap is pumped by a cryopump, typically to a
erties is the recently observed phenomenon of ion-motiopressure of~5x101° Torr.

synchronizatiori24], indicating that nontrivial dynamical ef- Injection of ions into the trap is realized by keeping the
fects can take place when a beam of charged particles i®lectrodes on one side of the trap at ground potefiedi
stored between two electrostatic mirrors. side in Fig. 1, while the electrodé/, on the other side is

In the original papers describing this type of t{d/2,13, kept at a potential that is high enough to reflect the ions.
the stability criterion and the loss process were treated usinBefore the ions return to the entrance side of the trap, the
potentials of the electrodes on this side are rapidly
(~100 ns) raised so that the ion bunch is confined between
*Author to whom correspondence should be addressed. FAXthe two electrostatic mirrors. In the previous experiments
+972-8-9344166. Email address: fndaniel@wicc.weizmann.ac.ii performed with this setup12,13,19-28 collimators of 1
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ion trap (not to scale& The bunch
is injected through the left-hand
side of the trap(entrance elec-
trodes and the neutralized Ar at-
oms are counted by the MCP de-
tector located at the right side. The
distance between the innermost
Micro-chamnel electrode !s 227 mm. The pickup
plate detector electrode in the center is used to
measure the intensity of the in-
jected ion bunch.

J ‘ ] FIG. 1. Schematic view of the
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and 2 mm diameter were located at the entrance and exit dions of the electrodes. Many of these potential configura-
the trap, respectively; while no collimators were used in thetions lead to a stable condition for trapping; we have chosen

present setup. a single set of voltages on the first four electrodes of each
In order for the ions to be trapped, the electrode electricainirror, which create a nearly linear decrease of potential on
potentials have to satisfy certain conditidd£], which will the axis inside the mirror, namelyV;=6.5 kV, V,

be described in more detail in the following section. As vari-=4.875 kV, V;=3.25 kV, andV,=1.625 kV, while the
ous configurations of potentials are possible, we define aoltage on the Einzel electrode was varied over a large range
particular configuration by the vectdV,,V,,V3,V4,V,}, of values for which trapping could be achieved, i.e., 2.7
which represents the potentials of the electrodes as shown k1V,<4.5 kV.
Fig. 1. The electrode connected to potentiain each mirror
is called the Einzel electrode, as it plays a major role in IIl. RESULTS
defining the focusing properties of the ion t{d2,13. In the
present work, only symmetric configurations, where identical Figure 2 shows an example for the measured number of
potentials are applied on each set of electrodes, arél’o atoms hitting the MCP for three different values of the
considered. Einzel electrode potentiaV,=3.25 kV (upper curvg V,
Once the bunch is stored, its evolution was monitored=3.05 KV (middle curve, andV,=4.15 kV (lower curve.
using a microchannel-plate(MCP) detector, located About 10 Ar* ions in a bunch of 5us were injected into
~50 cm after the tragsee Fig. 1, which measures the num- the trap for each injection, and the data shown here are the
ber of neutral AP atoms emerging through the exit mirror. sum over 100 injections. Similar decay curves were mea-
These atoms are produced in charge-exchange collisions
with the residual gas inside the trap. A second detection de- 1°
vice is a cylindrical pickup electrode of length=7 mm
with an inner diameter of 18 mm and a thickness of 1 mm,
located at the center of the trap. The total capacitance of the
pickup electrode, connectors, and vacuum feedthrough is
Cp~10 pF. When charged particles pass through the 10%
pickup, an image charg®,, is induced on its surface. This
charge is converted into a voltayg, by a charge-sensitive
amplifier. The amplifier was calibrated by injection of a
known charge through a test capacitor using a voltage stej |
with fast rise time €20 ns). The calibration showed a lin- " ]
ear relation,Vo,=Q,/C¢, with C;=1.3 pF. The output of
the charge-sensitive amplifier is recorded on a digital oscil-
loscope, from which the number of injected ions can be
evaluated. The pickup electrode was used to follow the time

8 (Counts)

10

behavior of the injected bunch in the trap and a fast 0 500 1000 1500 2000 2500 3000 3500 4000
(~300 us) debunching always occured with the present set tme)
of electrode potentials. FIG. 2. Rate of neutral Ar atoms exiting the trap as measured by

For stable trapping conditions, the rate of’/atoms ex-  the MCP detector. The Einzel-electrode voltage Was-3.25 kV
iting the trap and hitting the MCP detector is proportional tofor the upper curvey,=3.05 kV for the middle curve, an¥,
the number of ions trapped between the mirrors, so that the 4.15 kV for the lower curve. The data shown here are summed
beam decay can be studied for different potential configuraever 100 injections.
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sured for other values o¥,. For all of these curves, an 0.4
increase in the count rate was observed at short times (
<20 ms). This is due to MCP saturation shortly after the @)
injection flash. This region of the data was discarded in all 031
further analysis. After the first 20 ms, the decay curves were ]
characterized by a fast and a slow decaying part, as can bew_ :
seen in Fig. 2, and in general, at least three different expo- ~2-2[ ts
nential decay times could be observed. It was also found aT B
that, although the major features of the decay curves were $ { .
reproducible, the exact values of the decay times were injec- o1r .
tion dependent, i.e., a change in the focusing properties of . . se
the injection(quadrupolg optics influenced the slope of the aens. o o o5
decay curves. 25 3 35 45

The analysis of these curves is used to gain information V)
on two important properties of the ion trap: The trapping
efficiencye. and the loss processes. The former is defined as s
the ratio between the number of ions initially trappégdand
the number of ions injecteN, . The number of injected ions ar . {-- . $ (b)
can be estimated from the signal induced on the pickup elec- s 3 f}
trode, but the number of stored ions is known only relatively al ¥.3
through the number of neutral atoms hitting the MCP. As will & ¢ - f
be demonstrated later, not all ion-loss processes in the trap * { i
lead to neutralizatioisee Sec. Y, so that not all the ions are 2r { {
counted by the MCP detector. However, a value proportional i
to the trapping efficiency can be obtained from the MCP 1r E {
signal: The number of ions measured by the MCP in a time
interval At can be written as 0 s . s

25 3 35 4 45
v (kv)
S(t) = aN(1)At, (1)

FIG. 3. (a) Measured relative efficiency,, as a function of the
. . . potential on the Einzel electrode¥,. (b) Fitted lifetime for the
where a. is a constant of proportionality that accounts for jong-time behaviotfor storage times>2 9 of the measured decay
the neutralization process, the MCP efficiency, and the ge:yrves as a function o, .

metrical acceptance of the detector, an@) is the number
of trapped ions at timé. Thus we can define a measured |V. STABILITY AND TRAPPING-EFFICIENCY MODELS

relative efficiencye,,, proportional toe., as ) !
Yém. Prop ¢ In the following, we present two different models that are

used to explain the basic factors affecting the stability and
the trapping efficiency of the trap. It is the goal of this sec-
tion to understand and reproduce the trapping efficiency
shown in Fig. 8a).

N(t=0) S(t=0)
N,  AtN,

)

€m= dc€c= Q¢

The measured signal &&= 0 was found by extrapolation of
the decay curve fot<20 ms. Figure @) shows the value
of €, as a function of the potential on the Einzel electrodes, One of the most straightforward ways to understand the
V,. There are clearly two regions of stability: 2%,  trapping-efficiency behavior presented in Figa)3is to nu-
<3.6 kV and 4.6<V,<4.3 kV. merically perform classical trajectory calculations. For this
The loss processes that release the ions from the trapurpose, we used th@MmION program[25], which can both
leave their mark in the details of the decay curves, shown isolve the Laplace equation for a specific potential configura-
Fig. 2. However, because of the different number of decayion in space and propagate ions on the computed potential
constants needed to characterize these curves, we have clypid. The program uses a fourth-order Runge-Kutta method
sen here to fit only the long-time behavior with a singleto solve the Newtonian equation of motion. The density of
exponent. A general fit to all the measured curves required mns is assumed to be low enough such that ion-ion interac-
minimum of three decay constants, and would force us tdgion can be neglected, and the trajectories are calculated one
adhere to a specific model describing the ion-loss processein at a time.
Figure 3b) shows the results for the fitted decay constants of For each potential configuration of the electrodes there is
the slowly decaying partt&2 s) as a function o¥/,. Itis  an associated collectiofi) of stable single-ion trajectories.
important to point out that when a small collimator was The knowledge of this collection allows for a statistical
placed at the entrance and exit sides of the ion trap, the decanalysis of the dynamical properties of the trap configura-
curves were all well fitted by single exponeifis]. tion. Considering that the trap is cylindrically symmetric and

A. Trajectory calculations
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that the total energy is conserved, all stable trajectories car 4 T 1T 4 T TITm
be uniquely characterized by three phase-space coordinate @ A ®)
{r,v,,v,} on any plane £= const) perpendicular to the axis S I /,\‘4\,/_ ) SR N
of the trap, and their propagation for one reflection in the €, TN E 0:‘>
electrostatic mirror back to this plane. The cylindrical coor- = _._/_,_A—;:'Z__-::\_’ = T N 7
dinates are the followingz is the distance from the center of 4} __------~ A -2 N
the trap along the symmetry axis,is the radial distance m—
from this axis, and is the azimuthal angle, while,, v, %% 0 100 150 200 450 100 150 200
anduv 4 are the ion velocities in these directions. For conve- z(mm) Z(mm)
nience, we probe the phase space at the trap-center plar 4 T 4 T
(z=0), where the ion kinetic energy equals the injection © @
energy. 3 -‘—‘—‘—‘-‘-‘—‘—‘:":1:*' o S .
Using sIMION, the phase space was investigated for vari- ¢ Pt T =
ous values of the Einzel electrode potenWalby propagat- g2 P _ g°
ing Ar* ions with an injection energy of 4.2 keV, while the | __.-----"""" >
initial coordinates(r,v, ,v,} were systematically varied.
A §tab|g.trajectory, def|r_1ed &(r, WUr,sU ﬁi) was nurn_erl- o T 200 A0
cally identified by the requirement that a propagated ion was z(mm) 2(mm)
trapped for more than 50Qs (~200 oscillationy hence 4 T 4 T
©) 0
E={S(r; ’Uri’vai)lei>500 S}, ©) i ol __ N
: : o o £ e £ 2
whereTy, is the duration of the trajectoly The time limita- &2} _.-~ £ °:\ =
tion of 500 us was found to be sufficient by making initial 1', ________________________ B e .~
tests on a relatively large number of trajectories. It was found
that for unstable trajectories, the ions were usually lost from ¢ 4
. . 0 50 100 150 200 0 50 100 150 200
the trap after a few oscillations<(20 us). z(mm) 2(mm)

A first insight into the dynamics taking place in the trap . . . ) .

can be gained by looking at selected trajectories inside the FIG. 4. Typical orbits of ions for various distancgdrom the
electrostatic mirrors for the two different regions of stability @Xis: Upper panels: Trajectories as calculated usingpn. (a) V,
[see Fig. 8)]. Figures 4a) and 4b) show examples of such =3.1 kV, (b) V,=4.1 kV. Middle panels: Rays for the optical
trajectories forV,=3.1 kV andV,=4.1 KV, respectively. Mode! 1.0 Vz=3.1 kV,(d) V,=4.1 V. Lower panels: Rays for
The behaviors are clearly different. Fgr=3.1 kV, which the optical model 2(e) V;=3.1 kV, (f) V,=4.1 kV. Th_e_ black

- y LN T . __rectangles at the top of each plot represent the positions of the
exemplifies the lower region of stability, different trajectories electrodes
with various distancey from the axis have turning points ’
inside the mirror that are widely distributed radially, while in
the higher region of stability, all trajectories focus close to 6 :& (5)
the axis of the mirror. © Ng’

To investigate the ion trajectories under realistic condi-

tions of injection and electrode potentials, and to estimate the Results based on this procedure will be given in Sec.
trapping efficiency, a Monte Carlo simulation type of calcu-|v C.
lation was performed. Briefly, for a given value of the
Einzel-electrode potential, a samphMys of ions was ran-
domly chosen from an initial distribution of ions in phase
space. These ions were then mapped onto the grid used to Although the stability and properties of the electrostatic
determine the phase space. The number of ions among tligap can be evaluated directly by calculating the trajectories
initial Ng mapped onto the phase-space elemdsttermed in the actual electrostatic potentials, useful insight can be
N;, and the total number of trapped ions Ns=ZX;N;, gained by exploiting the analogy between light propagation
where the index refers to the phase space of stable trajecin matter and propagation of charged particles in electric
tories. Finally, we define a set of trajectory probabilities forfields [12,13. An optical model can provide a simple and

B. The optical models

the particular population of the phase space, intuitive understanding of the properties of the trap for a
particular configuration. Also, the computational effort re-

N quired with optical models is considerably less than with
Si_N_T' @ actual trajectory calculations, since ion propagation can be

performed using thé\ B CD-matrix formalism developed in
Note thatze;=1 always and for a homogenous filling of the geometrical optic§26]. However, optical models cannot pro-
trap N;=1. All properties of the trajectories are then evalu-vide information about collision-induced propertigsich as
ated with these probabilities. Particularly, the trapping effi-loss processesand properties associated with nonplanar
ciency as defined in Sec. lll is given by motion.
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(a) lens. Figure B) shows a schematic drawing of this model.

In this model, it can be shown that there are two regions of
9\ stability for the focal length of the lens,
z

N ™
"
A
8

, ®

dL
2d+L

=f=d,

wherelL is the distance between the two lenses.
In order to use the optical models to deduce specific prop-
erties of the ion trap, the values bf andf; for model 1 and
. L, d, andf for model 2 are needed for the different potential
| configurations of the trap electrodes. For this purpose, simple
trajectory calculations, which required only one period of
revolution were made. For model 1, the focal len§ithand
FIG. 5. Schematic drawing of the optical modelar model 1, the effective trap lengtih’ are obtained by calculating the
(b) model 2. trajectories of ions initially moving parallel to the axis and
observing both the position,,, where the ions turn around
1. Trap stability (the mirror surfacg and the positiore,, where they cross
The stability of the ion trap can be divided into two parts: the optical axis after reflection. The difference between these

axial and radial confinement. The first one is directly deteriWo posmons is defined as the focal lendth=z,,—z. and

) G E———
QL
A

mined by the maximum potential on the trap alis, .y, L'=2zy.
For model 2, the parametefsd, andL are determined
Ey similarly. The value ofl is defined as the distance on the axis
E<Umax' ®)  from the center of the Einzel electrode to the position

where the potential equals, /q of the ion. The focal length

where E, and q are the ion kinetic energy and electric f can be obtained from the measuremengzofnd the posi-
charge, respectively. tion z, of the Einzel electrode. Withz=z,—z_, the focal

It is possible to understand the radial stability of the traplength is
when the analogy to an optical resonator is considgtedl
Previously, an optical moddimodel 1 of the present trap f=Az+d+AZ’+d? (9)
was presented where the entire electrostatic mirror was rep-
resented by a curved surface of reflectia@, 13. For a sym-  Where the minus sign before the square root appliés<il.
metrical optical resonator of this kind, and assuming that the At this point, it is instructive to compare the optical rays
mirrors are spherical with radilR,,, the radial-stability cri- that can be traced for both optical models to the trajectories
terion is given by[12] calculated with siIMION. The SIMION results are already
shown in Figs. 4a) and 4b) for two typical values of the
Einzel-electrode potentialV, (V,=3.1 kV and V,
=4.1 kV), one for each region of stability shown in Fig.
3(a). For comparison, the optical-ray paths for the same
whereL’ is the effective length of the trap arigi=R,/2 is  Einzel-lens voltages are shown in Figgcyand 4d) for
the focal length of the mirrors. Figure(d shows a sche- model 1 and in Figs. @) and 4f) for model 2. There is a
matic drawing of such an optical resonator. In a later publi-clear difference in the behavior of these rays and it is evident
cation, Rockwood established the same criterion by simpl¢hat model 2 gives a better representation of the trajectories
physical argumentf27]. The qualitative validity of the sta- than model 1. More specifically, and as pointed out in Sec.
bility conditions [Egs. (6) and (7)] has been demonstrated IV A, for the region of stability corresponding to large values
experimentallyf12,13. However, the simplicity of the model of V,, the focusing point in the mirror plane is independent
is also its limitation when more precise and quantitativeof the radial distance, as calculated wihioN. Thus, the
comparison is required. As will be shown later, some of thedirect benefit of model 2 as compared to model 1 is the
properties of the trapped beam, which can be observed in therediction of very different dynamics in the two regions of
trajectory calculationgsee Sec. IV A, are not taken into stability. It is also important to point out that although model
account in this simple model. 1 does not predict two different regions of stability in terms

A second modelmodel 2, which yields a better repre- of optical propertie$see Eq(7)], it does reproduce the two
sentation of the actual reflecting electrode assembly whileegions of stability in terms of the Einzel-electrode potential
remaining simple enough to be analyzed analytically, repreV,: For model 1, a given focal length can be obtained for
sents the reflecting electrostatic system as a lens of focalo different values ofV,, while this is not the case for
lengthf and a plane mirror located a distanddehind the model 2. It is obvious that the optical models can be ex-

!

7 <fm<x (model D, (7
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tended even further, for instance, by allowing the mirror in 0.4

model 2 to be curved, or by adding more optical elements. @
When using optical models to calculate additional charac- __%3[ .
teristics of the trap, such as trapping efficiency and ion den- 7, ozl e

sity, spherical aberration needs to be taken into account. g
Since the stability criterigEgs. (7) and Eq.(8)] depend on v
the focal length, we consider the longitudinal spherical aber-

ration, which is reflected in the dependency of the focal 0
length (f,, or f) on the radial coordinate This dependency 25
was investigated witlsiIMION by monitoring the change in
the focal length for different trajectories, initially parallel to

01}

1

the axis, as a function of the radial distarrcigom this axis. 0.8

For both models, it was found that the focal length can vary 06k

by a few orders of magnitude as a functionrofind that the o

focal length generally decreases for larger radial distances. 0.4}
With the spherical aberration, the trap stability is evi- o2k

dently more complex and it is clear that the ion reflection at ’

a large distance from the axis is very different than close to 95

the axis. The main difference between models 1 and 2 is that

in the later, there is a well-defined region of stability for 1
which the ions cross the optical axis “inside” the electro-
static mirror. This happens specifically for the Einzel-
electrode voltage in the high region of stability in Figa3 o6l
In this region, the aberration is large, which hints to the fact o°

08r

that the stored beam will be more narrow than in the lower 04r
region of stability. 0.2}
2. Simulations with the optical models %,5

To evaluate explicitly the properties of the trap with the
optical models, calculations in close analogy to these de-
scribed for thesimioN simulation (see Sec. IV A are per- 08}
formed using théA BC D-matrix formalism[26]. The ABCD

. : . . _ 0.6}
matrices including the aberrations calculated in Sec. IVB1 °
are calculated from single trajectories when an ion is re- 0.4
flected only once in the electrostatic mirror. Thus, the propa-

0.2}
gation of the ion in the trap can be performed very rapidly, as
once theABCD matrices are set f_or a specific ponﬂguratlon 95 278 3 395 35 378
of the trap, only matrix multiplications are required. Another V_(kV)

z

major difference from thesimioN simulation is that in both

optical models, all orbits are planar, so that only two coordi- FIG. 6. Trapping efficiency versug,. (a) Measured relative

nates (,v,) are varied. The ion propagation is calculated fortrapping efficiencye,,. (b) Calculated trapping efficiency, using

about 200 oscillations, starting with the same initial condi-the trajectory calculation(c) Calculated trapping efficiency, us-

tions as defined in Sec. IV A. ing optical model 1.(d) Calculated trapping efficiency, using

optical model 2. For the calculated trapping efficiency the beam

parameters werer(x)=o(y)=1 mm, o(v,/vy)=1 mrad (con-

tinuous 1ing; o(x)=o(y)=2 mm, o(v,/v)=1 mrad (dashed
The main function of the models described above is tdine); and o(X)=0(y)=2 mm, o(v,/v)=2 mrad (dot-dash

provide an estimate of the trapping efficiency of the ion trapline).

and to compare its dependence \dnwith the experimental

data. The experimental data from FigaB e, vs V,, has  continuous line is fox)=(y)=(v,)=(vy)=0 while the

been redrawn in Fig. (& for better comparison with the standard deviations were(x)=o(y)=1 mm, o(v,/v;)

C. Results

calculations. Figures(B)—6(d) show the resultse;) of both =1 mrad, ando(v,/v,)=0, wherev;, is the initial ion ve-
the trajectory calculationgrig. 6(b)] and the optical models locity. The dashed line is for a beam radiusa(fx) = o (y)
[Fig. 6(c) for model 1 and Fig. @) for model 2. The effi- =2 mm and the rest of the parameters are unchanged. The

ciency has been calculated by representing the injected beadot-dash line is for a beam radius and an angular-velocity
by a normal distribution for the coordinates y (r spread ofo(xX)=o(y)=2 mm ando(v,/v{)=2 mrad, re-
=x?+y?), v,, andv, for the trajectory calculation, and spectively, and the rest of the parameters are unchanged.
for the coordinates, y, andv, for the optical models. Three The two regions of stability 27V,<3.6 kV and 4.0
different distributions were chosen for the calculations: The<V,<4.3 kV are well predicted by the trajectory calcula-
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tions and by both optical models, and are in overall good 10
agreement with the functional dependence of the experimen-
tal data overV,. For a beam radiug(x)=o(y)=1 mm,

the trapping efficiency reaches 100% in the lower region of
stability (3.0<V,<3.5 kV). For such a narrow beam, the
efficiency in the higher region of stability reaches about 95%
at 4.0 kV, but decreases rapidly for higher values/of In
general, the trajectory calculatioffsig. 6(b)] predict a larger
region of stability than the optical mode|figs. 6c) and
6(d)]. This is probably because the trajectories that are char-
acterized by large angular momenta are not taken into ac- 0 :
count in the optical models. The region of low efficiency, 25 275 3 825 85 875 4 425 45
belowV,=3.0 kV, which is predicted by the numerical cal- V: ()

culations and by optical model 1, is not predicted by model
2. Also, in the higher region of stability, the optical models
are slightly shifted toward higher values ¥f and they un-
derestimate the trapping efficiency. It is expected that the real
trapping efficiency is reduced by the fast transient voltages

observed on the entrance mirror electrodes during several g6
revolutions of the beam in the trdfens of microsecondlsin E\:E'
general, a larger beam is trapped with lower efficiency. On 4
the other hand, an important point that can be learned from

these results is that very high trapping efficiency can be ob- 2

tained with such ion traps. An absolute comparison with the
data is not possible at this point as the total number of ions
stored in the trap is not known.

0
25 275 3 325 35 375 4 425 45

Additional insight can be gained by plotting the range of V29
values ofr at the center of the trapz&0), for which trap- 10
ping is possible, a value we define as the trapping radius.
This is obtained by probing the whole phase space of the trap 8 ©

and recording the maximum and minimum radii for which
stable trajectories exist. Figure&y-7(c) show the trapping
radius as a function of the Einzel-electrode poten#alfor
the numerical simulatiofFig. 7(a)] and for optical model 1
[Fig. 7(b)] and model ZFig. 7(c)]. The dependence of the
trapping radius o1V, is mainly the result of the aberration,
which is stronger for higher values &f,. The trajectory
simulation predicts that relatively large ion beams can be
trapped, up to 5 mm radius &,=3.1 kV, with very good 8% 275 5 055 55 505 4 495 A
efficiency(see Fig. 6. For values smaller thavi,=3.1 kV, v, (kV)
even larger beams can be trapped, but there is a minimum
critical radius so that the trapped beam is hollow. However, rig, 7. Range of trapping radii as a function of the Einzel-
with the present experimental system, the trapping efficienCyjectrode potentiaV/, for the numerical simulatioria), for optical
for such beams is rather lo¢gee Fig. 6. A hollow beam is  model 1(b) and for optical model 2c). The shaded areas represent
also predicted at the lower edge of the hlgher region of stathe radius for which a stable beam can be stored.
bility. The comparison between the trajectory simulation and
the optical models shows that these tend to underestimate the . .
trapping radius. Model 1 predicts also the existence of holpredlcted by these models W.'” always be smaller. On the
low beams, in very good agreement with the trajectory simu-Other hand, because of the 5|_mpI|C|ty of thes_e models, a_nd
lation. The difference in trapping efficiency between thethe small amount of computational effort requwed tq obtz_im
lower region of stability and the higher oriEig. 6 can be these results when compare_d to _the ang mtegrauon time
understood in terms of the trapping radius. With the presenfi€eded to calculate the trajectories directly wihION
configuration of electrodes and potentials, the maximunfabout 30 s for 500us of integration of a single trajectory
trapping radius in the region 40V,<4.4 kV is smaller 0N a Pentium Il computgy these results serve as a useful
than for 3.6<V,<3.6 kV. first-order approximation for the trapping radius. Such calcu-
It is evident from Fig. 7 that neither of the optical models lations are important when experiments with merged beams
is completely consistent with the results of the trajectory(such as laser-ion-beam spectrosgopye performed: It is
calculations. As the angular momentum is not included inthen possible to adjust the trap configuration to optimize the
either of the optical models, the maximum trapping radiusoverlap between the beams.
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V. LOSS PROCESSES

. . . ()\I,Il)i:nt oy (vivdt, 13
In the preceding section we have addressed the question

of the trapping efficiency as a function of the Einzel- h is the densitv of th idual is eith
electrode potential for one particular configuration of the!VNEreNg IS the density of the resiaua gas,  (v;) is either
other electrodes, while ignoring the details of the deca)}he _capture(proce_ss] or the_ scattermgprocess I]. cross
curves themselvesee Fig. 2 An ideal ion trap is a trap that section as a functlo_n of the lon ve_locw,_ and the _mte_gral
can capture an ion beam with high efficiency and hold it for!S over one revolution of trajectory Similarly, for ion-ion

a long time. It is thus important to investigate also the detailsscatterlng(process Il) the average number of collisions in

of the various ion-loss processes in the trap. In this sectionc,)ne revolution is

we provide a detailed characterization of the various ion-loss
mechanisms, which yield the multiexponential-decay curves ()\,,,)i:f n. oy (Av;)Av;dt, (14
seen in Fig. 2.

wheren, is the density of ions and, (Av;) is the cross
A. lon-loss mechanisms section for scattering of ions with relative velocitids; .

Trapped ions are lost due to collisions either with theEaCh of the three ion-loss processes will now be treated
soeparately.

residual gas or among the ions themselves. We consider tw
collision processes with a residual gas spedesamely,
electron capturél) (or electron loss for negative ionand
elastic or inelastic scatterin@), and we assume that further ~ The cross section for electron captusg has only a weak
ionization of the trapped ions is negligible, a very good as-dependence on energy up to keV energ28] and we as-
sumption for ions with energy of a few keV. For a beam ofSume it to be constant for the energy range present in the

1. Electron capture

Ar* ions, processedl) and(ll) can be depicted as trap. Under this assumption, the average number of electron-
capture events during one revolution of iom the trap can
() Arf+R—ArP+R", (108  be written explicitly,
P
() Arf(p)+RO—Ar (p)+R%  (10b) (N)i=k | vit, (15

In the first reaction, a trapped ion captures an electro harek is a constanfk=9.656x 1018 K/(cm®Torn)], P is
from an atom or molecul® of the residual gas and exits the o rasidual gas pressufie Torr), andT is the temperature
trap as a neutral atom. In the second reaction, the ion’s initigh, kelvin). Using SIMION, it was found that the integral in
momentump; is changed in the collision tpy, and the ion g4 (15 was constant for different values of the Einzel-
will be lost if scattered into an unstable orbit. lon loss with ojactrode potential, with a very weak dependence on the ini-
this mechanism can occur both due to a single collision or ag| yajues used in the trajectory calculations, as defined in
a result of multiple collisions. N Sec. IV A. This can easily be understood as this integral

A third ion-loss procesglil) is the collisions among the onresents the length of the trajectory, which is not strongly
stored particles, which can be depicted as influenced by the value 6, nor by the initial values.

With realistic numbers for the present experimental sys-
(1) Arf(py) +Ar'(p2) —Arf(ps) +Ar'(py), (1) tem, P~5x10"%° Torr, T~300 K, o~10"5 cn? [28],
and an effective trajectory length of 35.5 cm, a value\pf

and leads to ion loss upon scattering into unstable orbits. IR-6x 1077 is obtained. For a 4.2-keV Arbeam, a revolu-
Eq. (12), p; andp, are the initial momenta of two Arions  tion in the trap is~3 us, yielding a decay rate ok,
in the beam angb; and p, are their final momenta. We as- ~0.2 s'%, or a corresponding lifetime of,=5 s.
sume that charge exchange between two stored ions is a neg-
ligible process. 2. lon-neutral scattering

To quantify the description of collisions we define the
probability P; per revolution in the trap that an ion moving sc
on trajectoryi in phase space undergoes a collision of ty{pe
where X describes one of the three ion-loss processes d
scribed aboveX=1,I1,111),

A quantitative estimate of the influence of ion-neutral
attering on the loss of trapped ions requires the evaluation
of both the scattering cross section and the maximum angle
&f scattering for which the beam is still trapped, a value we
define as the angular acceptance. The angular acceptance
B —Ow: will be considered in more detail in Sec. VA4 based on
Pi=1—e ™, (12 trajectory calculations. Here we note that the acceptance
angle in the center of the trap is of the order of 1 mrad.
where (y); is the average number of collisions in one revo-  Absolute differential cross sections for scattering at keV
lution for the proces. energies have been measured for several systems, in particu-
For reactions between ions and residual fascesses | lar, for H[29] and O[30] atoms scattered on rare gases. Such
and Il, Eq.(10)] the average number of collisions(;); can  data are relevantaking into account that in the center-of-
generally be written as mass frame of reference, the target and projectile are
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“equivalent”) to the present situation, where it is a rare-gasdescribed by a distribution that is both dependen¥/grand
atom (Ar) that is scattered on the residual gas, which isthe trajectory, the ion loss due to the ion-residual gas scat-
mainly made of H and H,O molecules. For instance, when tering will be manifested in the measured decay curve with
1.5-keV O atoms (i.e., with a relative velocity of multiple slopes, or, in general, with nonexponential behavior,
134.1 mmjs) were scattered on a stationary target of Ar,which will be sensitive to the exact values of the electrode
the integral cross section for scattering into laboratory anglepotential and injection conditions. However, for long storage
of 3.49 mradk 9, <107.5 mrad was measured to be 1.08times, a steady-state distribution is reached and the decay is
X 1071® cm?. The corresponding angular range when Arexponential.

acts as the projectile would be 1.4 mrad <43.0 mrad,

i.e., well above the typical acceptance angle of the ion trap. 3. lon-ion scattering

The fact that the measurements made in R&8,30 were The ion-ion scattering in the trap is an important process
performed for both neutral projectiles and targets is in factomy in regions where the ion density, is large[see Eq.
yielding a lower limit for the ion-neutral-scattering cross S€C-(14)], which happens in the regions where the ion velocity is
tion, as charged particles would increase the scatteringmg|, j.e., near the turning points. Thus, to a first approxi-
angles. Thus, the loss of ions by ion-neutral scattering is afation (\,,); will be approximated by its incremental value
important process in this trap and is equivalent in its strength; these points. Consider a small temporal segnienf the

to the electron-capture cross section. _ trapped ion beam. In the center of the trap this segment is
To obtain a general estimate, the interaction between thg 5 acterized by a longitudinal sizez,=wv,dt and a radial

two colliding atoms can be represented by a Fermi-Thomag,ensiorR,. Between electroded; andV, (Fig. 1), where
potential[31], and becomes explicitly the ions turn around, the segment is longitudinally contracted
5 due to the deceleration to a siae;, while the radial size is
d_(T_ a Omin 16 changed toR;, according to the focusing properties of the
daQ = (62:.+ 92)2’ (16) trap. In general, the ion density at the turning points, ),
can be written as

where o is the total scattering cross section arg,;, RA\2/ A
=#h/(uva) is the minimum angular deflection for a system = To| (2%
: . : . : (n:)e=(ny)o : (18)
with reduced masg, relative velocityv, and atomic radius R/ | Az
a. Within this model the total scattering cross section is . ) )
known to be proportional to &7 [31]. where (1), is the ion density on the center of the trap. The
Thus, for ion scattering on the residual gas, the averagBeam radiiR, and R; can be evaluated directly from the

number of collisions in one revolution can be estimated aphase-space calculatidsee Sec. IV A while Az can be
[see Eq(13)] estimated by a second-order expansion of the position of the

segment around the turning point,
0'||(Uo)UZP dt
Ap)i=k——=— ° oo 17 1( &)2( q
I

AZt=§ E M (19)

du
dz

t
whereo ) (vg) is the scattering cross section at a known ve-

locity v, that leads to scattering into angles larger than theVhereéd andM are the ionic charge and mass, respectively,

acceptance angle. a_md @du/dz), is the a_X|aI gradient of the electrostatic poten-
The effect of the electrode electrical configuration of thelid! at the turning point. . .

trap and the population of the phase space\qris repre- Assuming 2that the |on—|on—§catter|ng cross sept|on be-

sented by the integral of the inverse ion velocity. For each ofi@ves as No® [31], whereAu is the relative velocity be-

the studied electrical configurations, this integral was calcuWVeéen two ions, the average number of ion-ion collisions

lated withsIMION for each trajectory in the phase space. ThedUring one revolution can be written gsee Eq(14)]

average value of the integral was typically 0.05%/ mm but

clearly depended on the potential of the Einzel eIectrode(.)‘”')i

Moreover, the widths of the distributions of this integral var- MU, du| 1[Ry\2/ 1

ied between 0.01-0.0Zs*mm while varyingV, . =k’(n+)o\/—m”(AvO)AvS(d—) (ﬁ) <A_>
The average time between ion-neutral collisions that q 2/ t vi

leads to loss can be estimated from E#7): for a cross (20)

section oy (ve)=10"1° cn?, vo=1.4x10" cm/s, P=5
x 101 Torr, T=300 K, and taking the value of the inte- whereU, is the acceleration voltage;, (Av,) is the ion-
gral as 0.5 10 12 g%/cm, a value ofr;,=1.6x10 % is ob-  ion-scattering cross section at a known relative velodity;,
tained, which corresponds to an average time between su@nd(1/Av;) is averaged over the phase space at the turning
collisions of 7;,=1.8 s. Such a time is of the same order of points. Equation(20) demonstrates that the average number
magnitude as the lifetime observed in the trap. of ion-ion collisions per revolution in the trap is a function of
A direct implication of the importance of the ion-neutral both the electrical configuration of the electrodes, through
scattering is that since the average number of collisigns  the value of U/dz),, and the specific population of phase
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typical parameters of our system, yields a value f

@) =350 ms. However, not all ion-ion collisions lead to the
loss of ions from the trap, and here also, as for the ion-
10' } ¢ : neutral scattering, a better estimation of the influenck pf

e on the lifetime of the trapped beam requires the evaluation of
o . the angular acceptance. Nevertheless, it is interesting to point
€10 *%ee o : out that this value is of the same order of magnitude as the
c . time scale in the decay curves for which nonexponential be-

. havior is observedsee Fig. 2

4. Acceptance angle

™ When considering the significance of the scattering pro-

10 : ‘ ' cessesgprocesses Il and Ill, Eq$10b) and(14)] for ion loss

' (k) ' in the electrostatic trap, the stability of each trajectory to-
wards angular deflection must also be evaluated.

2 y y y At a particular segmentS; ;S;+dS] of trajectoryi the

®) distribution of angles relative to neighboring stable trajecto-

ries is given by the available phase space

<<

z

-
L)
]

: (21)

(6) -
j=arcco$———
r)i v

(1/Av) (us/mm)
[

Ceec® ° wherej runs over the neighboring orbits. This equation is
. valid for both ion—residual gas scattering and ion-ion scat-
] tering.

A measure of the angular acceptance can be calculated by
estimating the width of the distribution of, as obtained
%5 3 35 4 45 from Eq.(21) for a large number of trajectories. It was found

Vv, (kv) that such a distribution is sensitive to both the radial distance
from the axis of the trap and to the distarzfeom its center.

FIG. 8. (a) Square of the radial compression at the turning point  Figure 9a) shows the values of the average acceptance
of the ion trap as a function o¥;. (b) Value of (1/Av) at the  angles(d,) as obtained from the standard deviation of the
turning points as a function of, . distribution of 4, at the center of the trag€0). Figure gb)

shows the same at the turning po{), where the ion-ion
space, through theRy/R;) and (1/Av;) factors, which are scattering is dominant, as a function of the Einzel-electrode
also functions of the electrode potentials. potential. As can be seen there is a huge difference in the

The significance of each of these factors was investigatedalue of the acceptance angles: while it is in the milliradian
through calculations witlsIMION. Since only the potential of range at the center of the trap, it is almost three orders of
the Einzel electrode was varied, the value afU{dz), magnitude larger at the turning point. This does not mean
~165 V/mm can be considered constant in the preserthat the ion-loss process due to scattering from the residual
study. Figure 8) shows the square of the ratio between thegas near the turning point is unimportant; the kinetic energy
beam radius at the center of the tr&g, and the beam radius of the ions in that region is very low and large angles of
at the turning pointR;, as a function of the Einzel-electrode scattering are possible. In any case, the dependenc¢é, pf
potential as calculated for the homogeneous beam. It can kand(6,) onV, at both the center and at the edges of the trap
seen that this ratio is strongly dependent\éyn and that is quite strong, and it is expected that the beam lifetime is
around 3.75 kV, a radial compression factor of about threalirectly affected by these changes.
orders of magnitude is obtained. At the same time, the aver- The widths of the distibutions of acceptance angles were
age value of Wv, shown in Fig. 8b), is increasing up to seen to be of the order of 1-2 mrad féy and 0.2—0.4 rad
V,=3.6 kV. Since the average number of ion-ion collisionsfor 6, depending on the different electrical configurations.
N\, is a strong function of, and is trajectory dependent, For trajectories close to the edges of stabillity in phase space,
nonexponential behavior in its contribution to the measuredhe acceptance angles approach zero.
decay curves can be expected. The widths of the distributions The acceptance angles as plotted in Figa) 8nd 9b) are
of 1/Av; were found to be as large as 0.25-@sbmm for  evaluated in the laboratory frame of reference. If the projec-
the various electrical configurations, and with such widths dile massM; (ion mas$ is larger than the target madsg
strong influence of the initial beam shape on the decaymass of the neutral gas atoms or molec)lgeere is a maxi-
curves can be expected. mum angle of scattering given by

An estimate of the average time between ion-ion colli-
sions, for a beam density of 40cm ™3, using Eq.(20) and Omax=arcsirtMg/M;), (22

o
2]
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FIG. 10. Rate of neutral Ar atoms exiting the trap as measured
(b) by the MCP detector for a high-intensity bedopper curvg¢ and a
157 ] low-intensity bean{lower curve. The Einzel-electrode voltage was
V,=3.25 kV. The data shown here are summed over 100 injec-
) * tions.
©
= 1 °
el ®e . .
< °, . scale, since the dependence of this process on the trap con-
% figuration is very strong, as can be seen through the radial
05} . compression ratigFig. 8@)], the change in the average of
the inverse relative ion velocityFig. 8b)], and the accep-
°. oo tance anglesFig. 9. A complete Monte Carlo simulation is
olL—* . . -~ needed to understand the intricate contribution of each of
25 3 35 4 45 these factors. However, because of the dependence of the

V.(KY) ion-loss process due to ion-ion collisions on the ion density,

a lessening of its influence should be observable when inject-
ing weaker beams into the trap. For this purpose, we have
measured decay curves under the same experimental condi-
tions (i.e., residual pressure and all electrode potentialg

which might be always smaller than the acceptance angle. \With different beam intensity. The intensity reduction was

such a case, a single scattering event cannot lead to the |oggrf0rmed by closing a set of slits Ioc_ated between the t_WO
of an ion. In the case of Arimpinging on H, which is the magnets, abd/ m upstream from the ion trap. The result is

dominant residual gas in the trafy, =50 mrad, well be- shown in Fig. 10, where the upper curve is for 100 injections

. . : f 10" ions each and the lower curve is for 100 injections of
low the value of ;) at the turning point of the trafsee Fig. 0 ) b ! e
9(b)]. If only one type of ion is stored in the tras in the 5% 10° ions atV,=3.25 kV. The short-time behavior is dif-

present casethis kinematical effect has no influence on thel‘erent: the fast decay present in the higher-intensity beam is

ion-ion scattering. However, in the case where two differen{Tuch weaker in the lower-intensity injections. In a recent
masses are stored togethj@g], subtle effects due to colli- work [24], we showed that by selecting a special set of elec-

sions between the lighter and heavier mass can appear in tﬂé)de potentials the_ lon-ion scattering contribution can be
decay curves. mcreqsed to the point whe_re collective effects such as syn-
In general, we find that the ion-loss rate due to scatteriné:hron'z"Jltlon of the ion motion can be observed.

(processes Il and lllis a complicated function of the exact hThe _Ioig-tlrgs b(lahawrc])r of thg decg\y curvest,hwrlgph "T‘
trajectory of the stored ion inside the trap, and that a fuShOWn 1N ig. .)' also shows a dependence on the Einzel-
understanding requires extensive calculations. electrode potential. Two factors influence this part of the de-

cay curve. The first one is the electron-capture process,

which is independent of the electrode-potential configura-

tion. The second one is the ion-residual gas scattering,
Among the three loss processes described above, the iomhich shows strong dependence dp. We still cannot re-

ion scattering is the only one that depends directly on the ioproduce the experimental data shown in Fig. 2, but it seems

density. One can thus expect that its influence on the decaypat the dominant factor is the dependence of the acceptance

curve is limited to short times, though this does not mearangle upon the Einzel-electrode potentisée Fig. 9. The

that the other ion-loss processes do not influence the shor&cceptance angle at the center of the trap is maximum for

time-decay rates. It is difficult to give a quantitative time V,=3.4 kV, and the lifetimgsee Fig. 2is also the longest

FIG. 9. Average acceptance angles as a function,of(a) at the
center of the trap(b) at the turning point. Note the difference in
units.

B. lon-loss processes: Comparison to experimental data

042703-11



PEDERSEN, STRASSER, HEBER, RAPPAPORT, AND ZAJFMAN PHYSICAL REVIEW3.042703

for the same voltage, leading to the conclusion that ionthat shows such efficiency, but from the data presented and
neutral scattering is a significant loss process for long-timdérom other experiments where beam extraction from the trap
storage. However, a complete understanding of the lifetimevas performed13], it is clear that the trapping efficiency is
behavior will require a detailed knowledge of the competi-of the order of many tens of percent. Such an order of mag-
tion between the different factors affecting the scatteringnitude has also recently been obtained with the CONETRAP
probability and the acceptance angle along the axis of thgl5], in which an estimated 30% of the beam was trapped.
trap. Good collimation of the beam prior to injection is essential
An interesting point is a comparison with previous mea-to achieve high trapping efficiency; this can be obtained us-
surement$13] done with the same trap, where the beam wasng standard ion optics upstream of the trap.
injected through a 1-mm-diameter collimator and the exit The optical models developed here have been demon-
side of the trap was also restricted by a 2-mm collimatorstrated to characterize well the ion trap and can be used to
located on the last electrode. With this setup, single exponerexplain the trapped-beam behavior, such as trapping radius
tial decay was observed, with very weak dependence on thas well as trapping efficiency. The main difference between
Einzel-electrode potential. Also, much shorter lifetimes, atmodel 1 and model 2 is the trajectory representation inside
comparable residual-gas pressure, were observed. This restiie mirror electrodes, where clearly model 2 is superior.
can be explained by the fact thét) the initial collimation  These tools can now be used to perform preliminary optimi-
reduced the total number of ions injected into the trap tazation before the exact design of such a trap is undertaken.
much lower values, hence reducing the effect of ion-ion scatThese models are also useful for optimizing the potential
tering and(2) the exit collimator only permitted observation configuration of the electrodes to obtain a specific beam size
of the trapped beam close to the axis. Since ion—residual gasside the trap.
scattering always tends to increase the radius of the beam, In Sec. V we showed that the determination of the beam
the measured decay constéobbserved through the electron- lifetime in such a trap is a complex issue related to the elec-
capture processwvas geometrically correlated to the central trical configuration of the trap. Although we studied the de-
part of the beam. The lifetimes measured were shorter bgzendence of the decay rates @n only, it is clear that dif-
cause the ion—residual gas scattering moved the ions out éérent potentials on the other electrodes will also lead to a
the line of sight of the MCP detector. In fact, these ions werechange in the beam lifetime. A complete Monte Carlo simu-
not lost from the trap and the real lifetime is about an ordefation is needed to reproduce the decay curves. An additional

of magnitude longer than that measured in R&8]. conclusion is that when this type of ion trap is used to mea-
sure lifetimes of atomic metastable states, care should be
VI. CONCLUSIONS taken to either correct for the nonexponential behavior of the

) ] ) _number of stored ions with time, or use a specific séggo-

_ In this work we have measured the relative trapping effi-metrical and electricathat will produce a single exponential
ciency as well as the lifetime of an Asion beam at an  gecay. In general, we conclude that the scattering process of
energy of 4.2 keV in a linear electrostatic ion trap as a functhe jons on the residual-gas atoms or molecules is the domi-
tion of the electrical configuration of the trap. We have pre-nant ion-loss process at long times.
sented trajectory calculations as well as optical models, Animportant effect that is taking place when special elec-
which reproduce the functional dependence of the trappingical configurations are used is ion-motion synchronization,
efficiency and explain the complexity of the ion-loss pro-yhich allows a packet of ions to be stored with a constant

cesses. We found that three mechanisms contribute to thgngth for a time that is much longer than the standard dif-
loss of ions: charge-exchange, ion-ion, and ion—residual gagsjon time[24].

scattering. We have tried to parametrize the most important
factors affecting the trapping efficiency and beam lifetime of
such a trap. From our results, it is clear that different trap
geometries and potential configurations on the electrodes This work was supported by the German Ministry of Edu-
will change the exact values, and that optimization of allcation, Science, Research and TechnoléB¥BF) within
these parameters can yield ion traps with even longer lifethe framework of the German-Israeli Project Cooperation in
times. Future-Oriented Topic$DIP), by the Alhadeff Foundation,

Linear ion traps of the type described here are capable dfy the Minerva Foundation, by a special grant from Yeda,
very high trapping efficiencies, which can theoretically reachand by the European Union under the Fifth Framework pro-
100%. It is still left to perform a quantitative measurementgram, Contract No. HPRN-CT-2000-00142.
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