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Stability and loss in an ion-trap resonator

H. B. Pedersen, D. Strasser, O. Heber, M. L. Rappaport, and D. Zajfman*
Department of Particle Physics, Weizmann Institute of Science, Rehovot 76100, Israel

~Received 10 July 2001; revised manuscript received 25 September 2001; published 18 March 2002!

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 Ar1 beam 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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I. INTRODUCTION

The application of ion traps and heavy-ion storage rin
has had a significant impact on many branches of phy
@1#. In these devices, ions are stored for a relatively lo
time, either as a cloud~with meV to eV kinetic energies, in
ion traps! or as a high-kinetic-energy beam~with MeV ki-
netic energies, in heavy-ion storage rings!. For ion-trap de-
vices, such as the Paul trap~quadrupole trap! @2,3#, the Pen-
ning trap @4,5#, the Paul-Straubel trap@6,7#, the static@8,9#
and dynamic Kingdon trap@10,11#, ions are confined using
static or time-dependent electromagnetic fields. On the o
hand, in heavy-ion storage rings, the energetic ions are
fined using large-scale static magnetic structures.

Recently, electrostatic ion traps for storage of fast io
with keV energies have been developed. The first of th
devices@12,13# was designed as a resonator in which io
oscillated between a pair of electrostatic mirrors. Similar
signs based on the same principle, but using slightly differ
types of reflecting electrodes, have been built@14–17#. An
electrostatic storage ring has also been set up@18#, which
allows for the storage of keV ion beams. Among the adv
tages of these devices are that they are relatively small
that, since the confinement of ions is achieved using o
electrostatic fields, there are no limits for the masses of
ions that can be stored. Several experiments have alre
been performed with these devices, such as metastable-
lifetime measurements@19,20#, lifetimes of negative specie
@21,22# and charge exchange@23#.

The resonator type of ion trap has several unique pro
ties, such as the rapid slowdown of the stored ions near
turning points inside the electrostatic mirrors and the la
focusing forces that are used to trap the ions. A particula
of the linear-trap resonator that arises from from these pr
erties is the recently observed phenomenon of ion-mo
synchronization@24#, indicating that nontrivial dynamical ef
fects can take place when a beam of charged particle
stored between two electrostatic mirrors.

In the original papers describing this type of trap@12,13#,
the stability criterion and the loss process were treated u

*Author to whom correspondence should be addressed. F
1972-8-9344166. Email address: fndaniel@wicc.weizmann.ac.
1050-2947/2002/65~4!/042703~13!/$20.00 65 0427
s
cs
g

er
n-

s
e

s
-

nt

-
nd
ly
e
dy
tate

r-
he
e
y
p-
n

is

g

a relatively simple model. In this paper we investigate t
parameters that control the dynamical stability and trapp
efficiency of these linear traps, and aim to provide a be
understanding of the loss processes.

II. EXPERIMENTAL SETUP

In the present experiment, a beam of Ar1 ions, with an
initial kinetic energy of 4.2 keV, was produced by a
electron-impact ion source. The ions were mass analyze
a 20° magnet positioned adjacent to the ion source, and
an additional 45° magnet, located 5 m downstream. The ion
were then injected into the ion trap, which was located 5
away from the second magnet. The ion current was mo
tored with a Faraday cup located behind the trap and wa
the order of 300 nA. Steering and focusing of the ions b
tween the two magnets and between the last magnet and
ion trap was done with two electrostatic quadrupole trip
lenses. An electrostatic chopper located before the first m
net was used to create bunches of ions with a temporal
tension of 1 –100ms.

A schematic drawing of the electrostatic ion trap is sho
in Fig. 1. The mechanical design of the ion trap and its o
eration have been described previously@12,13#. Briefly, the
ion trap consists of two coaxial electrostatic mirrors, ea
composed of a stack of eight cylindrical electrodes. The
tentials of these electrodes are controlled independently,
cept for the innermost and outermost ones, which are alw
grounded. Thus, the central region between the two inn
most electrodes with a length of 228 mm of the trap is
sentially field-free. The diameter of the central hole is 16 m
in the outer six electrodes and 26 mm in the two innerm
electrodes. The distance between the outermost electrod
407 mm. The trap is pumped by a cryopump, typically to
pressure of;5310210 Torr.

Injection of ions into the trap is realized by keeping t
electrodes on one side of the trap at ground potential~left
side in Fig. 1!, while the electrodeV1 on the other side is
kept at a potential that is high enough to reflect the io
Before the ions return to the entrance side of the trap,
potentials of the electrodes on this side are rapidl
(;100 ns) raised so that the ion bunch is confined betw
the two electrostatic mirrors. In the previous experime
performed with this setup@12,13,19–23#, collimators of 1
:
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FIG. 1. Schematic view of the
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. Th
distance between the innermo
electrode is 227 mm. The pickup
electrode in the center is used t
measure the intensity of the in
jected ion bunch.
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and 2 mm diameter were located at the entrance and ex
the trap, respectively; while no collimators were used in
present setup.

In order for the ions to be trapped, the electrode electr
potentials have to satisfy certain conditions@12#, which will
be described in more detail in the following section. As va
ous configurations of potentials are possible, we defin
particular configuration by the vector$V1 ,V2 ,V3 ,V4 ,Vz%,
which represents the potentials of the electrodes as show
Fig. 1. The electrode connected to potentialVz in each mirror
is called the Einzel electrode, as it plays a major role
defining the focusing properties of the ion trap@12,13#. In the
present work, only symmetric configurations, where identi
potentials are applied on each set of electrodes,
considered.

Once the bunch is stored, its evolution was monito
using a microchannel-plate~MCP! detector, located
;50 cm after the trap~see Fig. 1!, which measures the num
ber of neutral Ar0 atoms emerging through the exit mirro
These atoms are produced in charge-exchange collis
with the residual gas inside the trap. A second detection
vice is a cylindrical pickup electrode of lengthl p57 mm
with an inner diameter of 18 mm and a thickness of 1 m
located at the center of the trap. The total capacitance of
pickup electrode, connectors, and vacuum feedthroug
Cp;10 pF. When charged particles pass through
pickup, an image chargeQp is induced on its surface. Thi
charge is converted into a voltageVA by a charge-sensitive
amplifier. The amplifier was calibrated by injection of
known charge through a test capacitor using a voltage
with fast rise time (<20 ns). The calibration showed a lin
ear relation,VA5Qp /Cf , with Cf51.3 pF. The output of
the charge-sensitive amplifier is recorded on a digital os
loscope, from which the number of injected ions can
evaluated. The pickup electrode was used to follow the t
behavior of the injected bunch in the trap and a fa
(;300 ms) debunching always occured with the present
of electrode potentials.

For stable trapping conditions, the rate of Ar0 atoms ex-
iting the trap and hitting the MCP detector is proportional
the number of ions trapped between the mirrors, so that
beam decay can be studied for different potential configu
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tions of the electrodes. Many of these potential configu
tions lead to a stable condition for trapping; we have cho
a single set of voltages on the first four electrodes of e
mirror, which create a nearly linear decrease of potential
the axis inside the mirror, namely,V156.5 kV, V2
54.875 kV, V353.25 kV, andV451.625 kV, while the
voltage on the Einzel electrode was varied over a large ra
of values for which trapping could be achieved, i.e., 2
,Vz,4.5 kV.

III. RESULTS

Figure 2 shows an example for the measured numbe
Ar0 atoms hitting the MCP for three different values of th
Einzel electrode potential:Vz53.25 kV ~upper curve!, Vz
53.05 kV ~middle curve!, andVz54.15 kV ~lower curve!.
About 107 Ar1 ions in a bunch of 5ms were injected into
the trap for each injection, and the data shown here are
sum over 100 injections. Similar decay curves were m

FIG. 2. Rate of neutral Ar atoms exiting the trap as measured
the MCP detector. The Einzel-electrode voltage wasVz53.25 kV
for the upper curve,Vz53.05 kV for the middle curve, andVz

54.15 kV for the lower curve. The data shown here are summ
over 100 injections.
3-2



n
s
he
a
er
n
p

un
e
je
s
e

tio
ng

a

le
el
il
tr

n
CP
m

or
e

d

f

es

tr
n
ca

c
le
d
t

s
o

as
ec

re
nd
c-

ncy

the

is

ra-
ntial
od
of

rac-
one

e is
.
al
ra-
nd

y

STABILITY AND LOSS IN AN ION-TRAP RESONATOR PHYSICAL REVIEW A65 042703
sured for other values ofVz . For all of these curves, a
increase in the count rate was observed at short timet
,20 ms). This is due to MCP saturation shortly after t
injection flash. This region of the data was discarded in
further analysis. After the first 20 ms, the decay curves w
characterized by a fast and a slow decaying part, as ca
seen in Fig. 2, and in general, at least three different ex
nential decay times could be observed. It was also fo
that, although the major features of the decay curves w
reproducible, the exact values of the decay times were in
tion dependent, i.e., a change in the focusing propertie
the injection~quadrupole! optics influenced the slope of th
decay curves.

The analysis of these curves is used to gain informa
on two important properties of the ion trap: The trappi
efficiencyec and the loss processes. The former is defined
the ratio between the number of ions initially trappedNT and
the number of ions injectedNI . The number of injected ions
can be estimated from the signal induced on the pickup e
trode, but the number of stored ions is known only relativ
through the number of neutral atoms hitting the MCP. As w
be demonstrated later, not all ion-loss processes in the
lead to neutralization~see Sec. V!, so that not all the ions are
counted by the MCP detector. However, a value proportio
to the trapping efficiency can be obtained from the M
signal: The number of ions measured by the MCP in a ti
interval Dt can be written as

S~ t !5acN~ t !Dt, ~1!

whereac is a constant of proportionality that accounts f
the neutralization process, the MCP efficiency, and the g
metrical acceptance of the detector, andN(t) is the number
of trapped ions at timet. Thus we can define a measure
relative efficiencyem , proportional toec , as

em5acec5ac

N~ t50!

NI
5

S~ t50!

DtNI
. ~2!

The measured signal att50 was found by extrapolation o
the decay curve fort,20 ms. Figure 3~a! shows the value
of em as a function of the potential on the Einzel electrod
Vz . There are clearly two regions of stability: 2.7,Vz
,3.6 kV and 4.0,Vz,4.3 kV.

The loss processes that release the ions from the
leave their mark in the details of the decay curves, show
Fig. 2. However, because of the different number of de
constants needed to characterize these curves, we have
sen here to fit only the long-time behavior with a sing
exponent. A general fit to all the measured curves require
minimum of three decay constants, and would force us
adhere to a specific model describing the ion-loss proces
Figure 3~b! shows the results for the fitted decay constants
the slowly decaying part (t.2 s) as a function ofVz . It is
important to point out that when a small collimator w
placed at the entrance and exit sides of the ion trap, the d
curves were all well fitted by single exponents@13#.
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IV. STABILITY AND TRAPPING-EFFICIENCY MODELS

In the following, we present two different models that a
used to explain the basic factors affecting the stability a
the trapping efficiency of the trap. It is the goal of this se
tion to understand and reproduce the trapping efficie
shown in Fig. 3~a!.

A. Trajectory calculations

One of the most straightforward ways to understand
trapping-efficiency behavior presented in Fig. 3~a! is to nu-
merically perform classical trajectory calculations. For th
purpose, we used theSIMION program@25#, which can both
solve the Laplace equation for a specific potential configu
tion in space and propagate ions on the computed pote
grid. The program uses a fourth-order Runge-Kutta meth
to solve the Newtonian equation of motion. The density
ions is assumed to be low enough such that ion-ion inte
tion can be neglected, and the trajectories are calculated
ion at a time.

For each potential configuration of the electrodes ther
an associated collection~E! of stable single-ion trajectories
The knowledge of this collection allows for a statistic
analysis of the dynamical properties of the trap configu
tion. Considering that the trap is cylindrically symmetric a

FIG. 3. ~a! Measured relative efficiencyem as a function of the
potential on the Einzel electrodes,Vz . ~b! Fitted lifetime for the
long-time behavior~for storage times.2 s! of the measured deca
curves as a function ofVz .
3-3
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that the total energy is conserved, all stable trajectories
be uniquely characterized by three phase-space coordin
$r ,v r ,vu% on any plane (z5const) perpendicular to the ax
of the trap, and their propagation for one reflection in t
electrostatic mirror back to this plane. The cylindrical co
dinates are the following:z is the distance from the center o
the trap along the symmetry axis,r is the radial distance
from this axis, andu is the azimuthal angle, whilevz , v r ,
andvu are the ion velocities in these directions. For conv
nience, we probe the phase space at the trap-center p
(z50), where the ion kinetic energy equals the injecti
energy.

Using SIMION, the phase space was investigated for va
ous values of the Einzel electrode potentialVz by propagat-
ing Ar1 ions with an injection energy of 4.2 keV, while th
initial coordinates$r ,v r ,vu% were systematically varied.

A stable trajectory, defined asSi(r i ,v r i
,vu i

) was numeri-
cally identified by the requirement that a propagated ion w
trapped for more than 500ms (;200 oscillations!, hence

E5$Si~r i ,v r i
,vu i

!uTf i
.500 ms%, ~3!

whereTf i
is the duration of the trajectoryi. The time limita-

tion of 500 ms was found to be sufficient by making initia
tests on a relatively large number of trajectories. It was fou
that for unstable trajectories, the ions were usually lost fr
the trap after a few oscillations (<20 ms).

A first insight into the dynamics taking place in the tra
can be gained by looking at selected trajectories inside
electrostatic mirrors for the two different regions of stabil
@see Fig. 3~a!#. Figures 4~a! and 4~b! show examples of such
trajectories forVz53.1 kV and Vz54.1 kV, respectively.
The behaviors are clearly different. ForVz53.1 kV, which
exemplifies the lower region of stability, different trajectori
with various distancesy from the axis have turning point
inside the mirror that are widely distributed radially, while
the higher region of stability, all trajectories focus close
the axis of the mirror.

To investigate the ion trajectories under realistic con
tions of injection and electrode potentials, and to estimate
trapping efficiency, a Monte Carlo simulation type of calc
lation was performed. Briefly, for a given value of th
Einzel-electrode potential, a sampleNS of ions was ran-
domly chosen from an initial distribution of ions in pha
space. These ions were then mapped onto the grid use
determine the phase space. The number of ions among
initial NS mapped onto the phase-space elementi is termed
Ni , and the total number of trapped ions isNT5( iNi ,
where the indexi refers to the phase space of stable traj
tories. Finally, we define a set of trajectory probabilities
the particular population of the phase space,

« i5
Ni

NT
. ~4!

Note that(« i51 always and for a homogenous filling of th
trap Ni51. All properties of the trajectories are then eva
ated with these probabilities. Particularly, the trapping e
ciency as defined in Sec. III is given by
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. ~5!

Results based on this procedure will be given in S
IV C.

B. The optical models

Although the stability and properties of the electrosta
trap can be evaluated directly by calculating the trajecto
in the actual electrostatic potentials, useful insight can
gained by exploiting the analogy between light propagat
in matter and propagation of charged particles in elec
fields @12,13#. An optical model can provide a simple an
intuitive understanding of the properties of the trap for
particular configuration. Also, the computational effort r
quired with optical models is considerably less than w
actual trajectory calculations, since ion propagation can
performed using theABCD-matrix formalism developed in
geometrical optics@26#. However, optical models cannot pro
vide information about collision-induced properties~such as
loss processes! and properties associated with nonplan
motion.

FIG. 4. Typical orbits of ions for various distancesy from the
axis. Upper panels: Trajectories as calculated usingSIMION. ~a! Vz

53.1 kV, ~b! Vz54.1 kV. Middle panels: Rays for the optica
model 1.~c! Vz53.1 kV, ~d! Vz54.1 kV. Lower panels: Rays for
the optical model 2.~e! Vz53.1 kV, ~f! Vz54.1 kV. The black
rectangles at the top of each plot represent the positions of
electrodes.
3-4
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1. Trap stability

The stability of the ion trap can be divided into two par
axial and radial confinement. The first one is directly det
mined by the maximum potential on the trap axisUmax,

Ek

q
,Umax, ~6!

where Ek and q are the ion kinetic energy and electr
charge, respectively.

It is possible to understand the radial stability of the tr
when the analogy to an optical resonator is considered@12#.
Previously, an optical model~model 1! of the present trap
was presented where the entire electrostatic mirror was
resented by a curved surface of reflection@12,13#. For a sym-
metrical optical resonator of this kind, and assuming that
mirrors are spherical with radiusRm , the radial-stability cri-
terion is given by@12#

L8

4
, f m,` ~model 1!, ~7!

whereL8 is the effective length of the trap andf m5Rm/2 is
the focal length of the mirrors. Figure 5~a! shows a sche-
matic drawing of such an optical resonator. In a later pu
cation, Rockwood established the same criterion by sim
physical arguments@27#. The qualitative validity of the sta
bility conditions @Eqs. ~6! and ~7!# has been demonstrate
experimentally@12,13#. However, the simplicity of the mode
is also its limitation when more precise and quantitat
comparison is required. As will be shown later, some of
properties of the trapped beam, which can be observed in
trajectory calculations~see Sec. IV A!, are not taken into
account in this simple model.

A second model~model 2!, which yields a better repre
sentation of the actual reflecting electrode assembly w
remaining simple enough to be analyzed analytically, rep
sents the reflecting electrostatic system as a lens of f
length f and a plane mirror located a distanced behind the

FIG. 5. Schematic drawing of the optical models:~a! model 1,
~b! model 2.
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lens. Figure 5~b! shows a schematic drawing of this mode
In this model, it can be shown that there are two regions
stability for the focal length of the lens,

L

2
< f <`, ~8!

dL

2d1L
< f <d,

whereL is the distance between the two lenses.
In order to use the optical models to deduce specific pr

erties of the ion trap, the values ofL8 and f m8 for model 1 and
L, d, andf for model 2 are needed for the different potent
configurations of the trap electrodes. For this purpose, sim
trajectory calculations, which required only one period
revolution were made. For model 1, the focal lengthf m and
the effective trap lengthL8 are obtained by calculating th
trajectories of ions initially moving parallel to the axis an
observing both the positionzm , where the ions turn around
~the mirror surface!, and the positionzc , where they cross
the optical axis after reflection. The difference between th
two positions is defined as the focal lengthf m5zm2zc and
L852zm .

For model 2, the parametersf, d, and L are determined
similarly. The value ofd is defined as the distance on the ax
from the center of the Einzel electrodezz to the position
where the potential equalsEk /q of the ion. The focal length
f can be obtained from the measurement ofzc and the posi-
tion zz of the Einzel electrode. WithDz5zz2zc , the focal
length is

f 5Dz1d6ADz21d2, ~9!

where the minus sign before the square root applies iff ,d.
At this point, it is instructive to compare the optical ray

that can be traced for both optical models to the trajecto
calculated with SIMION. The SIMION results are already
shown in Figs. 4~a! and 4~b! for two typical values of the
Einzel-electrode potential Vz (Vz53.1 kV and Vz
54.1 kV), one for each region of stability shown in Fig
3~a!. For comparison, the optical-ray paths for the sa
Einzel-lens voltages are shown in Figs. 4~c! and 4~d! for
model 1 and in Figs. 4~e! and 4~f! for model 2. There is a
clear difference in the behavior of these rays and it is evid
that model 2 gives a better representation of the trajecto
than model 1. More specifically, and as pointed out in S
IV A, for the region of stability corresponding to large value
of Vz , the focusing point in the mirror plane is independe
of the radial distance, as calculated withSIMION. Thus, the
direct benefit of model 2 as compared to model 1 is
prediction of very different dynamics in the two regions
stability. It is also important to point out that although mod
1 does not predict two different regions of stability in term
of optical properties@see Eq.~7!#, it does reproduce the two
regions of stability in terms of the Einzel-electrode potent
Vz : For model 1, a given focal length can be obtained
two different values ofVz , while this is not the case fo
model 2. It is obvious that the optical models can be e
3-5
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tended even further, for instance, by allowing the mirror
model 2 to be curved, or by adding more optical elemen

When using optical models to calculate additional char
teristics of the trap, such as trapping efficiency and ion d
sity, spherical aberration needs to be taken into acco
Since the stability criteria@Eqs. ~7! and Eq.~8!# depend on
the focal length, we consider the longitudinal spherical ab
ration, which is reflected in the dependency of the fo
length (f m or f ! on the radial coordinater. This dependency
was investigated withSIMION by monitoring the change in
the focal length for different trajectories, initially parallel t
the axis, as a function of the radial distancer from this axis.
For both models, it was found that the focal length can v
by a few orders of magnitude as a function ofr, and that the
focal length generally decreases for larger radial distanc

With the spherical aberration, the trap stability is e
dently more complex and it is clear that the ion reflection
a large distancer from the axis is very different than close t
the axis. The main difference between models 1 and 2 is
in the later, there is a well-defined region of stability f
which the ions cross the optical axis ‘‘inside’’ the electr
static mirror. This happens specifically for the Einze
electrode voltage in the high region of stability in Fig. 3~a!.
In this region, the aberration is large, which hints to the f
that the stored beam will be more narrow than in the low
region of stability.

2. Simulations with the optical models

To evaluate explicitly the properties of the trap with t
optical models, calculations in close analogy to these
scribed for theSIMION simulation ~see Sec. IV A! are per-
formed using theABCD-matrix formalism@26#. TheABCD
matrices including the aberrations calculated in Sec. IV
are calculated from single trajectories when an ion is
flected only once in the electrostatic mirror. Thus, the pro
gation of the ion in the trap can be performed very rapidly,
once theABCD matrices are set for a specific configurati
of the trap, only matrix multiplications are required. Anoth
major difference from theSIMION simulation is that in both
optical models, all orbits are planar, so that only two coor
nates (r ,v r) are varied. The ion propagation is calculated
about 200 oscillations, starting with the same initial con
tions as defined in Sec. IV A.

C. Results

The main function of the models described above is
provide an estimate of the trapping efficiency of the ion tr
and to compare its dependence onVz with the experimental
data. The experimental data from Fig. 3~a!, em vs Vz , has
been redrawn in Fig. 6~a! for better comparison with the
calculations. Figures 6~b!–6~d! show the results (ec) of both
the trajectory calculations@Fig. 6~b!# and the optical models
@Fig. 6~c! for model 1 and Fig. 6~d! for model 2#. The effi-
ciency has been calculated by representing the injected b
by a normal distribution for the coordinatesx, y (r
5Ax21y2), v r , and vu for the trajectory calculation, and
for the coordinatesx, y, andv r for the optical models. Three
different distributions were chosen for the calculations: T
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continuous line is for̂ x&5^y&5^v r&5^vu&50 while the
standard deviations weres(x)5s(y)51 mm, s(v r /v t)
51 mrad, ands(vu /v t)50, wherev t is the initial ion ve-
locity. The dashed line is for a beam radius ofs(x)5s(y)
52 mm and the rest of the parameters are unchanged.
dot-dash line is for a beam radius and an angular-velo
spread ofs(x)5s(y)52 mm ands(v r /v t)52 mrad, re-
spectively, and the rest of the parameters are unchanged

The two regions of stability 2.7,Vz,3.6 kV and 4.0
,Vz,4.3 kV are well predicted by the trajectory calcul

FIG. 6. Trapping efficiency versusVz . ~a! Measured relative
trapping efficiencyem . ~b! Calculated trapping efficiencyec using
the trajectory calculation.~c! Calculated trapping efficiencyec us-
ing optical model 1.~d! Calculated trapping efficiencyec using
optical model 2. For the calculated trapping efficiency the be
parameters weres(x)5s(y)51 mm, s(v r /v t)51 mrad ~con-
tinuous line!; s(x)5s(y)52 mm, s(v r /v t)51 mrad ~dashed
line!; and s(x)5s(y)52 mm, s(v r /v t)52 mrad ~dot-dash
line!.
3-6
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STABILITY AND LOSS IN AN ION-TRAP RESONATOR PHYSICAL REVIEW A65 042703
tions and by both optical models, and are in overall go
agreement with the functional dependence of the experim
tal data overVz . For a beam radiuss(x)5s(y)51 mm,
the trapping efficiency reaches 100% in the lower region
stability (3.0,Vz,3.5 kV). For such a narrow beam, th
efficiency in the higher region of stability reaches about 9
at 4.0 kV, but decreases rapidly for higher values ofVz . In
general, the trajectory calculations@Fig. 6~b!# predict a larger
region of stability than the optical models@Figs. 6~c! and
6~d!#. This is probably because the trajectories that are c
acterized by large angular momenta are not taken into
count in the optical models. The region of low efficienc
belowVz53.0 kV, which is predicted by the numerical ca
culations and by optical model 1, is not predicted by mo
2. Also, in the higher region of stability, the optical mode
are slightly shifted toward higher values ofVz and they un-
derestimate the trapping efficiency. It is expected that the
trapping efficiency is reduced by the fast transient volta
observed on the entrance mirror electrodes during sev
revolutions of the beam in the trap~tens of microseconds!. In
general, a larger beam is trapped with lower efficiency.
the other hand, an important point that can be learned f
these results is that very high trapping efficiency can be
tained with such ion traps. An absolute comparison with
data is not possible at this point as the total number of i
stored in the trap is not known.

Additional insight can be gained by plotting the range
values ofr at the center of the trap (z50), for which trap-
ping is possible, a value we define as the trapping rad
This is obtained by probing the whole phase space of the
and recording the maximum and minimum radii for whi
stable trajectories exist. Figures 7~a!–7~c! show the trapping
radius as a function of the Einzel-electrode potentialVz for
the numerical simulation@Fig. 7~a!# and for optical model 1
@Fig. 7~b!# and model 2@Fig. 7~c!#. The dependence of th
trapping radius onVz is mainly the result of the aberration
which is stronger for higher values ofVz . The trajectory
simulation predicts that relatively large ion beams can
trapped, up to 5 mm radius atVz53.1 kV, with very good
efficiency~see Fig. 6!. For values smaller thanVz53.1 kV,
even larger beams can be trapped, but there is a minim
critical radius so that the trapped beam is hollow. Howev
with the present experimental system, the trapping efficie
for such beams is rather low~see Fig. 6!. A hollow beam is
also predicted at the lower edge of the higher region of
bility. The comparison between the trajectory simulation a
the optical models shows that these tend to underestimat
trapping radius. Model 1 predicts also the existence of h
low beams, in very good agreement with the trajectory sim
lation. The difference in trapping efficiency between t
lower region of stability and the higher one~Fig. 6! can be
understood in terms of the trapping radius. With the pres
configuration of electrodes and potentials, the maxim
trapping radius in the region 4.0,Vz,4.4 kV is smaller
than for 3.0,Vz,3.6 kV.

It is evident from Fig. 7 that neither of the optical mode
is completely consistent with the results of the trajecto
calculations. As the angular momentum is not included
either of the optical models, the maximum trapping rad
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predicted by these models will always be smaller. On
other hand, because of the simplicity of these models,
the small amount of computational effort required to obta
these results when compared to the long integration t
needed to calculate the trajectories directly withSIMION

~about 30 s for 500ms of integration of a single trajector
on a Pentium III computer!, these results serve as a use
first-order approximation for the trapping radius. Such cal
lations are important when experiments with merged bea
~such as laser-ion-beam spectroscopy! are performed: It is
then possible to adjust the trap configuration to optimize
overlap between the beams.

FIG. 7. Range of trapping radii as a function of the Einz
electrode potentialVz for the numerical simulation~a!, for optical
model 1~b! and for optical model 2~c!. The shaded areas represe
the radius for which a stable beam can be stored.
3-7
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V. LOSS PROCESSES

In the preceding section we have addressed the que
of the trapping efficiency as a function of the Einze
electrode potential for one particular configuration of t
other electrodes, while ignoring the details of the dec
curves themselves~see Fig. 2!. An ideal ion trap is a trap tha
can capture an ion beam with high efficiency and hold it
a long time. It is thus important to investigate also the det
of the various ion-loss processes in the trap. In this sect
we provide a detailed characterization of the various ion-l
mechanisms, which yield the multiexponential-decay cur
seen in Fig. 2.

A. Ion-loss mechanisms

Trapped ions are lost due to collisions either with t
residual gas or among the ions themselves. We consider
collision processes with a residual gas speciesR, namely,
electron capture~I! ~or electron loss for negative ions! and
elastic or inelastic scattering~II !, and we assume that furthe
ionization of the trapped ions is negligible, a very good
sumption for ions with energy of a few keV. For a beam
Ar1 ions, processes~I! and ~II ! can be depicted as

~ I! Ar11R0→Ar01R1, ~10a!

~ II ! Ar1~pi !1R0→Ar1~pf !1R0. ~10b!

In the first reaction, a trapped ion captures an elect
from an atom or moleculeR of the residual gas and exits th
trap as a neutral atom. In the second reaction, the ion’s in
momentumpi is changed in the collision topf , and the ion
will be lost if scattered into an unstable orbit. Ion loss w
this mechanism can occur both due to a single collision o
a result of multiple collisions.

A third ion-loss process~III ! is the collisions among the
stored particles, which can be depicted as

~ III ! Ar1~p1!1Ar1~p2!→Ar1~p3!1Ar1~p4!, ~11!

and leads to ion loss upon scattering into unstable orbits
Eq. ~11!, p1 andp2 are the initial momenta of two Ar1 ions
in the beam andp3 and p4 are their final momenta. We as
sume that charge exchange between two stored ions is a
ligible process.

To quantify the description of collisions we define th
probability Pi per revolution in the trap that an ion movin
on trajectoryi in phase space undergoes a collision of typeX,
where X describes one of the three ion-loss processes
scribed above (X5I,II,III),

Pi512e2(lX) i, ~12!

where (lX) i is the average number of collisions in one rev
lution for the processX.

For reactions between ions and residual gas@processes I
and II, Eq.~10!# the average number of collisions (l I,II ) i can
generally be written as
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~l I,II ! i5nGE s I,II~v i !v idt, ~13!

wherenG is the density of the residual gas,s I,II (v i) is either
the capture~process I! or the scattering~process II! cross
section as a function of the ion velocityv i , and the integral
is over one revolution of trajectoryi. Similarly, for ion-ion
scattering~process III! the average number of collisions i
one revolution is

~l III ! i5E n1s III ~Dv i !Dv idt, ~14!

wheren1 is the density of ions ands III (Dv i) is the cross
section for scattering of ions with relative velocitiesDv i .
Each of the three ion-loss processes will now be trea
separately.

1. Electron capture

The cross section for electron capture,s I has only a weak
dependence on energy up to keV energies@28# and we as-
sume it to be constant for the energy range present in
trap. Under this assumption, the average number of elect
capture events during one revolution of ioni in the trap can
be written explicitly,

~l I! i5k
s I P

T E v idt, ~15!

wherek is a constant@k59.65631018 K/(cm3 Torr)#, P is
the residual gas pressure~in Torr!, andT is the temperature
~in kelvin!. Using SIMION, it was found that the integral in
Eq. ~15! was constant for different values of the Einze
electrode potential, with a very weak dependence on the
tial values used in the trajectory calculations, as defined
Sec. IV A. This can easily be understood as this integ
represents the length of the trajectory, which is not stron
influenced by the value ofVz nor by the initial values.

With realistic numbers for the present experimental s
tem, P;5310210 Torr, T;300 K, s I;10215 cm2 @28#,
and an effective trajectory length of 35.5 cm, a value ofl I
;631027 is obtained. For a 4.2-keV Ar1 beam, a revolu-
tion in the trap is;3 ms, yielding a decay rate ofkI
;0.2 s21, or a corresponding lifetime oft I55 s.

2. Ion-neutral scattering

A quantitative estimate of the influence of ion-neutr
scattering on the loss of trapped ions requires the evalua
of both the scattering cross section and the maximum an
of scattering for which the beam is still trapped, a value
define as the angular acceptance. The angular accept
will be considered in more detail in Sec. V A 4 based
trajectory calculations. Here we note that the accepta
angle in the center of the trap is of the order of 1 mrad.

Absolute differential cross sections for scattering at k
energies have been measured for several systems, in pa
lar, for H @29# and O@30# atoms scattered on rare gases. Su
data are relevant~taking into account that in the center-o
mass frame of reference, the target and projectile
3-8
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STABILITY AND LOSS IN AN ION-TRAP RESONATOR PHYSICAL REVIEW A65 042703
‘‘equivalent’’! to the present situation, where it is a rare-g
atom ~Ar! that is scattered on the residual gas, which
mainly made of H2 and H2O molecules. For instance, whe
1.5-keV O atoms ~i.e., with a relative velocity of
134.1 mm/ms) were scattered on a stationary target of
the integral cross section for scattering into laboratory ang
of 3.49 mrad<uL<107.5 mrad was measured to be 1.
310215 cm2. The corresponding angular range when
acts as the projectile would be 1.4 mrad<uL<43.0 mrad,
i.e., well above the typical acceptance angle of the ion tr
The fact that the measurements made in Refs.@29,30# were
performed for both neutral projectiles and targets is in f
yielding a lower limit for the ion-neutral-scattering cross se
tion, as charged particles would increase the scatte
angles. Thus, the loss of ions by ion-neutral scattering is
important process in this trap and is equivalent in its stren
to the electron-capture cross section.

To obtain a general estimate, the interaction between
two colliding atoms can be represented by a Fermi-Thom
potential@31#, and becomes explicitly

ds

dV
5

s

p

umin
2

~umin
2 1u2!2

, ~16!

where s is the total scattering cross section andumin
5\/(mva) is the minimum angular deflection for a syste
with reduced massm, relative velocityv, and atomic radius
a. Within this model the total scattering cross section
known to be proportional to 1/v2 @31#.

Thus, for ion scattering on the residual gas, the aver
number of collisions in one revolution can be estimated
@see Eq.~13!#

~l II ! i5k
s II~v0!v0

2P

T E dt

v i
, ~17!

wheres II(v0) is the scattering cross section at a known v
locity v0 that leads to scattering into angles larger than
acceptance angle.

The effect of the electrode electrical configuration of t
trap and the population of the phase space onl II is repre-
sented by the integral of the inverse ion velocity. For each
the studied electrical configurations, this integral was cal
lated withSIMION for each trajectory in the phase space. T
average value of the integral was typically 0.05ms2/mm but
clearly depended on the potential of the Einzel electro
Moreover, the widths of the distributions of this integral va
ied between 0.01–0.02ms2/mm while varyingVz .

The average time between ion-neutral collisions t
leads to loss can be estimated from Eq.~17!: for a cross
section s II(v0)510215 cm2, v051.43107 cm/s, P55
310210 Torr, T5300 K, and taking the value of the inte
gral as 0.5310212 s2/cm, a value ofl II51.631026 is ob-
tained, which corresponds to an average time between
collisions oft II51.8 s. Such a time is of the same order
magnitude as the lifetime observed in the trap.

A direct implication of the importance of the ion-neutr
scattering is that since the average number of collisionsl II is
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described by a distribution that is both dependent onVz and
the trajectory, the ion loss due to the ion–residual gas s
tering will be manifested in the measured decay curve w
multiple slopes, or, in general, with nonexponential behav
which will be sensitive to the exact values of the electro
potential and injection conditions. However, for long stora
times, a steady-state distribution is reached and the deca
exponential.

3. Ion-ion scattering

The ion-ion scattering in the trap is an important proce
only in regions where the ion densityn1 is large @see Eq.
~14!#, which happens in the regions where the ion velocity
small, i.e., near the turning points. Thus, to a first appro
mation (l III ) i will be approximated by its incremental valu
at these points. Consider a small temporal segmentdt of the
trapped ion beam. In the center of the trap this segmen
characterized by a longitudinal sizeDz05v0dt and a radial
extensionR0. Between electrodesV1 andV2 ~Fig. 1!, where
the ions turn around, the segment is longitudinally contrac
due to the deceleration to a sizeDzt , while the radial size is
changed toRt , according to the focusing properties of th
trap. In general, the ion density at the turning points, (n1) t ,
can be written as

~n1! t5~n1!0S R0

Rt
D 2S Dz0

Dzt
D , ~18!

where (n1)0 is the ion density on the center of the trap. T
beam radiiR0 and Rt can be evaluated directly from th
phase-space calculation~see Sec. IV A!, while Dzt can be
estimated by a second-order expansion of the position of
segment around the turning point,

Dzt5
1

3 S dt

2 D 2S q

M D S dU

dz D
t

, ~19!

whereq andM are the ionic charge and mass, respective
and (dU/dz) t is the axial gradient of the electrostatic pote
tial at the turning point.

Assuming that the ion-ion-scattering cross section
haves as 1/Dv2 @31#, whereDv is the relative velocity be-
tween two ions, the average number of ion-ion collisio
during one revolution can be written as@see Eq.~14!#

~l III ! i

5k8~n1!0AMU0

q
s III ~Dv0!Dv0

2S dU

dz D
t

21S R0

Rt
D 2K 1

Dv i
L ,

~20!

whereU0 is the acceleration voltage,s III (Dv0) is the ion-
ion-scattering cross section at a known relative velocityDv0,
and ^1/Dv i& is averaged over the phase space at the turn
points. Equation~20! demonstrates that the average numb
of ion-ion collisions per revolution in the trap is a function
both the electrical configuration of the electrodes, throu
the value of (dU/dz) t , and the specific population of phas
3-9
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PEDERSEN, STRASSER, HEBER, RAPPAPORT, AND ZAJFMAN PHYSICAL REVIEW A65 042703
space, through the (R0 /Rt) and ^1/Dv i& factors, which are
also functions of the electrode potentials.

The significance of each of these factors was investiga
through calculations withSIMION. Since only the potential o
the Einzel electrode was varied, the value of (dU/dz) t
;165 V/mm can be considered constant in the pres
study. Figure 8~a! shows the square of the ratio between t
beam radius at the center of the trap,R0, and the beam radiu
at the turning point,Rt , as a function of the Einzel-electrod
potential as calculated for the homogeneous beam. It ca
seen that this ratio is strongly dependent onVz , and that
around 3.75 kV, a radial compression factor of about th
orders of magnitude is obtained. At the same time, the a
age value of 1/Dv, shown in Fig. 8~b!, is increasing up to
Vz53.6 kV. Since the average number of ion-ion collisio
l III is a strong function ofVz and is trajectory dependen
nonexponential behavior in its contribution to the measu
decay curves can be expected. The widths of the distribut
of 1/Dv i were found to be as large as 0.25–0.5ms/mm for
the various electrical configurations, and with such width
strong influence of the initial beam shape on the de
curves can be expected.

An estimate of the average time between ion-ion co
sions, for a beam density of 106 cm23, using Eq.~20! and

FIG. 8. ~a! Square of the radial compression at the turning po
of the ion trap as a function ofVz . ~b! Value of ^1/Dv& at the
turning points as a function ofVz .
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typical parameters of our system, yields a value oft III
5350 ms. However, not all ion-ion collisions lead to th
loss of ions from the trap, and here also, as for the i
neutral scattering, a better estimation of the influence ofl III
on the lifetime of the trapped beam requires the evaluation
the angular acceptance. Nevertheless, it is interesting to p
out that this value is of the same order of magnitude as
time scale in the decay curves for which nonexponential
havior is observed~see Fig. 2!.

4. Acceptance angle

When considering the significance of the scattering p
cesses@processes II and III, Eqs.~10b! and~14!# for ion loss
in the electrostatic trap, the stability of each trajectory
wards angular deflection must also be evaluated.

At a particular segment@Si ;Si1dSi # of trajectory i the
distribution of angles relative to neighboring stable trajec
ries is given by the available phase space

~u r ! i5arccosS vi•vj

v iv j
D , ~21!

where j runs over the neighboring orbits. This equation
valid for both ion–residual gas scattering and ion-ion sc
tering.

A measure of the angular acceptance can be calculate
estimating the width of the distribution ofu r as obtained
from Eq.~21! for a large number of trajectories. It was foun
that such a distribution is sensitive to both the radial dista
from the axis of the trap and to the distancez from its center.

Figure 9~a! shows the values of the average accepta
angles^uc& as obtained from the standard deviation of t
distribution ofu r at the center of the trap (z50). Figure 9~b!
shows the same at the turning point^u t&, where the ion-ion
scattering is dominant, as a function of the Einzel-electro
potential. As can be seen there is a huge difference in
value of the acceptance angles: while it is in the milliradi
range at the center of the trap, it is almost three orders
magnitude larger at the turning point. This does not me
that the ion-loss process due to scattering from the resid
gas near the turning point is unimportant; the kinetic ene
of the ions in that region is very low and large angles
scattering are possible. In any case, the dependence of^uc&
and^u t& on Vz at both the center and at the edges of the t
is quite strong, and it is expected that the beam lifetime
directly affected by these changes.

The widths of the distibutions of acceptance angles w
seen to be of the order of 1–2 mrad foruc and 0.2–0.4 rad
for u t depending on the different electrical configuration
For trajectories close to the edges of stabillity in phase sp
the acceptance angles approach zero.

The acceptance angles as plotted in Figs. 9~a! and 9~b! are
evaluated in the laboratory frame of reference. If the proj
tile massMi ~ion mass! is larger than the target massMR
~mass of the neutral gas atoms or molecules!, there is a maxi-
mum angle of scattering given by

umax5arcsin~MR /Mi !, ~22!

t

3-10
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STABILITY AND LOSS IN AN ION-TRAP RESONATOR PHYSICAL REVIEW A65 042703
which might be always smaller than the acceptance angle
such a case, a single scattering event cannot lead to the
of an ion. In the case of Ar1 impinging on H2, which is the
dominant residual gas in the trap,umax550 mrad, well be-
low the value of̂ u t& at the turning point of the trap@see Fig.
9~b!#. If only one type of ion is stored in the trap~as in the
present case!, this kinematical effect has no influence on t
ion-ion scattering. However, in the case where two differ
masses are stored together@32#, subtle effects due to colli-
sions between the lighter and heavier mass can appear i
decay curves.

In general, we find that the ion-loss rate due to scatter
~processes II and III! is a complicated function of the exac
trajectory of the stored ion inside the trap, and that a
understanding requires extensive calculations.

B. Ion-loss processes: Comparison to experimental data

Among the three loss processes described above, the
ion scattering is the only one that depends directly on the
density. One can thus expect that its influence on the de
curve is limited to short times, though this does not me
that the other ion-loss processes do not influence the sh
time-decay rates. It is difficult to give a quantitative tim

FIG. 9. Average acceptance angles as a function ofVz : ~a! at the
center of the trap;~b! at the turning point. Note the difference i
units.
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scale, since the dependence of this process on the trap
figuration is very strong, as can be seen through the ra
compression ratio@Fig. 8~a!#, the change in the average o
the inverse relative ion velocity@Fig. 8~b!#, and the accep-
tance angles~Fig. 9!. A complete Monte Carlo simulation is
needed to understand the intricate contribution of each
these factors. However, because of the dependence o
ion-loss process due to ion-ion collisions on the ion dens
a lessening of its influence should be observable when inj
ing weaker beams into the trap. For this purpose, we h
measured decay curves under the same experimental c
tions ~i.e., residual pressure and all electrode potentials! but
with different beam intensity. The intensity reduction w
performed by closing a set of slits located between the
magnets, about 7 m upstream from the ion trap. The result
shown in Fig. 10, where the upper curve is for 100 injectio
of 107 ions each and the lower curve is for 100 injections
53106 ions atVz53.25 kV. The short-time behavior is dif
ferent: the fast decay present in the higher-intensity beam
much weaker in the lower-intensity injections. In a rece
work @24#, we showed that by selecting a special set of el
trode potentials the ion-ion scattering contribution can
increased to the point where collective effects such as s
chronization of the ion motion can be observed.

The long-time behavior of the decay curves, which
shown in Fig. 3~b!, also shows a dependence on the Einz
electrode potential. Two factors influence this part of the
cay curve. The first one is the electron-capture proce
which is independent of the electrode-potential configu
tion. The second one is the ion–residual gas scatter
which shows strong dependence onVz . We still cannot re-
produce the experimental data shown in Fig. 2, but it see
that the dominant factor is the dependence of the accept
angle upon the Einzel-electrode potential~see Fig. 9!. The
acceptance angle at the center of the trap is maximum
Vz53.4 kV, and the lifetime~see Fig. 2! is also the longest

FIG. 10. Rate of neutral Ar atoms exiting the trap as measu
by the MCP detector for a high-intensity beam~upper curve! and a
low-intensity beam~lower curve!. The Einzel-electrode voltage wa
Vz53.25 kV. The data shown here are summed over 100 in
tions.
3-11
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for the same voltage, leading to the conclusion that i
neutral scattering is a significant loss process for long-t
storage. However, a complete understanding of the lifet
behavior will require a detailed knowledge of the compe
tion between the different factors affecting the scatter
probability and the acceptance angle along the axis of
trap.

An interesting point is a comparison with previous me
surements@13# done with the same trap, where the beam w
injected through a 1-mm-diameter collimator and the e
side of the trap was also restricted by a 2-mm collima
located on the last electrode. With this setup, single expon
tial decay was observed, with very weak dependence on
Einzel-electrode potential. Also, much shorter lifetimes,
comparable residual-gas pressure, were observed. This r
can be explained by the fact that~1! the initial collimation
reduced the total number of ions injected into the trap
much lower values, hence reducing the effect of ion-ion sc
tering and~2! the exit collimator only permitted observatio
of the trapped beam close to the axis. Since ion–residual
scattering always tends to increase the radius of the be
the measured decay constant~observed through the electron
capture process! was geometrically correlated to the centr
part of the beam. The lifetimes measured were shorter
cause the ion–residual gas scattering moved the ions o
the line of sight of the MCP detector. In fact, these ions w
not lost from the trap and the real lifetime is about an or
of magnitude longer than that measured in Ref.@13#.

VI. CONCLUSIONS

In this work we have measured the relative trapping e
ciency as well as the lifetime of an Ar1-ion beam at an
energy of 4.2 keV in a linear electrostatic ion trap as a fu
tion of the electrical configuration of the trap. We have p
sented trajectory calculations as well as optical mod
which reproduce the functional dependence of the trapp
efficiency and explain the complexity of the ion-loss pr
cesses. We found that three mechanisms contribute to
loss of ions: charge-exchange, ion-ion, and ion–residual
scattering. We have tried to parametrize the most impor
factors affecting the trapping efficiency and beam lifetime
such a trap. From our results, it is clear that different t
geometries and potential configurations on the electro
will change the exact values, and that optimization of
these parameters can yield ion traps with even longer
times.

Linear ion traps of the type described here are capabl
very high trapping efficiencies, which can theoretically rea
100%. It is still left to perform a quantitative measureme
ym
h

be
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that shows such efficiency, but from the data presented
from other experiments where beam extraction from the t
was performed@13#, it is clear that the trapping efficiency i
of the order of many tens of percent. Such an order of m
nitude has also recently been obtained with the CONETR
@15#, in which an estimated 30% of the beam was trapp
Good collimation of the beam prior to injection is essent
to achieve high trapping efficiency; this can be obtained
ing standard ion optics upstream of the trap.

The optical models developed here have been dem
strated to characterize well the ion trap and can be use
explain the trapped-beam behavior, such as trapping ra
as well as trapping efficiency. The main difference betwe
model 1 and model 2 is the trajectory representation ins
the mirror electrodes, where clearly model 2 is super
These tools can now be used to perform preliminary opti
zation before the exact design of such a trap is underta
These models are also useful for optimizing the poten
configuration of the electrodes to obtain a specific beam
inside the trap.

In Sec. V we showed that the determination of the be
lifetime in such a trap is a complex issue related to the e
trical configuration of the trap. Although we studied the d
pendence of the decay rates onVz only, it is clear that dif-
ferent potentials on the other electrodes will also lead t
change in the beam lifetime. A complete Monte Carlo sim
lation is needed to reproduce the decay curves. An additio
conclusion is that when this type of ion trap is used to m
sure lifetimes of atomic metastable states, care should
taken to either correct for the nonexponential behavior of
number of stored ions with time, or use a specific setup~geo-
metrical and electrical! that will produce a single exponentia
decay. In general, we conclude that the scattering proces
the ions on the residual-gas atoms or molecules is the do
nant ion-loss process at long times.

An important effect that is taking place when special ele
trical configurations are used is ion-motion synchronizati
which allows a packet of ions to be stored with a const
length for a time that is much longer than the standard
fusion time@24#.
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