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Electrostatic bottle for long-time storage of fast ion beams
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A technique for storage of fast-ion beafkeV) using only electrostatic fields is presented. The fast-ion trap
is designed like an optical resonator, whose electrode configuration allows for a very large field-free region,
easy access into the trap by various probes, a simple ion loading technique, and a broad acceptance range for
the initial kinetic energies of the ions. Such a fast-ion storage device opens up many experimental possibilities,
a few of which are presentefS1050-294{@7)50803-1

PACS numbd(s): 34.80.Gs

lon trap techniques have been applied to a variety of ex- In the following, we present a fast-ion storage device
periments in the fields of physics and chemistry; in particu-based purely on electrostatic fields. This electrostatic trap
lar, high precision laser spectroscopy, mass measurementgmbines the advantages of the ion trépsxpensive, small,
and studies of particle dynami€]. In most cases, the ions and simple to operatewith the advantages of the storage
are stored with very low kinetic enerdgipetween 0 and a few rings (beams with well-defined direction and energy and the
eV), in a combination of electrostatic and magnetostatic ompossibility of single-particle counting The present device
time-dependent fields. The ions are confined in a relativelyvas designed with the initial goal of performing laser-
small region of space, and their trajectories are usually anolecular ion beam experimenf6] on fully relaxed mo-
complex function of the fields and of the geometry of thelecular ions, i.e., molecular ions in their ground state. Fur-
electrodes. thermore, time-dependent ion spectroscopy over a time scale
In the past few years, heavy-ion storage rings have protseconds to minuteghat is out of reach in standard experi-
vided another means for trapping iofis2]. In these large- mental setupgwhere the interaction time is limited by the
scale devices, ions are stored with a high kinetic energyength of the experimental apparatus, i.e., a fe® will be
(MeV’s) using a combination of magnetic steering and fo-feasible. In such experiments, the molecular ions are con-
cusing fields. These rings have mainly been used for thénuously photodissociated, and transitions leading to the
study of interactions between ions and electréuinsing the  breakup of the molecular ions are monitored as a function of
so-called electron coolgraser cooling, and beam dynamics, storage time, i.e., as a function of the internal population of
as well as spectroscopy. For molecular ions, the storage ringpe rovibrational states. Such measurements are of impor-
technique allows for complete relaxation of the energy ini-tance for the field of interstellar molecular cloud modeling
tially stored in the vibrational and rotational degrees of free{7]. A few examples of experiments feasible with this fast-
dom [3,4]. Such relaxation is important in studies of low- ion storage device will be discussed below.
energy molecular ion reactions with electrons, atoms, and Figure 1 shows a general schematic view of the electro-
molecules, as well as in laser spectroscopy, because in thestatic bottle ion trap. The ions are created in an external ion
cases the reaction rates are known to depend strongly on tlseurce (not shown, accelerated up to an energy of a few
initial population of the rotational and vibrational states. ThekeV, and mass selected. After focusing and collimation, the
energy stored in these degrees of freedom is radiatively reseam is directed into the ion trap along its axis. The trap is
leased while the beam is storéfibr dipole-allowed transi- made of two cylindrically symmetric “electrostatic mir-
tions, the typical time scale is milliseconds to seconds forors,” each of which is made up of a stack of cylindrical
vibrational relaxation, and seconds to minutes for rotationaklectrodes which both trap the beam in the longitudinal di-
relaxation. Among the advantages of the storage ring is theection and focus the beam in the lateral direction. Upon
fact that the beam has a well-defined kinetic energy and diinjection, the entrance set of electrodes is grounded so that
rection in space, allowing for highly efficient detection tech-the beam can reach the exit set of electrodes. The potentials
niques of reaction product§or example, molecular frag- of these electrodes are set so that the beam is stopped, re-
ment imaging as in molecular ion recombination stufiigs  flected, and focused. When the reflected beam reaches the
Such a detection scheme is usually unavailable with the ioentrance electrodes, the potentials of these are rapidly
trap technique. However, storage rings are large-s@ald  switched on(about 100 ns rise timeto the same values as
expensivg¢ machines that require high-energy acceleratordor the exit electrodes. For a proper choice of voltages, the
for producing fast beams, and access time to users is limitedons are trapped between the two mirrors, and they bounce
back and forth, the lifetime being limited by the residual gas
pressure present in the trap.
*Permanent address: Institute of Physics and Astronomy, Univer- The electrostatic cylindrical mirrors are made of five elec-

sity of Aarhus, DK-8000 Aarhus C, Denmark. trodes eachlabeledE1 to E5 in Fig. 1) that produce the
"Permanent address: J. R. Macdonald Laboratory, Department ¢etarding field. Electrod&1 is grounded, while electrodes
Physics, Kansas State University, Manhattan, KS 66506. is at a potentiaV4, which is high enough to stop the ions.
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FIG. 1. Schematic view of the ion trap. The ion beam is injected from the left, when the entrance electrodes are grounded. The three
electrodesE5, Z1, andZ2 form an asymmetric Einzel lens, which is used for focusing the ions. Neutral particles escaping the trap are
monitored by a microchannel plate detector downstream. The drawing is not to scale.

The potential, is divided linearly across the electrodes. An of the trap was found as a function of the focusing potential
additional grounded electrod@l) closes the stack of elec- by computing particle trajectories usisguioN (Ver. 6) [10].
trodes to reduce the electric fields outside the trap. Two adAs an example, for a beam of 4-keV singly charged ions and
ditional electrodeglabeledZ1 andZ?2) act as focusing elec- V.=6.5 kV, the range of values for which E¢) is valid
trodes, wher&1 is at a potential/, andZ2 is grounded. As was found to be 3.18V,<3.5 kV for a beam diameter up to
such, these two electrodes, together with electi®8leact as 3 mm(more details will be given in a subsequent publication
an asymmetric Einzel lens. Thus, for a given geometry, thé8]). A few aspects of the above design merit particular at-
ion trap is characterized by only two parameters, which argention.

the stopping and focusing potentialg, and V,, respec- First, the trap is completely electrostatic, a feature that
tively. More technical details will be given in a forthcoming seems prima facie in contradiction with the so-called
publication[8]. “nontrapping” theorem(the Earnshaw theorefi 1]), which

The main question is to determine the valuesvVgfand  forbids trapping of charged ions using purely static fields.
V, for which the ions are trapped between the two mirrors. ItHowever, this is valid only if the kinetic energy of the ions is
is well known that many principles of geometric optics canzero. In the present case, the field is changing in the frame of
be applied to ion optics. The above system is very mucheference of the ions due to their kinetic energy.
based on the same principle as for an optical resonator made Second, because the trap is electrostatic, the trapping is
of two equivalent mirrors. For an optical resonator workingonly energy E,) and chargdq) dependentin fact, E,/q).
with a Gaussian beam, the stability criterion is related to thelhis is different from the high-energy storage ring devices,
focusing properties of the mirrof8]: where the magnetic rigidity of the dipole magnets limits the
maximum mass of the ions that can be stored at a given
energy. Furthermore, one can store simultaneously different
ions with the samé&,/q ratio, enabling the studies of ion-ion
collisions in the trap, or its use as a part of a mass spectro-
wheref is the focal length of the two mirrors arldis the  meter.
effective distance between them. Equatidn is equivalent Third, the central part of the ion trap, which can be made
to as short or long as needEske Eq(2)], is field free: Because
the electrodeZ, are grounded, this region is shielded from
the electrostatic fields of the mirrors and Einzel lenses. In
this region, the ions travel in straight lines with their injec-
tion energy. This is different from the Kingdon trgf2],
Thus, the stability conditiofffor a beam close to the axis of which is also an electrostatic trap, but where ions orbit
symmetry requires the focal length of the mirrors to be around a charged wire, always in the presence of an electro-
larger than some critical portion of the trap length, a propertystatic field. The fact that the ions travel in straight lines in the
that is easy to fulfill with the above design. Also, the value ofcentral region is very useful for experiments where merged-
the stopping potential has to be high enough to confine ther crossed-beams configurations are required.
ions longitudinally, i.e., the conditiogeV,>E, has to be The lifetimes of various stored ions were measured using
fulfilled, whereq is the charge of the ions artg, is their  a microchannel plate detector located beyond the exit elec-
kinetic energy. The focal length of the electrostatic mirrorstrodes of the ion tragsee Fig. 1 At a few keV, the most
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FIG. 2. Count rate as a function of storage time as measured by £ 3. Trapping efficiency
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thf mlcrogha_nnel pIaFe detectpr_ for 4-kev WC_:O ' N_ »and  gored as a function of the Einzel lens potentigl. The lifetime
H™. The lifetime obtained by fitting the data using a single €xpo-yyas found to be independent . The solid line is the result of a
nential decay for each of these species is indicated as well as, iaassical trajectories calculation.

parentheses, the residual pressure in units off1Dorr.

i.e., the number of 4-keV"Aions

current, for different focusing conditions. The trapping effi-

important ion loss process in the trap is due to electron capciency for the 4-keV Af beam as a function of the Einzel
ture by the charged ions from the residual gas. After capturfens potentialV, is shown in Fig. 3. A large region with a
ing an electron, the neutral particles are no longer trappediidth of about 300 V where the trapping efficiency is more
They exit the trap through the central aperture in one of theyr |ess constant was found, demonstrating the exceptional
two mirrors, and those traveling downstream hit the detectorstability of the trap against variation of the electric field.
By measuring the number of particles leaving the trap as @lso shown in this figure is the result of a simulation based
function of time, one can deduce directly the ion lifetime ason the computation of classical trajectories in the calculated
well as the total number of particles stored in the trap. Figureslectric-field configuration[10]. The region of stability
2 shows such measurements for the storage of 4-keV, Ar shown in Fig. 3 is in good agreement with the simple condi-
CO™, N™, and H" at different residual pressures. The total tion given by Eq(2), where the high value of, corresponds
number of stored ions per injection was between 500 an¢y a focal length of 90 mm, which is close g4, and the
5000, depending on the injection current: The number ofow value corresponds to a very long focal length. A mea-
stored ions\, is a function of the injection particle curreht  surement of the ion kinetic energy range for which stable
and the oscillation period’, and is given byN;=IT. For  trapping conditions exist was also carried out. The results
example, a 4-keV At beam has an oscillation period of 6.1 show that stable storage conditions with good efficiency ex-
us. Itis unclear at this point what the limit is on the numberist in the energy range 40E,<4.4 keV for V,=3.5 kV.
of ions that can be stored due to space charge effects thathis can be advantageous in certain applications where the
affect the stability condition. The lifetimes were found to be jons to be stored are produced by a process that does not lead
proportional to the trap pressure, and a simple extrapolatiofo a well-defined beam energy, usually degrading the trap-
leads to a lifetime of about a few tens of seconds at a presing efficiency significantly in other ion traps.
sure of 10" ™ Torr. The lifetimes measured here can be used Experiments to be carried out using the electrostatic bottle
to deduce the cross sectionfor electron capture. Using the described above will take advantage of its special character-
relation 7=1/(onv), wheren is the density of the residual istics enumerated above. The fact that the beam has a well-
gas andv is the mean velocity of the ions, a cross sectiondefined direction and energy in the central region of the ion
o of the order of 10 cm? was obtained for all the ions trap, a region that is also field free, makes it possible to
displayed in Fig. 2, which is in reasonable agreement withinstall particle detectorinside the trap without perturbing
the known values for electron capture cross sections in thithe motion of the ions. As pointed out above, the original
energy rangd13]. The doubly charged A ion was also  goal for this ion trap was related to the study of the interac-
stored at 8 keV, with a lifetime of 50 ms at a pressure of 2tion between vibrationally and rotationally cooled molecular
%1078 Torr. It is important to point out that the main pa- ions with electrons, photons, atomic or molecul@on)
rameter affecting the storage lifetime is the velocity of thebeams. In such experiments, the molecular ions are dissoci-
ions because the cross sections for electron capture are masged by the interaction with the impinging particle and the
or less in the same range of values for most of the singlfragments are measured by a detector located inside the trap.
charged ions. Thus, the lifetimes of the heavy ions are exTherefore, it is possible to control the initial quantum state of
pected to scale agm, wherem is the mass of the ion. the molecular ions, and to measure the kinetic energy release

Based on the inequality shown in E@), the trap opera- using fragment imaging techniquéS], thus following the
tion should be very stable for a large range of the focusinggomplete reaction path of the dissociation process. Studies of
parameters. This was tested by measuring the trapping effihis type have been carried out at the large storage ring fa-
ciency, i.e., the number of stored ions at constant injectiorcilities, mostly in the field of electron-molecular ion recom-
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bination. In these cases, one takes advantage of the largential-energy barrier, thus making them excellent probes of
energy of the molecular iongeV) and the presence of an the potential energy curvegl7]. This barrier is due to

intense electron beam that can be merged with the ion beagvoided crossings between, for example, two adiabatic po-

. ; ¥ +
to measure cross sections of the recombination processEEgLal[Sr]‘e_rl%y tcur:\r:eﬁncolir;et?r%ondmg nﬁ v+rB Ia:]dAr\ ]
with high resolution[14]. - Iheé tunneling liretimes Span a very large range,

M £ lifeti f bl I from instantaneous to minutes, and even longer. Using pho-
_Measurements of litetimes of metastable states, as well §3jissociation and measuring the production rate of the two
vibrational and rotational relaxation times of molecular i0nS.singly charged fragments\B?* +hv—A*+B*) as a func-

can also be carried out. The final temperature of these sygion of time, it is possible to measure the lifetime of many
tems is related to the blackbody radiat{d®], which is itself  rovibrational states over a large period of tirflienited by

due to the trap temperature. The present trap can be coolede lifetime of the stored beagm

relatively easily to cryogenic temperatures, an important ad- Clearly, the special configuration of this trap will also
vantage for studies of weakly bound systems such as certa@pen new, exciting possibilities in other fields and it is ex-
negative iong16]. This was found to be a limiting factor in Pected that new types of experiments exploiting the charac-
some cases using the heavy-ion storage ring techniquéErstics of the trap will be suggested and carried out in the

where cooling of the whole ring is practically impossible. near future.
Another possible use is related to the measurement of the we would like to acknowledge the support of the Israel

lifetime of doubly charged molecular iomsB?*. Some of  Science Foundation, the Philip M. Klutznik fund for Re-
these ions are known to decay by tunneling through the posearch, and the Minerva Foundation.
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