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We have developed an ion beamline for hyperthermal ion-surface collisions that incorporates a
phase-space compressor to improve the focusability/current density of the ion beam in the 1-10 eV
deposition energy range. In essence, collisional damping is used to substantially improve the
brightness of the ion source. In addition to the focusing behavior, the beamline also accomplishes
mass selection, source-target pressure reductionidf’, confinement of the beam to avoid space
charge spreading, and hyperthermal energy beam transport. For our application the requirement is
moderately tigh100 s of micronsfocusing at hyperthermal energigis-100 eV, but the principle

should also be applicable to improving spot sizes/current densities at higher energi@998©
American Institute of Physic§S0034-674808)01512-3

I. INTRODUCTION conditions in a gas-aggregation source can yield clusters in a
narrow size rang&~23but this approach is not applicable to
We have constructed an experiment designed to allowhe smaller sizes of interest to us. It is also possible to study
deposition of mass-selected ions on well characterized sune deposited clusters with more sensitive surface analysis
faces in ultrahigh vacuurfUHV). This instrument is being g0ls, such as scanning probe microscdh¥, however,
used to study chemistry at cluster—solid interfaces, hypery,,ch of the chemical information is lost.
therm.al energy subplantation, and can be applied to catalytic One feature of surface analysis tools that partly offsets
chemistry as well. In the process, we have developed an iofejr |0\ sensitivities is the ability to analyze small spots.
deposition beamline with some novel features that should b%ince intensity is inversely proportional to the focal radius

of interest in other ion/surface scattering and focused io%quared, shrinking the deposited spot can lead to dramatic

beagn appllclatut)ns. ‘ . N e that q intensity improvements. The ultimate limit to the focusabil-
osit ?;Im:tecr L'Jjnir;ué::f':?srm;igs rr]et(lu:ireo. d Zaxz .r?liy of an ion beam is determined by Liouville’s theoréfn.
posit clu ' 9l W enoug Vol 9MGis well-known theorem states that the phase-space volume
the substrate and/or completely disrupting the clusters upon ) . .
. of the ion beam, i.e., the product of the spatial and momen-
impact. For clusters of a few to a few tens of atoms, depo- C . : L
o : . tum distributions, is conserved in the absence of dissipative
sition energies down to a few electron volts are desirable

For other experiments, deposition energies up to a few hur{_)orces. Most ctl_uster sc_)tL;]rcles tend to pr(:duced_la}[rgt:a td lameter
dred electron volts are required. The major difficulty with eams, sometimes with farge momentum distributions  as

mass-selected cluster ion deposition is the rather low intenv-ve”' i.e., large phase-space volumes. Conversely, producing

sities of available cluster ion sourcésg., 16 to 10/s per & focused beam at hyperthermal energies requires narrow
size). Surface analysis tools that provide chemical insight,Spat'al and momentum distributions, i.e., a small phase space

such as x-ray photoelectron spectroscopy or electron enerdf!Ume. One goal of our beamline design is, therefore, to
loss spectrometry, are rather insensitive, requiring on the ofeduce the phase space volume of our beam.
der of 183 to 10" deposited atoms/cinThe combination of ~ For a continuous beam, beam quality is usually
low intensity and low sensitivity makes it difficult to deposit discussedl in terms of the absolute emittanae,rather than
usable samples in a time short enough to avoid surface coffhase space volumeis defined as the product of the extents
tamination from adsorption of background gases, even i®f the spatial and divergence angle distributions of the beam.
UHV. The normalizedemittance,e,,, is defined as,=BX yXe,
The same problems affect any ion deposition experiwhere g is v/c, v is the beam velocity, andy is
ment, although it is easier to scale-up the ion beam intensitfl — 8% ~ Y% For our nonrelativistic beany=1, ande,= €
for stable atomic and molecular ions. Even in these systems{v/c. Aresult of the Liouville theorem is that, is constant
achieving mass-selected ion deposition rates large enoudh the absence of disapative forces, and thus the absolute
for film growth is nontrivial, particularly at low or hyperther- emittance is inversely proportional ta Because focusabil-
mal deposition energiés. ity is determined by the absolute emittance, the most com-
One approach to the sensitivity problem is to increasemon approach to reducing focal spot size is simply to in-
the output from the cluster source, and this has been dongease the beam energy. This approach is not useful for our
successfully for small clusters by several gro&ip$.For  purposes, however, because we wish to deposit at the lowest
large cluster$100—-1000 s atoms/clusjecontrolling growth  possible energies. Small spots at hyperthermal energies re-
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quire an actual reduction in the total phase space volume @nergy neutrals, and to avoid substrate damage, these must

normalized emittance. be removed from the beam prior to deceleration onto the
To reduce the phase space volume, it is necessary target® In addition, the electron-ion equilibrium needed to

introduce a damping force. Damping for hyperthermal en-suppress space-charge effects must be reestablished after ev-

ergy ions can be accomplished by allowing collisions with aery change in field, for example, after mass selectors, neutral

thermal buffer gas, preventing beam spreading by confininglumps, etc. Along with the other features mentioned, the

the ions in some sort of trap. Gerlich and co-workers havédeamline described below uses rf ion trapping/guiding meth-

used this approach for many years in a storage ion sourgeds to transport and confine the beam, allowing ion transport

where ions are created, then thermalized in a multipole radioat hyperthermal energies while preventing space charge-

frequency(rf) trap?®2°We have used a similar approach to driven expansion of the beam diameter.

collect and thermalize metal cluster ions produced in exter-

nal sputter and laser ablation sourc7;es, generating beams for

gas-phase scattering experimetis! Mor(_a recently, Ger- Il EXPERIMENTAL DESIGN

lich and co-workers have used a cryogenic rf trap to cool and

study subthermal energy collisions of ions from an external e first give an overview of the instrument, followed by
source?® construction details for the beamline components, followed
In the experiments just mentioned, the trap geometnpy a discussion of the operating principles with some illus-
was optimized for cooling the translational and internal en+rative results.
ergies of the ions. For this purpose, sharply inhomogeneous _
ff fields are required, and high-order multipdle20 polg A Overview
geometries were used. Because these traps have large, nearly A schematic of the instrument is shown in Fig. 1. lons
field-free central volumes, there is little reduction in the spa-can be produced by a variety of methods, ranging from
tial size of the ion beam/cloud. It is possible to simulta-simple electron impact for atomic and molecular ions, to
neously compress both spatial and momentum distributionmagnetron sputtering/gas aggregation for large clusters. The
by using a low order multipole, and this technique is rou-ions are collected by the compressing quadrupole ion trap,
tinely used in quadrupole ion trap mass spectrometers to inwhere phase-space compression by storage in helium or ar-
prove trapping of injected ion pulses. Leisratral®® have  gon occurs. The beam from the compressing quadrupole is
used gas collisions during passage through a linear quadrfecused into the low-pass quadrupole guitiguad”) by an
pole to dampen the considerable kinetic energy distributioreinzel lens that also serves as a differential pumping aper-
of their sputtered ion beam, allowing soft landing in a ma-ture. The low-pass quad transports the ions and serves as a
trix. The quadrupole trap system described below uses Bw-pass mass filter, rejecting ions with mass/chaméQq)
“bottle” geometry to lengthen trapping times, improving the greater than an adjustable cutoff value. This quad passes
collisional cooling for our continuous ion beam. In addition, through two bulkheads, allowing three stages of differential
the geometry increases the radial compression of the beampumping along its length. At the end of the low-pass quad,
allowing us to couple a relatively large ion source to a smallthe ions pass through a four element lens/differential pump-
diameter, hyperthermal energy beam transport system. ing aperture into the high-pass quad. So that we can service
There are other practical problems associated with depahe beamline and source without venting the UHV section of
sition in UHV. The ion sources can operate at pressure up tthe instrument, a miniature pneumatically operated gate
tens of mbar, thus we need to maintain a source-to-targetalve is built into this lens system. The high-pass quad trans-
pressure differential of at least ten orders of magnitude. Weorts the beam to the focusing lens system, and also serves to
also need to mass select the cluster ion beam and want to beject ions withm/Q less than an adjustable cutoff value.
able to use a variable width mass bandpass. This rules olithe combination of the low- and high-pass filters serves as
conventional magnetic sector or Wien mass filters, since thethe desired variable-bandpass mass filter. The total length of
are spatially dispersive, and thus degrade the phase-spatte beamline, source-to-targeti®.5 m. The length is partly
distribution. to allow better mass discrimination in the quads, and partly
In the absence of a confining potential, space-charge rege improve differential pumping by reducing the intensity of
pulsion limits beam size and current density. Freethhas  the rare gas beam effusing from the compressing quad cham-
shown that these effects are proportional jxm*?  ber.
X E~%2, wherej is the current densitym the ion mass, and At the exit of the final quad, the ions are accelerated and
E the beam kinetic energy. High current density thus defocused by a set of five disk-shaped lenses. The final lens
mands high ion transport energy, particularly for high masslso serves as an exposure mask, defining the maximum size
ions. Previous low-energy ion deposition beamlines havef the beam deposited on the substrate. For the initial experi-
consequently been of the “accel-decel” type, where ions arenents described below, a cylindrical mask with 0.48 mm
accelerated to higher energiesl kV) for transport through area was used. Deposition energy is adjusted by changing the
the beamline, then decelerated just before deposifidi. substrate potential, and final deceleration occurs as the ions
Space charge in these beamlines is partially compensated Ipass through the mass onto the substrate. During deposition,
low energy electrons obtained from ion collisions with back-the substrate is positioned just behind the mask to minimize
ground gas or chamber walls. This leads to additional probspace-charge-induced spreading of the deposition spot in the
lems, however. lon-electron recombination can produce higfinal deceleration onto the substrate. To allow sample trans-
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FIG. 1. Utah ion deposition instru-
ment: 1. lon source chamber, 2. com-
pressing quadrupole trap, 3. einzel
lens/differential pumping aperture, 4.
low-pass quadrupole, 5. mid-quad dif-
ferential pumping apertures, 6. lens/
differential pumping aperture, 7.
UHV-HV isolation valve (built into
lens, 8. high-pass quadrupole, 9. iso-
lation bellows, 10. deceleration lenses
and exposure mask, 11. deposition sta-
tion kinematic mount, 12. vertical
transporter sample mount, 13. octapole
ion guide, 14. magnetic sector mass
analyzer, 15. channeltron detector, 16.
sample sputter/anneal station, 17. tem-
perature  programmed desorption
(TPD) station, 18. load lock, 19. EELS
chamber and statiofmanipulator not
shown, 20. vertical transporter, 21.
scanning tunneling microscog$TM)
station, 22. 150 mm hemispherical en-
ergy analyzer, 23. XPS/UPS/Auger
station(manipulator not shown

fer, and to accommodate different sample thicknesses, th&pecies is not likely to be efficient. Multiply charged atomic
substrate-mask separation is adjustable. ions may be produced in the sources, but in collisions with
The ion mass range deposited is determined by the lowether metal atoms or small metal clusters, energetics favor
and high-pass mass filters in the beamline. To verify thealispersing the charge, for example:
mass selection and to facilitate adjustment of the beamling,, . + + . + +
we have a 90° deflection, 10.2 cm radius, magnetic maggl HMoMTEM or M™+My—Mp+Mpiy -
spectrometer positioned after the deposition station. To usEinally, in the evaporative cooling that occurs in the cluster
this mass spectrometer, the sample mount is simply removestabilization process, it is energetically favorable for multi-
from the deposition station, allowing the ion beam to pasly charged species to lose charge by evaporating ionic spe-
into a set of collection lenses. The ions are focused into an rfies, rather than neutrals.
octapole ion guide that transports then®.4 m to the accel- The surface preparation and analysis capabilities of the
eration lenses of the mass spectrometer. To avoid having tastrument are standard, and will not be discussed further.
operate the source/beamline at high voltages, the mass spédie only feature of interest is the approach taken to working
trometer flight tube is insulated by a glass vacuum break, andiith the small area samples prepared by focused ion beam
floated at the acceleration potential. With the slits currentlydeposition. We rejected using a conventional manipulator to
used, the resolution is1/AM~100. position the sample in the deposition/analysis stations be-
One potential concern for any mass-selecting system isause we were concerned about positional stability and re-
multiply charged ions. For low-mass ions, the resolution ofproducibility, and because such a manipulator is unsuitable
the beamline and final mass spectrometer are sufficient tior scanning probe microscopy. Instead, the substrate is
detect the presence of multiply charged clustéi'{) pro-  mounted on a kinematic stage that can be transferred around
vided thatm/n is nonintegral. For large clustera¥ 100), in the vacuum system and installed in mounts at each experi-
we will not be able to detect multiply charged clusters di-mental station. The kinematic mount can simultaneously
rectly. Fortunately, the cluster sources we use appear not tmake connections for heating and thermocouples to allow
produce significant numbers of multiply charged cluster ionsvariable temperature work. Positional repeatability and
This conclusion is based on our gas-phase scattering studisgation-to-station positioning accuracy is estimated to be
of metal, semimetal, and metal-oxide cluster ions, using lasex50 um—sufficient to ensure that our small-area analysis
ablation, laser vaporization, and sputtering tools probe within the deposited spot. In addition to the
sources?32-36:3840-47.80h some of those experiments, a deposition station there are electron spectroscpgyay
high resolution mass spectroméfewas used, capable of photoelectron spectroscopXPS)/ultraviolet photoelectron
resolvingM ™" (m/n nonintegral for clusters containing up spectroscopy(UPS/Auger], scanning probe microscopy,
to several hundred atoms. sputtering/annealing/vapor deposition, and electron energy
The absence of multiply charged cluster ions presumabljoss spectroscop(EELS) stations. A station for spatially re-
reflects the kinetics for clusterscan growth/survival in thesolved thermal programmed desorption and surface reaction
sources. Cluster size distributions are determined by the bastudies is currently being constructed.
ance between various aggregation and dissociation/ Typical operating pressurdsbap are given at the far
evaporative cooling processes. Since cation-cation aggregéeft of Fig. 1. The “main,” “preparation,” and “EELS”
tion is energetically unfavorable, forming multiply charged chambers have base pressures below!dnbar, and the
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beamline chambers have base presssrd® ’ mbar. The is mounted to the supporting bulkheads via rings that are

high-pass quadrupole chamber serves as the interface binematically coupled to the rod holders with ruby ball insu-

tween the HV and UHV sections and has a base pressufators.

<10 ° mbar. With the exception of the source chamber, the

elevated pressures shown under operating conditions aImoSt

entirely result from ultrahigh purity argon or helium effusing =

from the compressing quadrupole chamber. Apart from the length, the dimensions of these quads are
identical to the exit section of the compressing quad. The
electrodes are 0.95-cm-diam stainless steel rods, attached to

B. Beamline construction stainless steel holders such that & ratio is 1.16. The

ow pass quad is 76 cm long, and the high pass quad is 62 cm

stands that ride on a bearing/rail system to allow easy mov ong. The fmgl two hc?‘lder_/e:!ectrode sets of the high pass
uad extend into the “main” chamber, and the deposition

ment. The internal parts are mounted on removable bulduad ex . :
ation is mounted to the quad using ruby ball insulators.

heads, such that any part can be serviced by breaking th&". ;
y P y g This assures that the lenses, mask, and sample are aligned

vacuum system at the appropriate joint, and rolling the ) i ;
chambers apart. Each quad is held in one fixed mount, wit orrectly with the beamline, and allows us to pneumatically
oat the analysis chamber without affecting alignment.

at least one other sliding mount. One advantage of guide
9 g 9 Three of the quad mountabeled “5” in Fig. 1) are at

ion beams is that alignment is straightforward. The end of hamber bulkhead d allow diff il .
each quad must be centered on the lens that couples to it; jpeuum chamber bulkheads, and allow differential pumping.

the present system the lens systems include tapered Slee\}%gcause the quad passes through these differential walls, the

that force the quads into alignment as the chambers ar%onductance is-20 /Is. In contrast, the lens systems, which

rolled together. It is not important, however, that the whole2IS0 serve as differential pumping apertures, have a conduc-
beamline be coaxial, because the quadrupole guides competl"i‘-nce of~2 //S .
sate for small angular misalignments. lons are injected into and extracted from the quads by
The beamline, with its large pumps, has noticeable viconventional electrostatic lens systems. Between the com-
bration. To avoid coupling this to the analysis chambersPr€ssing and low pass qyads there |sa}three elefeel 1ze) :
lens, each element having a 6-mm-diam bore, with thick-

there is an isolation bellows surrounding part of the final 6 48 and 6 Bet the | 4 high

qguadrupole. To provide vibration isolation from the floor, thenes(sjes Of T I, an ‘ Imm. etweef‘ e ZW' and Igt "Pass

analysis chambers are mounted on pneumatic mounts, a ads, a lour element 1ens system 1S used in order to give
room for the UHV isolation valve. The thicknesses of the

the entire section (mas<.000 kg) can be lifted a few milli- X
meters off its mounting feet. To preserve alignment of theelemenf[s are 6.4,5.0,7.7, and 5'8 mm. The first three have 6
m cylindrical bores, and the final element has a bore that

sample spot, the entire deposition station, including lensed! ¢ 511040 This | des.5 .

mask, and sample mount; attach to the end of the final quat pehr§ hrom ' tod.t mm. |s_gnstprotrLf|f_ - mmr;]nt?h' d

and remain stationary when the analysis chambers lift. € Nigh pass quad to Improve injection etficiency. 1he thir
element forms the sealing surface for the isolation valve, and

) there is a 12.7-mm-diam vitoo-ring surrounding the lens

1. Compressing quadrupole trap bore. The 1.5-mm-thick valve slide fits in between the sec-

The compressing quad is designed to accept a bea®nd and third lens elements, and the slide and lens surfaces
from an ion source, up to 1 cm in diameter. To give a largeinclude beveled protrusions that force the slide against the
acceptance aperture, the entrance end of the quad is co@rring at the end of its travel. The valve is controlled by a
structed of 1.9-cm-diam stainless steel rods. Each pair gpneumatic, bellows-sealed linear-motion feedthrough that
rods is screwed to a stainless steel holder, and the holders a#¥erts~1 N per square millimeter of sealing surface. This is
insulated from each other and from the mounting rings bysufficient to give no detectable pressure rise in the either the
5.55-mm-diam ruby balls. The important geometric param-HV or analysis sections when the other is vented.
eters of the quads are indicated in upper inset of Fig. 1,
drawn out-of-scale to allow room for the dimension labels.
The rods are mounted such that the rd@itry=1.16. The
entrance section of the quad is 25.4 cm long. In order to  For this experiment, the quads and final octapole must be
deliver a smaller diameter beam, increase residence time, amldiven over a wide frequency range in order to transmit and
to improve differential pumping in later sections of the mass select a wide range of cluster masses. It is also neces-
beamline, the exit end of the quadrupole has all radial dimensary to float the quads at different dc potentials, and to apply
sions scaled down by a factor of 2. The length of this finalsmall dc difference potentialsee below For this purpose,
section is 21.6 cm. Connecting the two straight sections is ae have improved an earlier design for a broadly tunable
24 cm tapered section. Rod diameter and spacing vary tdiigh-voltage rf oscillatoP® Additional construction details
gether, such that thB/r ratio is constant. For rigidity, the can be found at the “Utah rf generator page” link on the
three sections are welded together. Other than the ruby ballgieb page at  www.chem.utah.edu/chemistry/faculty/
the quad and its mounts are all stainless steel. This avoids ttenderson/anderson.html. As currently modified, the rf
expense of machining large ceramic insulators, and alseources can operate at frequencies between 200 kHz and 20
avoids insulating surfaces exposed to the ion beam. The quadHz and amplitudes up to 700 V.
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0.257 mogeneous, the accelerations toward and away from the

024 QPMS// quadrl_Jpole rods do n_ot quite cancel during each rf cy_cle, and
' there is a net force directed toward the quad centerline. The

ion motion can be described as large scale motion with su-

perimposed small scale rapid oscillations, due to the rf driv-

ing field. The large scale motion is well described by an

adiabatic approximatioff,22within which, the ions move as

i if they are acted on by time-independergffective potential:

0.0 Q*Vii ( r ’

2
r
00 02 04 067%s 10 Uer(r) = o2 E) *+QVec cOS 21)(%) ' @)

8Q\oc

me2 o

Low Pass and High
n 0.14lon Guide/Trap Pass
©

_ 4QV,
d mr2 o
0

The first term is a ponderomotive pseudopotential, equal to
the mean kinetic energy of the rapid oscillations, and the
FIG. 2. Stability diagram for transmission of ions through an rf quadrupolesecond term is the static quadrupolar field due to the applied
[after DawsonRef. 64] “QPMS"” denotes the high mass resolution oper- ¢ difference potential, if any. Note that the ponderomotive
ating conditions used in quadrupole mass spectrometers. . . . .
potential always increases with distance from the quad cen-

terline, i.e., it tends to confine the ions. The static potential,
on the other hand, attracts the ions toward one pair of rods,
A. Operating principles and thus tends to destabilize the ion trajectories. Because
both parts of the effective potential are quadraticrjrthe
radial ion motion can be thought of as large-scale harmonic

The four rods making up each quad are connected toescillation about the guide/trap centerline, with superim-
gether to form two alternating paifge., A—A and B-B in  posed small-scale motion due to the applied rf driving field.
Fig. 1. The rf of equal amplitude\(;y) but opposite phase is Stable trapping occurs as long as the large scale oscillations
applied to the two pairs. For some applications, we also apdo not carry the ions so close to the rod surfaces that the
ply equal but opposite polarity dc difference potentialg small-scale motion can cause them to hit the rods. The am-
to the two pairs of rods. Finally, to set the average ion energyplitude of the small scale motion varies with, , r, and
(the pass energyin the quad, the entire quad is floated on aV,, however, a useful rule of thumb is that trapping occurs
common dc potentialyyo,. Our rf sources provide for all for ions within the volume defined by<~0.8 .
three potentials, and allow,; and Vy,,; to be varied under
computer control.

Because of their wide use as mass filters, the theory 02 Compressing auad
ion motion in linear rf quadrupoles has been well estab-— P g4
lished; see the book by Daws&hfor example. More gener- This quad is usually operated with no applig. (i.e.,
alized discussions of ion motion in inhomogeneous rf fieldsa=0) thus a broad range of ion masses are trapped. None-
are given in reviews by Dehméltand Gerlich?® The quad- theless, it is important to use rf amplitudes and frequencies
rupole is a special case because the equations of motion cappropriate for the desired ion mass range. We choose a
be solved analytically. The stability of ion trajectories frequency such thaiis ~0.2 forV,; of a few hundred volts.
through the quadrupole is normally described in terms of twaHigher rf amplitudes are problematic in this gas-filled quad
dimensionless parametera':8><Q><Vdc(mr§w2) and q because they can cause discharges. For typical atomic or
=4X Qerf/(mrng), wherem is the ion massrt, is the  molecular ions /Q<500), a frequency of a few MHz is
centerline-to-pole distandéig. 1), andw is the rf. suitable, and the amplitude is adjusted to maximize signal for

Figure 2 shows a stability diagram for a quadrupole,the ion of interest. For much heavier ions, such as large
plotted in terms of thea and q parameters. Only if the ion clusters, the operating frequency is decreased accordingly.
mass, rf amplitude and frequency, avigl are such thata,q) Phase space compression requires inert gas collisions to
lies within the shaded region of the diagram, will the trajec-damp the ions’ initial kinetic energy. For this purpose, the
tory be stable and the ion transmitted. For high mass resolientire chamber containing the compressing quad is filled to
tion, as in a normal mass filter, the operating conditions are- 102 mbar, giving a mean free path between ion-inert gas
near the apex of the stable regiomm=0.7060, a collisions of 0.2—1 cm(the collision cross section depends
=0.232-0.237. This generally requires low rf frequenciesboth on energy and ion sigeThis is short enough to ensure
and large rf and dc amplitudes. that the ions will collide many times before entering the

For use as ion guides, the operating conditions are quittapered section of the quad, but long enough that the prob-
different. As discussed by Gerlidi,normal guide operating ability is not too high for collisions while the ions are near
conditions require loweq values(<0.3 for a quadrupole their classical turning points in the rf field. The pressure is
typically achieved using higher rf, and/or lower rf ampli- not found to be critical, and is simply optimized for best
tudes. The applied dc difference potentigl. is also small or focused beam intensity at the desired mass. The purpose of
zero (@=~0). Under these conditions, the amplitude of thethe compressing quad is to introduce damping, and this is
rapid oscillations induced by the rf field is small, and is outbest accomplished by a large number of gentle collisions. It
of phase with the rf driving force. Because the field is inho-is, therefore, desirable to use a buffer gas that is significantly
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lighter than the ions in question, so that the center-of-mass 20
collision energies are low. We generally use helium for light o =710 kHz
ions, and argon for heavy ions. = 18 —O— Vpc = 043V
To increase the number of buffer gas collisions, the en- £
trance section of the compressing quad is operated as anion § 1.2
trap, thus increasing the residence time. lons are injected into §
the compressing quad by an electrostatic lens, the last ele- g 0.8 ; pr—
ment of which has a nipple that protrudes a few millimeters 2
into the quadrupole. This element is biased0 V positive F 04
(for cationg relative to the quad centerlin&/{,,) potential,
so that the ions are accelerated into the quad. Because the 0.0 e . . . , , : ‘
ions lose kinetic energy in collisions, the injection lens po- 0 50 100 150 200 250 300 350 400

tential forms a barrier preventing exit in the source direction. V¢ (volts)

The effective potential provides for radial trapping, and less

obviously, also prevents ions from moving through the ta-FIG. 3. Transmission of a Xebeam as a function of rf amplitude, showing
pered section of the quad. As the quad tag@esreasing,), '°W- and high-pass behavior.

the effective potential at any given radi(s increases like

(1fr)* [Eq. (1)]. The corresponding trapping force thus hasance the dc potential. lons heavier than this cutoff value
an axial component opposing transmission through the tapefm/Q=V2/w?r2V,) are lost as the beam propagates
As ions are continuously injected, ion density builds up inthrough the guide.
the entrance section until the space charge is large enoughto The low-pass behavior can clearly be seen in Fig. 3,
force a steady-state current of ions through the taper into th@hich gives typical plots of transmission versds, for two
narrow end of the quad. The tapered section is quite efficierdifferent values of the dc difference potentiaV ). The
in blocking direct ion transmission. If the potential on the yeam for this test was Xefrom an electron impact source,
injecting nipple is lowered, thus opening the entrance end ofyith the natural isotope distributidi: 28Xe:1.9%,
the trap, essentially no ions are transmitted. 1290:26.4%, 130%e:4.1%, 3Xe:21.2%, 32Xe:26.9%,
Two factors combine to substantially reduce the diam-134xe:10 49, 13Xe:8.9%. The plots show current focused
eter of the ion beam during passage through the compressingto the final deposition target through a 0.48 fnmask.
quad. The confining effective potential tightens substantiallyrhe quadrupole transmission is quite flat within the range of
(Uen=ro ") @s the quad tapers. Simultaneously, buffer gasy . that leads to stable trajectories, however, there is some
collisions thermalize the kinetic energy available to drivechange in beam shape that affects downstream focusing. This
radial excursions. The final beam diameter is determined by the cause of the broad peak ndgf=50V in the V.
the balance between the appligd;; and the space charge in = (.43 v curve—focusing through the mask was optimized
the narrow section. Since the ions are free to leave the exjby |ow rf and dc. The curve foW4.=5.3 V was taken with-
end of the compressing quad, the space charge is relativelyt reoptimizing the focusing, and shows the Rat depen-

small there. Our retarding potential measurement suggegfence of the transmission, albeit with lower focused inten-
that the space charge potential in the final section of thgjty,

compression quad is1 eV. For typical operating rf voltage For a small value oWy (0.43 V), very little rf is re-
and frequency V=300V, »=2.5 MH2), the confining ef-  qyired to give stable transmission. Ng. is increased, the rf
fective potential reaches 1 eV at a radius of 0.56 mm, thus @mplitude needed to stabilize the radial motion also increases
reasonable upper limit on the beam diameter at the comee Fig. 2 For mass filtering, the important point is that the
pressing quad exit is-1.1 mm. In addition to the reduction ransition from unstable to stable trajectories is quite sharp.
in beam size, the kinetic energy distribution is substantially\jych of the width of the instability—stability transition in
reduced by buffer gas collisions, and this is important for,:ig_ 3 is due to the~5-amu-wide isotope distribution in
hyperthermal energy deposition. Estimates of the effect oke+ Close examination of th&/ 4=5.3V curve shows a
the compressing quad on beam emittance are given belowgma)| signal below the onset of stability. This is simply due
to a small background from X¢ in this beam.
The resolution of the low-pass quad is affected by sev-
eral factors. The most important is residence time, which
3. Low-pass quad must be long enough to allow ejection of unwanted ion
masses, even for ions injected near the axis with low diver-
The operation of a quadrupole guide as a low-pass filtegence. The residence time can be increased by lowering the
can be understood from E{l) and Fig. 2. The rf pondero- ion kinetic energy(pass energy however, we find that for
motive pseudopotential holding ions in the guide is inverselytypical beam current&6—10 nA the transmission efficiency
proportional to then/Q ratio, while the dc potential pulling begins to drop significantly for pass energies bele@0 eV.
ions toward the negatively biased polésr cations is mass  This appears to result from space charge effects on injection
independent. It is easy to see that for any given sef,pf  of slow ions into the quads. To increase the residence time,
V4. and w values, there is a cutoff mass beyond which theour quads are longer than typicdthe length-to-pole-
ponderomotive potential is no longer strong enough to baldiameter ratios are-five to six times those found in typical
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quadrupole mass filters The tradeoff in lengthening the TABLE I. Typical operating potentials of beamline elements. Potentials
quads is that it becomes more difficult to maintain constanfhoWn are typical for 35 eV Arions on the target.

field geometry. If, for example, the average rod-to-center
spacing varies over the length, this is equivalent to tuning the
mass cutoff value, thus reducing the resolution. From theon source grid +25V

L . ... Extraction lens —100 vV
machining tolerances, we estimate that the average dewathﬁi(ectio'n lens +10V

of the rods from their ideal positions is 2Bn, and from the Compressing quadrupolérap) 0 V (reference V=300 V, ©=2.5 MHz

Element Typical operating potentiéV/)

equation given above for the cutoff mass, this translates intast lens -5V
a contribution to mass broadening of roughly 0.7%. The finaRnd lens —-150 VvV
factor influencing resolution is space charge distortion of the¥rd lens —25V
trapping potentials. Fortunately, the space charge primaril)k;’:"'l'epnasss quadrupole :22 x V=120V, ©=3.2 MHz
affects the potential near the trap centerline, while the stabily,  ens 150 V
ity is largely determined by dc and rf fields at near the polesard lens —150 V
Based both on our observations and on SIMION modéiing, 4th lens -40V
the principle effect is simply to reduce thé, required to  High-pass quadrupole 45V, V=75V, »=0.8 MHz
destabilize ions of a given mass. Decel lens stack mount —S0Vv
1st decel -15V
2nd decel -0V
4. High-pass quad 3rd decel -150 V
The effect leading to high-pass operati@m., rejection ;‘iﬂ gﬁzi:(mask} _égg
of light ions) can also be seen in Fig. 3. Note that at high rfsample -35V

amplitude, the transmission curves abruptly drop to neas
zero. As the rf amplitude increases, the force driving the ions
also increases. Initially, the principal effect is to increase the ] ) ) )
ponderomotive pseudopotential confining the ions, thudnass filters to select a particular mass from ions generated in
slightly compressing the beam. When the rf field gets largé faré gas mixture in the electron impact source.
enough(relative to the ion magsthe adiabatic approxima- Typical operating conditions for deposition using the
tion breaks down, and there is net acceleration from th&l€ctron impact ion source are given in Table I. In this
ion-rf field interaction. Because the accelerations are trans30Urce, the ionization volume is partially enclosed by the ion
verse to the guide axis, they allow the ion to make largeSOUrce grid and its potential defines the nominal potential for
amplitude excursions from the guide centerline, experiencindPn creation. The actual distribution of potential in the ion-
even larger fields and accelerations. The ion kinetic energif@tion volume is determined by electron and ion space
builds rapidly, leading to ejection from the guide. charge and the potential applied to the extraction lens. The
From the perspective of mass filtering, the importantiniection lens is set 10 V positive with respect to the com-
point is that the transition from adiabatic/trapped motion toPréssing quad to prevent thermalized ions from exiting from
driven ejection is sharp and mass dependent. High-pass off€ entrance end of the quad. The dc potential of the com-
erating conditions correspond to largesmalla, as indicated ~ Pressing quad itself is typically set to ground potential, and
in Fig. 2. For any given set of operating conditions, the cut-under thermalizing conditions, the beam kinetic energy in
off mass can be estimated from the equations for the qigh_later stages of the beamline is referenced to the compressing
border of the stability regioff and is approximatelym/Q qguad potential. If the compressing quad is not gas filled, the
=4V, /w?r3. While largeq could be generated by simply beam kinetic energy is referenced, instead, to the ion source
increasingV,, it is more practical to drive the high-pass grid potential. The three _element lens betwe_en the compress-
quad at lower frequencies, typically about half the frequency"d a@nd low pass quads is operated as a slightly asymmetric
used in the low-pass quad. In addition, we normally apply &£inz€l lens, and the pass energy in the low pass ueielr-
dc difference potential\(;) of a few volts. This potential ©€nced to the compressing quaslitypically set to between 10
has little effect on the mass cutoff value, but the small stati@"d 50 eV. The four element lens between the low- and
field helps pull the ions away from the centerline so thathigh-pass quads was operated, for this example, as a sym-
trajectory instabilities can build up more quickly. This pull Metric einzel lens, however all four elements are indepen-
results in a sharper stability/instability transition, and betterdently adjustable. We find that transmission from one quad
rejection of unwanted low mass ions. The resolution is af0 the nextis improved if the pass energy is increased, thus
fected by the same factors as in the low-pass quad, including® Nigh pass quad is typically operated 10 V below the low

the pass energy of ions in the quad, mechanical precisioR@SS quad potential. The deceleratiatece) lens stack is
over the length of the quad, and the injection conditions. Mounted on the end of the high pass quad, and the mount is
found to have a slight effect on the beam focusing. It is

typically kept near the high-pass quad potential. The decel
stack is operated in a mode where the ions are accelerated
To date, we have mostly tested the beamline using rareut of the quad, then decelerated through the mask onto the
gas ion beams from an electron impact ion source. As Fig. 3ample. The nominal deposition energy is simply the differ-
shows, it is possible to get sharp high- and low-pass cutoffence between the compressing quad potential and the sample
with confined, high intensity beams. We have also used theotential, 35 eV for the potentials in Table I. When the depo-
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8 The scans of deposition energy were made by fixing all
L 45 beamline/decel stack potentials relative to the electrical com-
mon of the beamline, then varying this common potential
relative to that of the target. This has the advantage that
beamline transmission is independent of deposition energy,
however, the deceleration/focusing conditions between the
mask and target vary with energy. For the purposes of dem-
onstrating the high current densities achievable at hyperther-
mal deposition energies, the voltages on the deceleration/
focusing lens stack were optimized at a nominal deposition
energy of~2 eV. The decrease in current for the compressed
beam at energies abovel0 eV simply reflects unoptimized
deceleration/focusing conditions. For the uncompressed
| 0.0 beam, the current continues to rise with increasing energy
0 10 20 30 40 because the main factor limiting transmission is the poor
Nominal Deposition Energy (V) beam quality, rather than focusing conditions.
FIG. 4. Transmission of nascenfuncompressed and phase-space- AnOth.er useful performance measure Is the eﬁe(.:t of the
compressed ion beams through a 0.48%pinhole mask onto a substrate, as COMPressing quad on beam emittance. Our beamline does
a function of nominal deposition energy. Filled circles—nascent beam; opeiot lend itself to direct emittance measurements, however,
squares—compressed beam. the emittance can be estimated at several points. The esti-
mates given are for the conditions used to generate the argon
sition energy is changed, the fourth decel and mask poterbeam deposited in Fig. 4. One important quantity is the
tials must be adjusted to maximize current onto the samplemaximum source emittance that can be accepted by the com-
From our perspective, the main performance issue ipressing quad. This is a function of the radius of the injection
how much the compressing quad improves our ability to fodens (5 mm) and the maximum injection divergence angle
cus the beam at hyperthermal energies. Figure 4 gives dhat leads to trapping. We can estimate the maximum injec-
example. This experiment was done with an' Aream gen- tion angle as follows. As discussed by Gerfithnd summa-
erated in the electron impact source. We plot the currentized above, ions are trapped efficiently as long they remain
delivered to a target through a 0.0048%pinhole mask, as inside the central volume defined by<~0.8&,. For the
a function of the nominal deposition energy. The second vereonditions used to generate the compressed argon beam (
tical axis gives the corresponding average current densitys 2.5 MHz, V ;=300 V), ions with radial velocities less than
i.e., the measured current divided by the mask area. For the6500 m/s will be trapped. For the 25 eV injection energy
“uncompressed” experiment, the compressing quad wasised, this corresponds to a maximum divergence half angle
simply used as an ion guide; the chamber around this quadf ~525 mrad. The resulting absolute emittance~2600
was not filled with helium. For the compressed beam, thermm mrad, and the normalized emittance is9.6
compressing quad chamber was filled+d0 2 mbar with X102 77 mm mrad.
helium. The effect of the compressing quad can be estimated at
Especially for the uncompressed beam, “deposition entwo positions. We can estimate emittance at a plane just
ergy” is rather ill defined because the energy is referenced tinside the exit of the compressing quad, prior to extraction.
the potential of the ionization volume in the source, and thisAt this point, the ions have thermal kinetic energies, and for
is set by a combination of electrode and ion/electron spacthe transmitted ions the maximum divergence half angle is
charge potentials. The energy of the compressed beam #0°. Note, however, that theansmission-weighte(.e., co-
defined by the potential inside the exit end of the compresssine weightegl mean divergence angle is only 32.5°, and
ing quad, where the final thermalizing collisions occur. This90% of the transmitted ions have divergence angles less than
is still uncertain by about 1 eV, due to the space charg®4°. Using 64° and the estimated radius of the bé&0.56
potential in the exit section of the quad, but is much bettemm, see aboye we find an absolute emittance &f630
defined than for the nascent beam. For the purposes of thesemm mrad. More importantly, the normalized emittance,
plots, the zero for the deposition energy scale was taken to kessuming thermal velocity, is<7.4X10 * 7 mm mrad.
the target voltage where about 10% of each beam was coRelative to the input beam entering the compressing quad,
lected on the target. we achieve a reduction in normalized emittance of more than
Note that for the uncompressed beam, the target curremtvo orders of magnitude.
density rises slowly with energy, and does not saturate untii We can also estimate the emittance at the deposition
nearly 30 eV. For the compressed beam, the current densistage. The estimate is made for a nominal deposition energy
rises rapidly, saturating at a nominal energy-ef eV. The of 4 eV—the minimum energy where the beam transmission
compressed beam can delivep.A/cm? current density at 3 saturateFig. 4). The beam passes through a 0.4 mm radius
eV—one tenth the energy required for the same current derpinhole that defines the beam size just before deceleration
sity with the uncompressed beam. At 3 eV, the current denento the target. To calculate the emittance as the beam hits
sity of the compressed beam is nearly six times greater thatme target, we need to know how much the beam expands
that of the uncompressed beam. radially between the mask and sample, and how large diver-
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