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An ion gating, bunching, and potential re-referencing unit

C. J. Dedman, E. H. Roberts,? S. T. Gibson, and B. R. Lewis
Research School of Physical Sciences and Engineering, The Australian National University,
Canberra, ACT, 0200, Australia

(Received 1 March 2001; accepted for publication 23 April 2001

A novel design to achieve the gating, bunching, and potential re-referencing of an ion beam, suitable
for use in a photofragment spectrometer, is presented. The device simultaneously performs all three
functions in a simple, compact, and easily aligned unit. It requires only a single digital signal and
one high voltage supply for operation, and provides higher flux density than previous designs. The
unit uses lensing to perform beam gating, an approach which has not been reported previously. The
design does not require grids, and does not introduce divergence into the ion beam. Experimental
results for the combined gating, bunching, and re-referencing unit are presented, and compared with
modeled performance. @001 American Institute of Physic§DOI: 10.1063/1.1379966

I. INTRODUCTION length of 3 mm, which is approximately the diameter of the
typical laser beams used in laser spectroscopy. The mass

The formation of ion packets is required in many ion resolving powe(MRP) R is defined here as

beam systems, particularly for time-of-fligh TOF)
spectrometry. The present work arises from the need to gen- M ' 5
erate high-current, low-divergence ion packets within a pho- M =M’ @
tofragment spectrometer. Several methods exist for the pro-

. . . . ._whereM and M’ are slightly different masses that are just
duction of ion packets with good number density and spatia 2 . .
L . resolved. Yefchalet al.” determined experimentally an MRP
characteristics. These can be grouped into two general ap- .
>500 for fragments of a heavy organic molecule, com-

proaches: methods which extract a temporally brief paCke?ared with a theoretical upper limit 0700 for a linear TOF

from a continuous or extended beam of ions, and method ayout. By using a reflectrorto increase the drift length and

which directly ggnerate a 'Femporally brief source of ions. remove energy dispersion effects, the MRP can be increased
The generation of an ion packet from a temporally &X'~ 4400

tended or continuous source has generally involved the de- . .
: - The DISM switch produces a small, low-current ion
flection of the beam across an aperttitéThe most common . : . .
acket with low duty cycle and triangular intensity-versus-

method of ion-beam gating is the differential impulse sweep. 4 : . ! -
method(DISM), 24 in which a pair of deflector plates sweeps ime profile;” because only ions in the middle few millime-
' P P PS ters of the deflector plates satisfy the conditions to pass

the ion beam across the axis of the beam line. An aperturﬁ]rou h the aperture, limiting the available beam current. In
between the deflector plates and the detector, and the ma 9 P ' 9 )

nitude of the field with which the beam is swept, define theg.ddltlon’ only those ions exgctly at the center of the _deflec-
) . tion plates when the beam is modulated do not receive any
duration of the ion packet after the aperture. . . . .
. . . : . transverse velocity at alassuming the positive and negative
The DISM is suited to high-resolution systems, since a : . .
: . . sweep voltages are equal in magnitydeo the gating pro-
very short pulse is generated easily. The expression for the : . !
. o cess imparts an overall divergence to the ion packet.
temporal base widthAt is given by . .
Other methods of ion-beam gating are used less com-
monly. One such method is the use of an interleaved cdmb.
(B+S)A |V M Two sets of wire grids are held at the same potential as the
At=————\/——, Q. ) _ :
LV4 2e ion beam(gate opejy or at different, opposing potentials
(gate closed When the gate is closed, the ions are deflected
to either side of the beam axis. This method has been applied
to the selection of a specific mass from a beam whose bunch-
ing is defined by the duration of a desorption laser pfilse,
with an experimental MRP of 167 and a theoretical MRP of
300. Stoermeet al® subsequently obtained a MRP of 280
using two gates in a laser desorption and ionization TOF
mass spectrometer. For such an application, the small along-
axis dimension of the interleaved comb compared with a
conventional deflection-plate structure is an advantage in se-
lecting a specific mass-to-char@l/z) ion packet, particu-
larly as the physical separation of species decreases with
dElectronic mail: ehr121@rsphysse.anu.edu.au increasingM/z. The use of opposing voltages on the grid

whereB is the beam widthSis the aperture widthA is the
separation of the deflection platesjs the drift lengthM is
the mass of the species of interest, is the acceleration
voltage, andVy is the deflection voltagéwhich switches
from +V,4 to —Vy). Using the dimensions and voltages of
Yefchak etal® in Eg. (1) (L=2.1 m, S=6.35 mm, B
=0.13 mm,A=13 mm,V4=63 V), and assuming D ions

at V,=8 keV, it follows thatAt~23 ns. At the prevailing
ion speed of 135000 m$, this corresponds to an ion-bunch
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pairs results in reduction of the deflection field within a cycles for both the source and laser beams are typically very

much shorter distance from the center of the grids than isow.

possible with a deflection-plate assembly. Direct generation of temporally brief ion sources will
Becker and Cheshnovskyhave reported the use of a typically use a short laser pul$&® a short pulse of charged

combined lens and stopping grid to allow the transmission oparticles such as electroffor the pulsed output from a

a selected mass while blocking masses of lower energiesynchrotron® to generate an ion packet. Since the ion-

This works by timing the arrival of the desirégareni ion, ~ generation process is brief, no further temporal manipulation

and app|y|ng a potentia| sufficient to Stop |ower-energy SpeDf the ion packet may be required, unless the selection of a

cies (e.g., daughter fragmentshile transmitting the parent SPecific ion species is needed.Laser-based ion sources

ions. The mass gate acts as a lens for ions of interest, andgiVe rise to large ion-energy distributiof%:°which require

mirror for lower-energy ions. A MRP of about 20 has beenthe use of a reflectron configuratiot?*’ or a high ion-

demonstrated for the separation of & and Xeg4 .2 extraction field, or poth, to retain mass resolutlon_. _ _
Whaley, Goodman, and Geltysed a gating grid to ex- _nge, we desc.nbe a gating, bunchlng., and svynchmg unit

tract ions for a defined time periodanging from 50—400 optimized for_ use in pulsed-source expgrme_nts in which the

nm) from a continuous plasma source into a TOF drift tube SPUrce duration is longer than the desired ion packet dura-

The high magnetic field associated with the plasma sourcfion: apd high mstantan_eous 1on gyrrents are required, rather

required the use of a compact grid rather than a deflectioH1an high mass resolution capability.

approactt, which would have greater susceptibility to mag-

netic fields. By varying the gating-grid voltage, it was also|; pesigN REQUIREMENTS

possible to determine the energy distribution for a given spe-

cies. Whaley and co-workérseported a MRP of about 35 We are developing a fast-beam photofragment spectrom-

for their Spectrometer_ eter, similar in design to that described by Continettial.lg
Cowen and Coe have developed a different beam- The photofragment spectrometer operates in pulsed mode,

energy modulation approach, in which a packet of ions fromt!Sing @ discharge source similar to that of Osbidrithe

a continuous beam is accelerated to a slightly higher energ§PUrce uses a solenoid-operated pulsed valve to admit a brief

than the main beam, by using a variation of the potentialPulse of high pressure gas, which is ionized by an electrical

switch principle. lons inside a cylinder when the potential isdiScharge across electrodes placed in the expanding gas jet.

raised have a higher energy than the main beam. Two suchiS Provides a source of cold ions, with consequently low
ermal motion, leading to a narrow energy distribution. The

cylinders are used, separated by a known distance, and wim | ) Ise h q ) £ ab h
acceleration wave forms offset by a variable time delay. Forresudtan: '?ln pu ?e as a #.ratlon c:j a ?Ut’“.mlw enfmea- .
a given time delay between the two electrodes, only ions of gured at the gating, bunching, and potential re-referencing

given mass will be accelerated at both electrodes. A thirdj.n't'.-rhe lon optics selects and accelerates a packet of nega-
tive ions which are brought to a focus between photodetach-

electrode is held at a potential so as to stop ions at the energment and photolysis laser beams, having diameters of about

of the main beam, and those which have only been acceler; .
. mm and pulse durations of about 25 ns. The photodetach-
ated at one of the two electrodes. The output is a steady state ) :
ent laser beam removes the electrons from the ions in the

mass-filtered current, and mass spectra can be recorded am, leaving a neutral beam, which intersects the photolysis

varying the time delay between the accelerating wave formﬁ,:tg?er beam. Any remaining ions are electrostatically de-

?t each gltgctrode.t'Such ag arrarl!gem_lt_ar?t ﬁgge ?gged us?fq cted from the beam axis. The resulting neutral fragments
0 an existing continuous béam lin€. The 0 reporte om photolysis are detected on a time- and position-

for this method is insufficient for many applications, and, as sensitive detector, while the unfragmented neutrals are

the packet. length i_s short_ened to increase resolution, thBlocked from the detector by an on-axis beam block. The
number of ions available will decrease. experiment is designed to operate at a repetition rate of 50
An alternative approach to pulsed TOF mass Spectromy; \ye require that the instrument provide an energy reso-
etry is the modulation of a continuous ion beam, with corre- tion E/AE of better than 100:1 in photofragmentation
sponding demodulation at the detectbt! The beam is en- ode. The key requirements for the ion-optic system are
coded with a pseudo-random sequence of “on” and “off” giscussed in the following subsections.
pulses, by a modulator consisting of an interleaved comb and )
slit. The signal is acquired synchronously with the modula-A- Mass selection
tion of the ion beam. The received signal is deconvolved A TOF method of mass selection is used in our instru-
with a fast Hadamard transfortf,to extract a TOF spec- ment, which requires the production of a short, well defined
trum. Duty cycles of 50% can be achieved with this ap-jon packet. Differing ion masses within the packet will have
proach. Brock, Rodriguez, and Z&fereported MRPs of different velocities but identical energig®eglecting any
>2000 for such an approach, and, like Stoerreeml,”  source energy distributionand will therefore separate in
noted the performance limitations associated with the riséime and space along the drift section of the instrument. The
and fall times of the deflector voltages, which were typicallyion source provides a pulse with a duration of tens of micro-
10 ns. In applications where the ion source and laser beanseconds, so the ion optics is required to select, or gate, a brief
are both pulsed, such as the present application, the tecbubset of this extended pulse, to match the laser pulse dura-
nigue of beam encoding cannot be applied, because the dutipn.
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The discharge source generates a wide range of speci&s achieve our desired final energy resolution of 100:1. The
associated with both the gas used in the discharge, compbunching voltage can be adjusted to trade-off ion intensity
nents of the discharge sour@eg., fluorine from the Teflon against the energy distribution of the ions, for different ex-
insulation and contaminants in the feed gas and the vacuunperimental requirements.
system(such as vacuum pump filwhich may be separated
by only one or a few atomic mass units. The typical MRP
required in the TOF mass selection is on the order of 100, The energies of the neutral fragment pairs from photoly-
which is much less than that required for conventional TOFsis are determined by the relative time of arrival of the two
systems, where MRPs1000 are sought for the spectrom- fragments, and their radial separatfdnTo maximize the

D. Beam divergence

etry of heavy organic specié$. energy resolution of the instrument, therefore, the divergence
of the unfragmented neutral beam must be minimized, to
B. Potential re-referencing minimize uncertainty in the measurement of radial separa-

imolify the electrical ) fthe | .. . tion. In addition, the angular width of the on-axis neutral

To simplify the electrical design of the ion optics, it IS peam plock of the final three-dimensional photofragment de-
desirable to re-reference the ion bunch to ground through thg, .\ is set by the dispersion of the neutral beam. This
use of a potential switcff, and this method is easily ex- sy be small, so that neutral fragments with small angular

ploited due to the pulsed nature of the system. By rapidiy,q|ation, e.g., relatively heavy fragments, can be detected.
changing the potential of a cylinder from the beam pOtent'alThus, the ion optics system, and, in particular, the means of

to ground, ior_15 within the cylinder which haye entereq at theoeam gating, should not induce beam divergence.
beam potential leave it at ground potential, but with un-

changed kinetic energy. This allows subsequent ion optics to

be designed around ground potential, rather than at succes-

sively higher voltages, and allows a beam re-referenced t8l- DESIGN

ground to propagate in the unshielded beam-line vacuum en-

Previous photofragment spectrometBisave used sepa-
closure.

rate electrostatic devices to perform gating, bunching, and
potential re-referencing. The device described here performs
simultaneously all of these functions in a simple, compact,
Low photofragment count rates are a significant practicakasily aligned unit, and should also provide higher flux den-
problem in reported photofragment spectromet®fEhe ion  sity than previous designs. The design does not introduce
optics should have the highest possible efficiency to ensurdivergence into the ion beam, and also simplifies the syn-
an adequate density of particles at the points of laser-beahronization of timing in the photofragment spectrometer.
interaction. Ior_w density can be substantially increased_ by axiA. Operating voltage
ally compressing a long ion packé80 mm in this design
down to the dimensions of the laser be&hmm in this A final ion-beam energy of 8 keV is chosen to provide
case, a factor of 40. high quantum efficiency for the detection of the neutral frag-
A typical spatial buncher consists of a pair of disks ori-ments by the microchannel-plate detecft?” Unlike previ-
ented to provide a uniform axial electric field, with a hole in ously reported photofragment spectrometers in which the ion
the center of each disk to allow passage of the ion bdfch. beam is accelerated to its final energy of around 8 kV and
While the packet of ions to be compressed is between ththen gated and bunchédijn this design the gating, bunch-
plates, a potentiahV of around 100 V is applied across the ing, and TOF drift occurs at an intermediate energy of 1 kV,
plates. lons at the front of the bunch receive little additionawith the selected bunch then accelerated to the final 8 kV
energy, since they leave the field region almost at onceenergy. As with previous designs, there is a trade-off be-
Those at the back of the bunch are accelerated by the fulveen mass resolution, energy spread induced in the
plate potential. The correct choice of accelerating voltagduncher, and the attainable ion density at the photodetach-
ensures that overlap of the front of the packet by the backnent laser. A drift energy of only 1 kV maximizes the drift
occurs at the point where spatial focusing is desired; in outime, permitting an extremely long80 mm packet to be
case in the laser-interaction region of the spectrometer. Pr@xially compressed to 2 mm without excessive energy
vious photofragment desighfs typically used a plate sepa- spread. To compare the utility of the present gating, bunch-
ration of 25 mm to compress a 15 mm ion bunch. ing and potential re-referencing unit with a conventional
The energy differencAE required to compress a bunch DISM gating unit operating at the final beam energy, we
of ions of lengthl at energyE over a drift lengthL (>1) is propose a figure of mer{s applicable to the photofragment
instrument, where flux density is more important than very

C. Axial bunching

AE= 2_E| 3) high mass resolution
-
The bunching process introduces a small energy sphdad G= N @
for ions within the ion packet, which degrades the recoil- AE’

energy resolution of the final spectrometer. This energy deg-
radation puts an upper limit on the bunching voltagé¢ of = whereN is the number of ions in the bunch, aAd is the
about 80 V or 1% of the final beam energy of 8 keV, in orderenergy spread due to bunching.
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The number of ions in the bunch is given in terms of the
bunch energ¥, the length of the bunchdy, and the ion flux
dN/dt as

dN 2E\ 1
N= Hb vl (5)
Combining this with Eq(3) gives
oIV, E\' L L 6
“atPl V) 2EpTEm ©)

The permissible energy spreaflE introduced by axial
bunching is a constant dictated by the required recoil-energ
resolution of the photofragment spectrometer. Compare
with a system such as that used by Continettal,'® em-
ploying the DISM and a TOF drift at 8 keV energy, the
potential gain in flux density in the current system with TOF
mass separation performed at an intermediate energy of
keV is 8%2, or about 25.

It is impractical to gain further improvement by operat-
ing at <1 kV beam energy, due to the difficulties of trans-

porting a low-energy beam with a correspondingly large di-

Dedman et al.
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IG. 1. Simplified schematic of the gating and potential re-referencing unit.
single FET switch and biasing network are used to switch the cylinder of
the re-referencing unit between 1 kV and ground. The first and last apertures
are held at 1 kV and ground, respectively. The bunching function is omitted

for clarity.

1

Combining Egs(9) and (2) leads to the expressiaio
the first order, folL>S)

L

R_Z_S'

(10

vergence. The beam divergence follows the relationship
Thus the MRP is determined by the drift length and the

@) extent to which the packet length can be reduced by axial

whereB is the beam diamete#,is the beam divergence, and bunching. For the values df and S in the present case of
E is the drift energy? 2000 and 2 mm, respectively, the resulting MRMRis 500,

The present system uses a number of 40-mm-diam iowell in excess of the typical requirement of 100 discussed in
lenses to focus the ion beam alon@ th m drift region. At  Sec. II.
energies<l kV, modeling(Sec. 1l G indicates that these
lenses could not accommodate the resultant large beam di-
ameter or divergence, and flux is lost. In addition, at thes€- Potential switch design

low energies, mass separation becomes poor if the energy The mechanism used here for rereferencing the beam is
spread due to the ion source is significant compared with thghe same as used elsewh&é* The potential-switch cylin-
drift energy. Consequently, the choice of 1 kV TOF energy.der is biased by a high-voltage supply through a current-
with subsequent acceleration to a final energy around 8 ke\fimiting resistor, and a field-effect transistfET) switch is

is appropriate for this instrument. used to rapidly ground the cylinder. To facilitate axial
bunching within the same unit, our “cylinder” is in fact
constructed from a series of closely spaced aluminum rings.
For the purposes of re-referencing, this structure can be re-

) . arded as an enclosed cylinder with apertures at each end, as
lon packets of different mass are resolved if, at the endpown in Fig. 1.

of the TOF section, the separation between packets is equal Normally, the potential-switch cylinder is substantially
to the length of the packets. In practice, the diameter of th‘i—’onger than the ion packet of interest within the cylinder
photolysis laser beam should also be the same as the paClﬁﬁFpicaIly 250 mm for a 20 mm ion pacKetnd, therefore, a
length to maximize overlap between laser beam and i0Qery modest switching speéd.g., 230 nsis adequaté? The
packet. Considering two successive ion packets of legth gyitching-speed requirement for this unit, where electrically
containing ions of mas$/ and M’, the MRP, assuming grounding the cylinder simultaneously defines and re-
minimal energy spread from the ion source, is calculated agferences the ion packet, is very stringent by comparison,
follows. S and can be estimated from the dimensions of the switch and

An ion of massM with kinetic energyE has a speed the speed of the ions of interest. For a light ion such as OH
at 1 kv, the ion speed is around *10ns . If the switch
length is set to 80 mm, and we require that switching occur
within 1% of this length, the required switching time be-
comes about 8 ns. In fact, we achieve around 3.4 ns for the
potential switch and its associated electror{®sc. \J.

Typical potential-switch apertures are at least 3 mm in
diametert® and field fringing in the vicinity of the apertures
causes no problem, provided that the packet of interest is

B 6\/E= constant,

B. Mass resolution

2E

i 8

Um =

To resolve a second mab4’, it must travel only a distance
L—S, determined by the ratio of the masses

M
VM’

(L-9)_

- ©
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different potential, a strong lensing action results in the de-
flection of all ions from the beam axis, and the ion gate is
shut. In theory, ions exactly on axis are not deflected, but, in
practice, the number of such undeflected ions is immeasur-
] N ably small due to the extremely strong lensing action.
_2_0_'_"EI it Prior to generation of an ion packet, the FET switch is
1000 L1000V i [ [ OV off, so that all parts of the unit are at 1 kV potential, except
L B S s o s B B B for the grounded aperture at the output end. The input lens is
0 50 100 therefore open, so the ion beam travels undeflected into the
Length [mm] unit, but the output lens is closed, as shown in Fig).2To
generate an ion packet, the FET rapidly switches the cylinder
to ground, resulting in the simultaneous closing of the input
gate and opening of the output gate, as shown in Fig). 2
= 1wy — The packet of ions that was within the cylinder at the time of
W- AMU=32 —nn___ switching will continue through théhow open output aper-

®
S’
N
II?I
[rovssreinss
oo
]

1
e |

Radius [mm]
=}
?

(b) .

i
[vvnvis |

Radius [mm]
o
?I L
S |

o
III?IIII

ture, and along the beam line, thus defining the start of the
TOF process. In addition, the ion packet has been conve-
niently re-referenced to ground potential. Thus, the dual
functions of gating and potential re-referencing are per-
formed with a compact, easily fabricated structure, which is

FIG. 2. (8 Model calculations of the ion beam path for the gating unit readily driven by a single FET triggered by a delay circuit
shut” viewed as a vertical section. The central body of the unit is at 1 kV. within the spectrometer.

A 1 keV 32 amu ion beam enters the unit from the left. The lens, formed by . ) .
the differential voltage at the exit, deflects the ion beam, preventing the 1 he use of cylindrical lenses to perform gating for TOF
transfer of the ions into the next stage of the apparatus. Five ion paths aspectrometers has not been reported previously. As noted

shown, corresponding to 0.25 mm displacements from the central axis. Thabove, the use of a mass gate-energy discrimir’l‘aand in-

unit has axial symmetry and the vertical scale has been enlarged compar - :
to the horizontal scale, for clarityb) The ion beam path with the gating unit ?grleaved comb deﬂecuamely on Iensmg to deflect or stop

“open.” The central body of the unit is at 0 kV, and ions within the gating the beam, but both require grids or meshes, and are more
unit exit at ground potential and 1 keV kinetic energy. The lens, formed bycomplex than the approach used here.
the differential voltage at the entrance, deflects the ion beam, preventingthe  End effects in the lenses impart an energy spread to a
transfer of the ions into the bunching unit. . . . L
very small portion of the bunch. This effect is minimized by

) ) ) _using small lens apertures which reduce the axial distance
short compared with the overall cylinder length. This unit e \yhich lensing takes place, and by using a fast switching
employs smallef2 mm) apertures, to limit the field fringing ¢jrcit. Both modeling(Sec. Il G and measuremer{Sec.
which, for this composite re-referencing and gating unit,\/y confirm this characteristic. The uncompressed packet
would lead to undesirable aberrations at the ends of the 'Oféngth is set by the length of the bunching assembly, rather
packet. This aspect is discussed further in Sec. [l D. In OUk44 the deflection field. used in the DISMAs with t,he

instrument, these relatively small apertures do not reduce thg gy separation of the ion bunch into different masses is
flux throughput significantly, and are beneficial for differen- ;-hiaved by the TOF along a drift tube, but no defining ap-

tial pumping between adjacent vacuum chambers. The apey e is needed because the ions are either on-axis, or de-
tures also serve to limit the propagation of stray ions throughjecteq totally out of the beam line by the extremely strong
the rest of the beam line. lensing action of the ion gates.

. . The gating unit reported here is better suited to photo-
D. Gating unit fragment spectroscopy than one based on the DISM, which

The gating unit reported here is designed to select Hperates by introducing a transverse velocity component to
physically defined packet of all species from the ion sourcethe beam. In a typical TOF mass spectrometer using the
thus defining the start time for the separation of masses ovd?!SM, the detector would be placed immediately after the
the TOF drift length. The packet should contain as many iondinal packet-defining aperture. In a photofragment spectrom-
as possible, in order to maximize the subsequent number &ter, however, the beam continues to diverge for several
neutrals for photofragmentation. We also require that thesB'eters after the final aperture. The system described here

ions have limited lateral dispersion, and that they providdMPparts no transverse velocity component to the packet, and
good physical overlap with the dimensions of the laserthus does not suffer from this form of beam aberration, and

beams. the consequent impact on measurement noted in Sec. I D.

Gating is performed by a pair of small cylindrical lenses,
each consisting of a pair of disks with sm&2l.0 mm diam-
eten holes, separated by 2.0 mm. The lenses, or ion gates,
are located at each end of the 80-mm-long unit, as shown in  For our requirement of a lon@B0 mm uncompressed
Fig. 2. When the two elements of a lens are at the sam®sn packet length, a conventional parallel plate buncher
potential as the beam, no lensing is performed and the iowould be physically large and awkward to implement. In-
gate is open. When one of the lens elements is at a distinctlgtead, only a slight modification of the combined gating and

oV 0V

Length [mm]

. Buncher
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+1000V 150kQ2 100 100€2 100€2 100§ 100§ 10002 of 2.5 ns for the circuit without the switching electrodes
attached. The design and construction of this switch are de-
tailed elsewheré’®

[—
Ton Beam " "

|| Macor Spacers G. Computer modeling

The performance of the photofragment spectrometer has

+ been modeled through locally developed software which al-
lows the physical dimensions of the elements of the ion op-
tics chain, and their voltages at a given time, to be defined.

Vbunch The energies and masses of ions can be defined, and the

0to 100V 7 Input paths of these ions through the experiment are modeled. The

software determines the electric fields at all points on a mesh

FIG. 3. Sectional view of the combined gating, bunching, and potentialwjthin the experiment, and determines the forces on the ions

re-referencing unit. The_ chain of resistors which set up the buqchlng fle!d s they move through the beam line. The same software has

and the pair of FET switches, are shown. The degree of bunching is vaneE . . .

with the variable bunching voltag&/, ... FET switching circuit details, een used to determine the type and location of the Einzel

such as gate drive pulse transformers, have been omitted for clarity. lenses in the transport optics of the instrument, as well as the
gating, bunching, and potential switching designs. Second-

re-referencing unit of Fig. 1 is required to add the capabilityorder effects in the design, such as the behavior of ions ad-

for axial bunching. Instead of a continuous cylinder, we usdacent to the ion-gate lenses during the switching phase, have

a series of aluminum rings, closely spaced to prevent fieldeen examined with the software, which showed that such

penetration into the active region of the buncher, as shown ifPns are mainly deflected out of the beam and do not degrade

Fig. 3. This structure also provides reasonable conductandge resolution of the instrument.

for vacuum pumping. The rings are biased through a series Our simulation of the behavior of a bunch of ions after a

chain of resistors attached directly to the rings to minimizeDISM gate and subsequent apertures has demonstrated the

external electrical connections through the vacuum envelopdmpact of the divergence introduced to the ion packet, with

and minimize system capacitance. Modeling shows that thighe consequent loss of packet intensity. It has also demon-

compact structure provides an extremely uniform axial elecstrated the resultant triangular ion intensity profilee con-

tric field when a fixed voltage is applied across the resistorolution of the defining aperture and the ion beam profile,

chain. Reflectron designs typically also use a series of biasethich were both assumed to have a diameter of 2)mm

rings to establish a uniform fieRf’ Two FET switches are compared with the rectangular profile from the gating unit

used, with the first FET switching te-Vyenrather than to  described here.

ground.

In operation, the FETs are switched simultaneously, with
the output aperture switched to ground and the input apertury. CONSTRUCTION
switched toVy.cn @djustable from 0 to—100 V. In this

manner, axial bunching is performed, in addition to the gat-th Th.e; dlmenflonz atr;d tolerr;‘mcgs Iused Itn c?.nstr.uctllon |Of
ing and potential re-referencing described in Sec. 111D, for € unit are relaxed, the mechanical construction 1S simpie

the cost of only one additional FET switch. In our implemen-an_(: _compgct,f and the ﬁ_esgn Iuse_s CO”(;F“E” materlatlsa 'Lhe
tation, the uncompressed packet length is set by the physickﬂf' IS made from machined auminum disks, separated by

length of the unit, which can be removed easily from the acor spacers, and supported on three threaded steel rods

spectrometer and replaced by one of different length. It iSW|th glass tube insulation. The unit is attached, with an in-

also possible to shorten the packet length by delaying thgulating spacer, to adisl§ which boIt; into tapped holes in a 6
opening of the output gate with respect to the closing of the - Conflat©Tee, to provide mechanical support and central-

input gate, although it should be noted that the physica|zation in the beam line. A photograph of the finished unit is

: hown in Fig. 4.
length of the shortened packet would then be a function o ) . .
iongmass P The input of the unit overlaps with the output of the

previous lens element, to prevent field penetration from the
surrounding grounded vacuum structure. At the output, the
ion bunches are at ground potential, and can propagate
The successful operation of the combined gating, bunchthrough the drift region of the spectrometer without further
ing, and re-referencing unit relies on the ability to switch shielding.
from 1 kV to ground within a few nanoseconds. FETs are  Resistors are soldered to tags on each disk to provide the
used as the main 1 kV switches, with their gates driven byaxial bunching field. The grounded output-aperture lens disk
stepdown bifilar-wound toroidal pulse transformers withis directly connected to the heavy grounded mounting flange
multiple parallel windings. These are driven by a single FETthat physically supports the unit. The input-aperture disk is
operating at 80 V, which is driven by a FET driver chip. The capacitively bypassed to ground through three heavy rods
circuit layout, bypassing, and construction of the pulse transaround the outside of the unit. The diameter of the mating
formers are critical to obtaining the measured switching timefaces of the input- and output-aperture lens disks are stepped

F. Fast high voltage switch
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% FIG. 5. Switching wave form, measured at the bunching unit, showing fast
z rise time.
FIG. 4. Final gating, bunching, and potential rereferencing unit, demonstrat-
ing the compact construction. and second, the switch is largely shut even at 20% of the
operating voltage, when only 1.5% of the nominal flux is
down from 25 to 12.5 mm to reduce capacitance between thgansmitted. This latter characteristic means that, even if the
switch elements while still preventing field penetration into switching electronics leads to ringing at the 10%—20% level,
the switching region. this will not lead to ragged ends for the ion bunches, since
The FET switching unit provides an adjustable input de-the switch will remain effectively shut.
lay of 0-100us, so that the opening of the unit can be  The bunching characteristics of the unit were assessed
delayed with respect to the firing of the ion source, as well apy comparing the amplitude and duration of selected ion
an adjustable bunching voltage of 0-100 V. The FETpackets, measured with a high gain microchannel-plate de-
switches remain on for a fixed delay ofia. tector, with its anode directly coupled to the input of an
In principle, it should be possible to build an equivalentoscilloscope, at the end of a 1.654 m drift tube. The results
gating, bunching, and potential switching system usingare shown in Figs. (@) and qb), in which a'®0~ ion pulse
DISM deflection plates with separate buncher, and separaig shown in uncompressed and compressed form, respec-
potential switch, with similar performance. In practice, thetively. The rectangular shape of the ion pulse from the gating
DISM deflection plates, separate buncher, and separate panit can be clearly seen in the uncompressed pulse. The du-
tential switch would each need to be several hundred millivation of the compressed pulse is only 1/40 of that of the
meters long to accommodate ion packets up to 100 mm longincompressed pulse, while its amplitude is<4that of the
making physical implementation difficult. In comparison, uncompressed pulse, in agreement with prediction.

our single combined unit is only 100 mm in length. The resolution of the system can be estimated by exam-
ining the separation of adjacent masses, shown in Fig. 8. The
V. PERFORMANCE masses from 16 to 19 amu are well resolved. The separation

The switching speed, efficiency of aperture-lens-baseg etweer'®O™ and™F " is about 10 the width of the peaks,

switching, and the duration of unbunched and bunched ion'wndlcatmg a MRP-280. (The intensity of the 0" signal is

packets were measured. By careful design of the switching
electronics, and minimizing the lengths of connections from W1 1
the switching FETSs to the active elements, very fast switch-
ing speeds with low ringing have been achieved. A typical
switching wave form is shown in Fig. 5, demonstrating a rise
time of 3.4 ns, and ringing 0£10% for the switching elec-
tronics when coupled to the gating, bunching, and potential
re-referencing unit. Such fast switching is possible because
only a single FET stage is required, rather than multiple
FETs with coupling transformers that have been required for
higher-energy ion beanté.

The transfer function of the lens switches was assessed
by measuring the beam current at the output of the switching . A
unit as a function of the voltage difference across the lens % 200 400 600 800 100
elements. The output beam current was measured with a Far- Switching Voltage [Volts]
aQay cup, and the re§ul_t|ng switching fL.mCtlon IS Shown InFIG. 6. Switching function for aperture lens switch. The cutoff is virtually
Fig. 6. Two characteristics are noted. First, the switch CUtEomplete, even at 20% full voltage, minimizing the importance of ringing in
off entirely for voltages below 10% of the fully open voltage, the switching wave form.
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FIG. 7. (a) Signal from the O ion, measured with a microchannel-plate
detector at 1654 mm from the gating, bunching, and re-referencing(bnit.
The same O pulse as in(a), with the bunching voltage applied. Note the

Dedman et al.

with the natural isotopic ratio of 489% The ion source was
optimized independently for each ion species, which is a
probable cause for the difference between the measurement
and the accepted value.

The number of ions in the pulse shown in Figaj7can
be estimated from the duratigh us) and amplitud€0.24 V)
of the pulse, the terminating resistance at the oscilloscope
(50 1), and the gain and quantum efficiency of the micro-
channel plate. The latter two are estimated, based on the
manufacturer's typical valuéd, at 1¢ and 50%, respec-
tively. The pulse shown has approximately 55000 ions. It
should be stressed that this is a preliminary value, with no
optimization of the fore optics, or the skimmer of the photo-
fragment instrument, undertaken.

ACKNOWLEDGMENTS

The authors acknowledge the assistance of Professor S.
J. Buckman in the development of the design of the ion
optics. This work is funded by a Major Equipment Grant
from the Australian National University. One of the authors
(E.H.R) is the recipient of an Australian Postgraduate
Award.

1K. A. Cowen and J. V. Coe, Rev. Sci. Instrust, 2601(1990.

2J. M. B. Bakker, J. Phys. B, 785(1973.

3J. M. B. Bakker, J. Phys. B, 364(1973.

4G. E. Yefchak, G. A. Schultz, J. Allison, C. G. Enke, and J. F. Holland, J.
Am. Soc. Mass Spectron, 440 (1990.

5B. A. Mamyrin, V. |. Karataev, D. V. Shmikk, and V. A. Zagulin, Sov.
Phys. JETR37, 45 (1973.

6C. W. Stoermer, S. Gilb, J. Friedrich, D. Schooss, and M. M. Kappes,

decrease in duration and corresponding increase in amplitude of the signal.Rev. Sci. Instrum69, 1661(1998.

"P. R. Vlasak, D. J. Beussman, M. R. Davenport, and C. G. Enke, Rev. Sci.
Instrum.67, 68 (1996.

much greater than that of the other ions in Fig. 8, so itS8| gecker and O. Cheshnovsky, Rev. Sci. Instr@8, 4625 (1997.

apparent signal width is disproportionately great&éhe dif-

°D. R. Whaley, T. P. Goodman, and W. D. Getty, Rev. Sci. Instr@.

ference between the predicted MRP of 500 and the resolutiopy358 (1989.

measured here is due to the shorter drift length, the finite (2'0

A. Brock, N. Rodriguez, and R. N. Zare, Rev. Sci. Instrurd, 1306
00.

energy spread in the ion source, and bandwidth limitations inta. Brock, N. Rodriguez, and R. N. Zare, Anal. Che¥i, 3735(1998.
the 100 MHz oscilloscope used for the measurement. ThEN. J. A. Sloane, irFourier, Hadamard and Hilbert Transforms in Chem-

160~ and*0~ ion signals were measured, from the oscillo-
scope screen as 7.0 V and 16 mV, respectively, with a rati

istry, edited by A. G. Marshal{Plenum, New York, 1982
13W. B. Brinckerhoff, G. G. Managadze, R. W. McEntire, A. F. Cheng, and

Ow. J. Green, Rev. Sci. Instrunil, 536 (2000.

of approximately 440:1, which is in reasonable agreement*c. mMa, C. R. Sporleder, and R. A. Bonham, Rev. Sci. Instr62).909

0
a1k
2
=
& 2f
2
3F
A ] ] ]
15.5 16 16.5 17 17.5
Drift Time (us)

(1991).

150. Hemmers, S. B. Whitfield, P. Glans, H. Wang, D. W. Lindle, R. Weihl-
itz, and I. A. Sellin, Rev. Sci. Instrung9, 3809(1998.

18R, Cotter, Time-of-Flight Mass Spectrometry: Instrumentation and Appli-
cations in Biological ResearcfAmerican Chemical Society, Washington,
1997.

T, Bergmann, H. Goehlich, T. P. Martin, and H. Schaber, Rev. Sci. In-
strum. 61, 2592(1990.

R, E. Continetti, D. R. Cyr, D. Osborn, D. Leahy, and D. M. Neumark, J.
Chem. Phys99, 2616(1993.

19D. Osborn, D. Leahy, D. R. Cyr, and D. M. Neumark, J. Chem. Ph§4.
5026 (1996.

20, A. Posey, M. J. DeLuca, and M. A. Johnson, Chem. Phys. l&t,
170(1986.

217, Amitay and D. Zajfman, Rev. Sci. Instrur@8, 1387 (1997.

22Burle Technologies, Inc. Scientific Detector Products Technical Briefs.

ZD. W. O. Heddle Electrostatic Lens Systentidilger, Bristol, 1991.

2R. E. Continetti, D. R. Cyr, and D. M. Neumark, Rev. Sci. Instr@8.
1840(1992.

25C. J. Dedman, E. H. Roberts, S. T. Gibson, and B. R. Lewigub-
lished.

FIG. 8. A mass spectrum with bunching applied. Masses 16-19 are re?*R. J. Donnelly, inA Physicist’s Desk Referencadited by H. L. Anderson

solved.(The O signal is clipped to~10% of its actual value

(AIP, New York, 1989.



