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a  b  s  t  r  a  c  t

Bradbury  Nielsen  gates  are  well  known  devices  used  to switch  ion  beams  and  are  typically  applied  in
mass  or  mobility  spectrometers  for separating  beam  constituents  by  their different  flight  or  drift  times.  A
Bradbury  Nielsen  gate  consists  of  two  interleaved  sets  of  electrodes.  If two  voltages  of  the  same  amplitude
but opposite  polarity  are  applied  the gate is  closed,  and  for  identical  (zero)  potential  the  gate  is  open.
Whereas  former  realizations  of  the  device  employ  actual  wires  resulting  in  difficulties  with  winding,
fixing  and  tensioning  them,  our  approach  is  to  use two grids  photo-etched  from  a  metallic  foil.  This
eywords:
radbury Nielsen gate
hoto etched Bradbury Nielsen ion gate
on mass spectrometry
ITAN
ime of flight separation
ime focus

design  allows  for  simplified  construction  of  gates  covering  large  beam  sizes  up  to  at  least 900  mm2 with
variable  wire  spacing  down  to 250  �m. By  changing  the  grids  the  wire  spacing  can  be  varied  easily.  A
gate  of this  design  was  installed  and  systematically  tested  at TRIUMF’s  ion  trap  facility,  TITAN,  for  use
with  radioactive  beams  to  separate  ions  with  different  mass-to-charge  ratios  by their  time-of-flight.

© 2011 Elsevier B.V. All rights reserved.

∣ ∣
. Introduction

In many applications such as ion mass or ion mobility spec-
rometers, it is necessary to create pulses from continuous ion
ources [1].  Similar requirements apply to particle accelerators,
here beam pulses need to have specific temporal profiles. More-

ver, at radioactive isotope facilities such as CERN-ISOLDE [2] and
RIUMF-ISAC [3] one typically suffers from isobaric contamination
hat can be suppressed by isolating the desired rare isotope by its
ime of flight [4,5]. The use of Bradbury Nielsen (BN) gates [6] is

 common way to realize short ion pulses. These devices require
ower voltages, can be more compact and exhibit lower capacitance

han alternatives such as deflection plates. The original design of

 BN gate consists of two sets of parallel, interleaved wires, with
he wire plane perpendicular to the ion beam axis [6].  In the case

∗ Corresponding author at: TRIUMF, 4004 Wesbrook Mall, Vancouver V6T 2A3,
anada.

E-mail address: thomas.brunner@triumf.ca (T. Brunner).

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.09.004
of identical potential on both wires, generally chosen to coincide
with the beam line ground potential, the gate is open and most of
the ions penetrate undisturbed. Once a voltage of opposite polarity
but equal amplitude is applied, the ions are deflected by an angle ˛
as defined in Fig. 1. The deflection angle  ̨ for round wires is given
by1 [7]:

tan  ̨ = �

2 ln(cot(�R/2d))
Vwire

Ekin/q
.  (1)

The deflection angle depends on the wire diameter 2 · R, the dis-
tance between wires d and the ratio of voltage applied to the wires∣ ∣

Vwire (Vpos = Vneg ) over the ion’s kinetic energy Ekin and the ion
charge state, q.  ̨ decreases when the ion is in the vicinity of the
gate’s electric field while the potential is switched. Depending on
the requirements of the system these parameters can be set so that

1 Strictly speaking the formula is only correct for deflection voltages applied dur-
ing  the deflection of the ion. The field geometry from a BN gate makes corrections
to  this deflection angle quite small.

dx.doi.org/10.1016/j.ijms.2011.09.004
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:thomas.brunner@triumf.ca
dx.doi.org/10.1016/j.ijms.2011.09.004


98 T. Brunner et al. / International Journal of Mass Spectrometry 309 (2012) 97– 103

F ories.
t d, effe

t
d
i
d

m
T
c
p
c
g
t
fl

o
t
a
u
t
o
t
a
s
9
c

2

t
d
e
w
t
i

F
t

ig. 1. Schematic of the working principle of a BN gate showing idealized ion traject
he  detector (left). If opposite voltages are applied to the wires, the beam is deflecte

he ions are deflected in such a way that they cannot reach the
etector (a state referred to as gate closed in this paper). Deflected

ons are deposited somewhere along the beam line. For a detailed
iscussion on the deflection angle  ̨ see [7].

An important property of BN gates is that they only influence the
otion of the beam at distances comparable to the wire spacing d.

his results in a compact design and fast switching, providing a
lose to ideal definition of a gate in contrast to deflection (kicker)
lates. The geometry of BN gates generally also results in smaller
apacitance, simplifying the drive circuitry and further aiding the
oal of fast switching. More importantly, the spatial dimensions of
he gate along the beam axis and thus the disturbance of the ion’s
ight path is greatly reduced for BN gates compared to kicker plates.

BN gates of large (cm) size are typically built by stretching wires
n frames in various arrangements [8–11]. This results in substan-
ial complexity and delicate devices that are difficult to assemble
nd not reliable. This is particularly true when only clean and
ltra-high vacuum components can be used. In order to overcome
hese drawbacks, a new type of BN gate design has been devel-
ped based on chemically etched wires. The new design simplifies
he construction while at the same time providing far more robust
nd reliable assemblies. Additionally, the size of the gate is easily
calable, covering large active areas. Currently, an active area of
00 mm2 has been realized where the wire spacing can easily be
hanged simply by replacing the grids.

. Gate design

The critical part in assembling a BN gate is the precise posi-
ioning of the two sets of wires isolated from each other. In the
esign described here, these issues are overcome by using photo-

tched grids, as shown in Fig. 2. The basic idea is to handle two
ire grids instead of individual wires. In addition, uniform wire

ensioning is automatically achieved and the handling of the grids
s substantially easier than that of individual wires.

ig. 2. A photo-etched grid for a BN gate. Note that multiple wire spacings (three in
his case) can be obtained on the same etched foil.
 If both wire sets are at the same potential, most of the ions cross the gate and reach
ctively turning off the gate (right). Also shown are equi-potential lines of the wires.

The wire grids described here were photo-chemically etched
from a 50.8 �m thick stainless steel sheet by Newcut Inc. [12].
Thus, the resulting wires exhibit the approximate cross section of a
diamond with similar dimensions of 50 �m in both thickness and
width.2 While this leads to a field configuration that is different
from that of ideal, circular wires, such an effect is only important
near the surfaces and we do not expect it to alter the general behav-
ior of the gate, described by Eq. (1).  This is because of the large
spacing as compared to the wire diameter. Mounting holes were
located on each side of the wire grids. The grid-to-grid alignment
is provided by the position of the mounting holes. In our design the
grid is centered by the mounting screws. If more precise tolerances
are required, the positioning of the wire grids could be realized by
alignment pins. In order to be able to use identical mounting frames
for the two  grids, the mounting holes are offset with respect to the
symmetry axis of the grid.

Each grid is mounted onto a pair of macor isolators that is in
turn installed onto a stainless steel frame, as shown in Fig. 3. The
tension of the grid is set by the screws holding the macor blocks
onto the frame and is easily adjusted at the time of assembly. A
dedicated tensioning screw pushing the macor blocks apart was
found unnecessary for the sizes tested. A rounded edge of the macor
blocks allows each grid to have one end bent out of the way, so that
when the two frames are mounted against each other, the wires
are interleaved and the two grids are not shorted with each other.
For simplicity of fabrication, grids, macor blocks and frames are all
identical and assembled in a mirrored configuration. A picture of a
fully assembled and mounted gate is presented in Fig. 4.

The large extension of the gate body in beam direction pro-
tects the grids and acts as the beam dump if the gate is closed.
While stainless steel was used to fabricate the grids described here,
other metals can be used as well. Because of the intrinsically clean
construction materials (macor and stainless steel) a vacuum of
2 × 10−10 mbar was  achieved during all measurements.

3. Characterization

The presented large-area BN gate was installed at TRIUMF’s Ion
Trap setup for Atomic and Nuclear science (TITAN) [15]. The TITAN
setup consists of several ion traps and is dedicated to high precision
measurements of radioactive, short lived nuclei (see, e.g., [16–19]).
A schematic of the TITAN facility is presented in Fig. 5 indicating
the location of the BN gate. Radioactive isotopes are produced by

bombarding an ISOL type [20] target at the Isotope Separation and
ACceleration (ISAC) facility [3] with 500 MeV  protons. During typ-
ical operation, the BN gate is used to separate different isotopes
by their time-of-flight when ejected from the first ion trap within

2 The tolerances of metal sheet thickness and wire diameter are 10% and 13 �m,
respectively (Private communication with P. Engel, Newcut.) The wire diameter
cannot be smaller than the thickness of the metal sheet.



T. Brunner et al. / International Journal of Mass Spectrometry 309 (2012) 97– 103 99

Fig. 3. Exploded view of one half BN gate showing stainless steel mounting frame
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Fig. 5. Schematic of the TITAN setup. For the characterization of the BN gate, the
RFQ was delivering a continuous beam of K+/Rb+ ions at an energy of 3 keV. The ion
beam was  delivered by the test ion source (TIS) [14]. MCP detectors and Faraday cups
(FC) can be moved into the beam line while the BN gate is installed permanently.
tructure, wire grid and mounting ceramics (top). A section view of the fully assem-
led BN gate consisting of two  identical frame structures rotated by 180◦ to each
ther corresponding to the two polarities (bottom).

he TITAN setup prior to injecting them into a Penning trap [21].
urthermore, the BN gate is used to isolate ions with certain charge-
o-mass ratios q/m after charge breeding in an EBIT [19]. For highly
harged ions fast switching times are of particular importance to
eparate different ion species with very similar q/m. A time-of-flight
pectrum of radioactive 76Rb in different charge states is shown in
ig. 6 along with residual background contamination.

For the characterization presented here, a continuous beam of

ingly charged 39,41K and 85,87Rb ions was extracted from a test
on source through a radio-frequency quadrupole cooler trap, the
ITAN RFQ [14], at a beam energy of 3 keV. This beam was then

ig. 4. A fully assembled BN gate with mounting bracket and electrical connections.
his particular gate had d = 1.1 mm wire spacing and a total aperture of 900 cm2.
The  position of the MCP  detector used in the presented studies is indicated by a red
arrow. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web version of the article.)

sent towards a micro-channel plate (MCP) ion detector [22]. The
BN gate was installed between the RFQ and the MCP  detector at a
distance of ∼1.35 m from the MCP  detector as illustrated in Fig. 5.
For this work, the gate was  generally closed and only switched to
transparent state (gate open) for a short, well-defined time �T. The
voltage was  switched by two  solid state devices developed at TRI-
UMF. These switches were set up to output either the two voltages
Vpos and Vneg to block the beam, or 0 V to let ions pass through the
gate. The rise times at the output of the switches were ∼24 ns for
a voltage set of ±160 V. A TTL control signal was provided to the
switches by a Tektronix pulse generator (model AFG 3022B) with
a rise time of 18 ns. A synchronized TTL signal was then used to

trigger the data acquisition, a multi-channel scaler (MCS Stanford
Research SR 430). For the characterization of the gate, the ion’s time
of flight distribution was  recorded varying either the applied volt-
ages Vpos and Vneg or the opening time �T. Typically, the ion’s time

Fig. 6. Time-of-flight distribution of charge-bred radioactive 76Rb (red spectrum).
The ion bunch was  extracted from the EBIT and detected with the same MCP detector
used for the characterization presented in this work. The background contamination
originating from the EBIT is also displayed (green spectrum). (For interpretation of
the  references to color in this figure legend, the reader is referred to the web version
of  the article.)
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Fig. 7. Timing diagram used to characterize the ion gate. The voltage on the gate and
its resulting state are shown at the bottom. The top graph displays the ion’s flight
distance z as a function of the time t, and the resulting time-of-flight spectrum (top).
The slope corresponds to the ion’s velocity. The ion source provided a continuous
beam of singly-charged alkali ions (39,41K+ and 85,87Rb+) with a kinetic energy of
3
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Table 1
Isotope intensities of the incoming continuous beam and the resulting relative abun-
dances of 39,41K and 85,87Rb for comparison [23].

Isotope Intensity [k ions/s] Rel. abundance Lit. rel. nat. abundance

39K 261.3(5) 89(19)% 93.2690(44)%
41K 30.0(2) 10(2)% 6.7310(44)%
85Rb 422.5(7) 73(8)% 72.165(20)%
87Rb 153.8(4) 27(3)% 27.835(20)%

has been used in the following studies, unless stated otherwise.

F
t

 keV. Only ions reaching the MCP  detector, i.e., passing the gate in its open state,
re  displayed in this graph.

f flight was recorded for 20,000 switching cycles at a switching
ate of 500 Hz. A schematic of the applied voltages Vpos and Vneg is
isplayed at the bottom of Fig. 7. During all studies, the gate assem-
ly displayed in Fig. 4 was installed in a four way cross CF 8” and
onnected to the switch by ∼10 cm long standard RG58 SHV cables.

During these studies, grids with 51 �m diameter (2 R) and
.2 mm spacing (2 d) were used, resulting in a transmission of
5%. The incoming beam with an energy of 3 keV had an inten-
ity of ∼700 k ions/s dominantly consisting of 39,41K and 85,87Rb.
otal and individual ion beam intensities were extracted from
ig. 8 and the relative values for the isotopes of each element
re found to agree with natural abundances (see Table 1). Fig. 7

llustrates schematically the time-of-flight measurement. Here, a
teeper slope corresponds to an ion with higher velocity. At a time
0 the gate is opened and ions pass through for a time period �T.

ig. 8. Ion intensity as a function of �T  and the ion’s flight time. K is presented on the left
op.
Fig. 9. Symmetric voltage scan with the gate open for �T  = 100 ns (bottom). The
ion  time-of-flight distribution is shown for Vpos = 180 V and Vneg = − 180 V (top). This
configuration was  used in Fig. 8.

Lighter nuclides arrive earlier on the detector due to their higher
speed, as shown in the figure.

To investigate the minimal time the gate can be opened, a sym-
metric voltage of ±180 V was applied to the gate and switched to
ground potential for varying times �T  from 40 ns to 240 ns in steps
of 10 ns. The result of this measurement is presented in Fig. 8 where
the ion intensity at the MCP  detector is displayed as a function of
�T and the ion’s time of flight. For �T  < 50 ns no ions reached the
MCP  detector, while for �T  � 200 ns the incoming 85,87Rb isotopes
were separated in time of flight. The time of flight spectrum for
�T = 100 ns is presented at the top of Fig. 8. This value for the time
In order to determine the voltage required to deflect the ions
sufficiently so that they are unable to reach the MCP  detector,
the voltage at the wires was increased symmetrically in steps of

 and Rb on the right. The time of flight spectrum for �T = 100 ns is presented at the
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ig. 10. Intensity plot of K (left) and Rb (right) for the asymmetric voltage scan. Du
t  320 V. The gate was open for 1000 ns. The ions’ time-of-flight distribution for the

5 V. The resulting scan is shown in Fig. 9. For voltages higher than
120 V the gate is fully closed, with a negligible background (on/off

atio of 3 × 10−5).
Additional studies were performed to investigate the concept of
witching only one set of wires with twice the amplitude. This con-
guration could save cost of a second switch and power supply. An
symmetric voltage was applied to the wires in such a way that the

ig. 11. Time-of-flight spectra for K and Rb ions for different switching voltages. The gat
ept  constant at 320 V.
he scan the total voltage difference between neighboring wires was kept constant
ge sets indicated by the dashed lines are presented in Fig. 11.

potential difference between neighboring wires stayed constant at
�V = 320 V. The scan started with Vpos = 320 V and Vneg = 0 V applied
to the wires decrementing the voltage in steps of 20 V, and ending
at Vpos = 0 V and Vneg = − 320 V. During this scan the gate was open

for �T  = 1000 ns. The resulting intensity distribution is presented
in Fig. 10 where the vertical axis on the right (left) displays the
positive (negative) voltage applied. At ±160 V the applied voltage

e was open for 1000 ns and the voltage difference between neighboring wires was
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ig. 12. Schematic illustrating the principle of the time focus. The timing of the driv
xis  z versus time t. The slope represents the ion’s velocity. Only K ions are display
pace  around the gate. (For interpretation of the references to color in this figure le

s symmetric. If the net voltage potential Vnet = Vpos + Vneg is nega-
ive, the ion’s time of flight is smeared out while the opposite effect
s observed for positive Vnet. In this case, the time of flight distri-
ution is compressed with two intense peaks at both sides of the
istribution. Due to the long opening time �T  = 1 �s, the peaks of
he different isotopes overlap but can still be clearly identified.

In order to investigate this focusing effect, we recorded time-
f-flight spectra for five voltage settings with higher statistics.
tarting with the symmetric configuration of ±160 V, the voltage
as incremented (or decremented) by 30 V and 60 V. The resulting
ime-of-flight distributions of K and Rb are presented in Fig. 11.  This
learly shows the defocussing effect for Vnet < 0 V and the focusing
ffect for Vnet > 0 V. The explanation of this effect is presented in
ig. 12.  For the symmetric configuration, the potential is different

Fig. 13. Asymmetric scan of the voltage with a gate open for �T = 100 ns. The dashe
ages is shown at the bottom. The top plots display the ion’s position along the beam
e red (blue) box represents the positive (negative) net potential reaching into the
the reader is referred to the web version of the article.)

from zero only in a very small region around the wires on the order
of the wire spacing d. For asymmetric settings, the field originating
from the applied potential Vnet acts as an advancing or retarding
potential for the ions. This is illustrated by colored bars in Fig. 12
(red for positive and blue for negative net potential). Ions in the
vicinity of this potential while the gate is switched encounter an
acceleration or deceleration, depending on Vnet and their position
along the beam axis when the gate is switched, as indicated by
the changed slope in Fig. 12.  Positive ions are focused in time by
Vnet > 0 while Vnet < 0 defocuses them, in both cases with the effect

of broadening the energy distribution.

This focusing behavior can be used to increase the time of
flight separation of the ions as shown in Fig. 13.  In this scan, the
gate was open for �T  = 100 ns and the voltage was scanned from

d lines indicate the symmetric case (top) and the time-focused case (middle).



l of M

V
v
r
V
l
h
a
o
s

4

N
m
g
t
w
T
s
r
d

c
d
h
t
d
T
(
g
a
c
a

a
c
a
t
d

A

E
a
N
s
e
b
t

R

[

[

[
[

[

[

[

[

[

[

[

T. Brunner et al. / International Journa

neg = − 70 V to −210 V and Vpos = 250 V to 110 V in steps of 5 V. The
oltage difference was kept constant at 320 V with the symmet-
ic configuration being at ±160 V. At a configuration of Vpos = 200,
neg = − 120 V the ions are focused in time maximally, therefore

eading to an increase in the time-of-flight resolution. However, this
as the effect of broadening the ions’ energy distribution. Thus, an
symmetric voltage configuration cannot be used in the assistance
f high-precision mass measurements with the TITAN Penning trap
pectrometer.

. Conclusion

In this publication, we present a novel design of the Bradbury
ielsen ion gate along with systematic studies of its perfor-
ance that were carried out at the TITAN facility. The resulting

ate has good mechanical tolerances, it is rugged and simple
o assemble. In addition, it is fully UHV compatible and the
ire spacing can be rapidly changed to reconfigure the device.

he dimensions of the gate are scalable and so far two  ver-
ions with wire grid areas of 144 mm2 and 900 mm2 have been
ealized. Larger areas can be realized by adapting the wire
esign.

Before the BN gate was installed along the TITAN beam line, the
ommon plate of an x–y steering element was used as an ion gate to
eflect the incoming beam. With this setup, the gate open time �T
ad to be greater than 300 ns. Using the BN gate, we could improve
his time by a factor of 6 allowing substantially better separation of
ifferent isotopes by their time of flight in the presented setup.
his improvement is due to a lower capacitance of the BN gate
∼20 pF compared to the ∼70 pF kicker) and the more favorable
eometry. Even shorter gate open times �T  might be possible with

 faster electrical switch. Our measurements in the TITAN setup
learly show the applicability of this new BN gate concept for online
pplications with short-lived isotopes.

Finally, we investigated the effects of asymmetrical potentials
pplied to the wire sets and found strong time focusing and defo-
using effects. In order not to increase the energy distribution of
n ion beam, symmetric potentials have to be used. However, the
ime focusing effect can be exploited to increase resolution on the
etector
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