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a b s t r a c t
Imaging micro-channel plate (MCP) detectors are a common tool for chemical physics studies used to
image a single ion mass species in a time-of-flight (TOF) spectrum. Temporal selection of the mass to
be imaged is traditionally implemented by gating the voltage across the MCP stack, however this leads
to the loss of all information about other species in the mass spectrum. Here we show that by gating
the phosphor voltage instead, as has been demonstrated by Zajfman et al. (1995) among others, we gain
the capability of measuring multiple masses in TOF while retaining the ability to image a single desired
species. In our precision spectroscopy experiment, we image the spatial distribution of Hf+ photodissociation fragments, while its more plentiful HfF+ precursor, which arrives at a later time, can also be
detected in TOF. This enables the shot by shot normalization of technical noise associated with the precursor production. Since the scheme alters only the configuration of the high-voltage switch, it can be
readily implemented in most existing gated MCP setups, allowing the full TOF information to be harvested. Combining the imaging and TOF data in a single shot, we can detect species with substantially
different abundances.
Published by Elsevier Inc.

Action spectroscopy techniques, such as photoionization and
photodissociation, are ubiquitous in chemical physics studies.
Since these techniques alter the mass-to-charge ratio of target species, separation of the signal from the background is straightforward by time-of-flight (TOF) mass spectrometery [2]. The
charged products are often detected by micro-channel plates
(MCP) where quantum efficiencies as high as 80% can be achieved
[3]. In contrast to dynode electron multipliers, which also have
high quantum efficiency, the electrons are locally amplified in an
MCP. While the electrons emitted from the back of the MCP may
be guided towards an anode to extract timing information, they
can also be accelerated towards a phosphor screen, which converts
them into photons. By imaging this light we can extract the impact
positions of the original particles. Resolving photodissociation distributions [4–8] or differential scattering cross sections [5,9–12]
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are common applications. In our case, we are also motivated by
the signal-to-noise enhancement of counting the arrivals of distinct ions spatially spread across the detector rather than relying
on an integrated signal which is subject to the large eventamplification fluctuations endemic in avalanche-based detectors.
The most common ion imaging method used in molecular scattering and spectroscopy experiments [7] is the velocity map imaging (VMI) apparatus [13]. The spatial positions of the imaged ions
correspond to the initial velocities of the ions and are detected by
an imaging MCP positioned at the end of a TOF tube. Since VMI also
time-focuses according to the mass-to-charge ratio [13], it is beneficial to capture the image with a timing resolution of less than
100 ns to separate the desired signal from the background. This
temporal resolution is beyond the capability of most available
cameras. Instead the temporal resolution is typically achieved by
gating the voltage across the MCP stack, turning the electron
amplification ‘‘on” only while the selected mass species impacts
the MCP. One can then use cameras with modest timing capabilities. The resulting image includes only the selected mass arriving
during the ‘‘MCP on” time window. Unfortunately, gating the
MCP means that the remainder of the TOF trace is not amplified,
wasting what may be valuable information about other ions that
arrive at different times. Detection of secondary ions arriving
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outside the imaging window is useful in many instances such as
signal normalization in dissociation experiments or detection of
both reagents in reactive scattering, as well as for general diagnostic purposes. Here we demonstrate that the same time-selected
imaging can be achieved by gating the phosphor screen as opposed
to the MCP stack, while still recording TOF trace integrated on the
entire MCP. While gating the phosphor screen to achieve timeselected imaging has been previously demonstrated by Zajfman
et al. [1] and references therein, here we demonstrate the full benefit of this technique including the simultaneous detection of two
species that may differ by more than two orders of magnitude in
abundance.
In our experiment we search for the electric dipole moment of
the electron [14] and the science signal is probed by spatially
resolved Hf+ photofragments [6]. The anisotropic distribution of
the Hf+ must be imaged with simultaneous monitoring of the precursor HfF+ molecule number from the TOF trace for shot-by-shot
normalization, making this gating scheme critical for our scientific
purposes. We ablate Hf metal near a supersonic expansion of Ar
seeded with SF6, such that HfF is created by chemical reaction
and entrained in the expansion. The HfF molecules are ionized by
1+10 photoionization [15] and subsequently trapped in a Paul trap.
We then perform a precision spectroscopy sequence and with an
efficiency contingent on the result of that sequence, the HfF+ is dissociated by 1+10 photodissociation [16,14]. The resultant variable
mixture of Hf+ and HfF+ ions is kicked out towards the imaging
MCP detector located 25 cm away to separate the species according to their mass [6].
The electron amplification depends on the voltage difference
across the MCP stack [17] (V back  V front ) shown in Fig. 1. This
time-dependent signal (Fig. 2) integrated on the entire MCP face
can be measured on the MCP stack. The output electrons from
the MCP are accelerated towards the phosphor and excite it, with
the luminescence of the phosphor depending on the kinetic energy
(V phos  V back ) of the electrons. When we lower V phos to 0V the
kinetic energy of the electrons falls below a certain threshold such

Fig. 1. Schematic diagram of the phosphor gating scheme. HfF+ molecules and Hf+
photofragments are accelerated towards the MCP assembly. The 2 MCPs in a
‘‘chevron” configuration are supplied by a DC voltage divider where
R1 ¼ 0:15 MX; R2 ¼ 3:2 MX, and R3 ¼ 1:2 MX. Both the front and back of the MCPs
are capacitively coupled (C front ¼ 10 nF, C back ¼ 100 nF) to an oscilloscope to
measure the transient charge signals off of the MCP stack as discussed in the text.
The aluminum coating on the P-43 phosphor is gated to 3000 V while the Hf+ ions
are arriving, such that this part of the signal is imaged.

Fig. 2. Time-of-flight trace measured on the front of the MCP stack (V 1 of Fig. 1) are
shown in the bottom panel. The switching of the phosphor voltage to high followed
by low induces the noisy ringing shaded gray regions on the trace. The signal of Hf+
arriving while the phosphor voltage is high is imaged by the camera (top left panel),
allowing spots arising from individual ion impacts to be centroided as depicted by
the magenta asterisks (top right panel). Since the MCP amplification is on even after
the phosphor has been switched to low, the HfF+ is only visible in the TOF trace
from the MCP. There are 411 Hf+ ions counted in the image and the integrated area
on the TOF trace for HfF+ corresponds to 23,000 ions. The TOF traces and the image
are acquired in the same experiment cycle.

that the multiplied electrons no longer excite the phosphor,
thereby turning off the imaging. Gating V phos up to 3000 V around
the Hf+ ions arrival window time-selects this portion of the signal
for imaging as shown in the top panels of Fig. 2. It is critical that the
electron-side face of the phosphor be conductively coated (aluminum in our case) as opposed to phosphors with indium tin oxide
(ITO) coating on the opposite side, so that control of the phosphor
gain is immediate. The time-scale of the excitation is much shorter
than the luminescence time-scale of the phosphor (on the order of
milliseconds for our P-43 phosphor), such that light emission from
excited regions of the phosphor will continue. Counting of the Hf+
is performed by applying smoothing filters to the acquired images
followed by a search for local maxima and centroiding to find the
ion locations (Fig. 2). In our implementation we can distinguish
up to 2000 ions with image pile up of less than 10%.
Since the MCP gain is always set to high, the electron amplification is on continuously. We probe both the back and the front sides
of the MCP stack through capacitors as shown in Fig. 1. These
capacitors form bias tees with the high impedance voltage divider,
passing the transient signal, which has a bandwidth of > 1 MHz,
from the MCP plates to the scope. A full circuit analysis of the
detector, including the stray capacitance through the MCP plates
and a cascading electron current which amplifies as it passes
through the MCP stack and eventually flows to the phosphor
screen, is beyond the scope of this paper. We empirically obtain
an improved dynamic range if we sample the TOF current at probe
point V 1 as opposed to V 2 as shown in Fig. 3. While this added
range also exhibits slight non-linearity over a larger dynamic
range, we have characterized its functional form. Fig. 2 shows a
single shot of data collection in which the number of dissociated
Hf+ ions is counted on the image and can be normalized by the
number of undissociated HfF+ ions determined by the integrated
voltage from V 1 for the corresponding time window. This allows
us to set the MCP gain and phosphor gain high enough to detect
single Hf+ events on the image, while maintaining a high dynamic
range for the highly abundant HfF+ species in the TOF traces probed
on V 1 .
Since the phosphor and the MCP back are capacitively coupled,
the ringing noise from switching the phosphor voltage
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Fig. 3. Comparison of HfF+ amounts measured simultaneously from the time-of
flight traces at probe points V 1 and V 2 . We observe a larger dynamic range at probe
point V 1 . The reliability of the V 1 measurement has been confirmed with an
independent measurement.

contaminates our TOF trace. By optimizing the output impedance
of the phosphor voltage switch (Behlke HTS-41-02-HB-LC-C), we
were able to minimize the dead time in the TOF trace to 300 ns
on the falling edge such that the trace is quiet before the HfF+
arrives. A background trace measuring the electronic noise due to
the switching is subtracted from the TOF trace in Fig. 2.
In our particular application, a fine grounding mesh (Fig. 1) is
used in front of the MCP to reduce the effect of the MCP’s electric
fields on other parts of our apparatus. The presence of this mesh
comes at a cost – the intense fields near the fine wires give rise
to ion focusing in the grid spaces aggravating our ion-image pileup.
This so-called microlensing can be avoided by gating the mesh
voltage to equal V front before the arrival of the ions (Fig. 2). The
electrical noise impact of gating a separate mesh on the temporal
signals is significantly smaller than if V front was gated, due to the
low capacitive and vanishing resistive coupling between V mesh
and probe points V 1 and V 2 .
As an alternative to the technical solution presented in this
paper, one could achieve the desired spatial and temporal detection
using some combination of various other options: delay-line detectors [18]; anode arrays [19]; individually triggered camera pixels
[20,21]; gated image intensifiers [22]. Some of these approaches
are more vulnerable to event pile-up [18,19] and moreover they
all tend to require more financial resources than does our approach.
In summary, we have shown that if we gate the phosphor
instead of the MCP stack, time-gated imaging can be achieved
while simultaneously measuring nearly all of the TOF signal.
Although this was not our goal here, it may be possible to achieve
shorter image gating windows than in schemes that switch the
voltage on the MCP, due to the much lower capacitance of the
phosphor screen, which is on the order of 10 pF.
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