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High resolution slice imaging experiments are reported measur-

ing the speed distribution of molecular fragments, recoiling at a

most probable speed vmp, with a full-width-half-maximum

(FWHM) speed resolution near the permille level: FWHMv/

vmp = 1.9 � 10�3. We implemented a high resolution single-

particle slice imaging detector and used a two-colour resonance-

enhanced multi-photon ionisation (REMPI) scheme to reduce

broadening of the speed distribution due to the electron kick. The

results on the measurement of the CD3 speed distribution from

photolysis of CD3I show that it is possible to image the three-

dimensional speed distribution at a resolution down to FWHMv =

6.7 m s�1, when the fragment has an absolute speed of vmp =

3473 m s�1. The new experiments demonstrate the potential of

slice imaging to measure with high resolution the three-dimen-

sional speed distribution of a cloud of molecules.

1. Introduction

The application of imaging techniques in the field of chemical

reaction dynamics has expanded vastly since the first demon-

stration of ion imaging by Chandler and Houston in 1987.1

The velocity resolution obtained in imaging experiments has

improved since by the introduction of two variants, velocity

map imaging in 19972 and slice imaging in 20013 and 2003.4,5

The initial motivation for the development of slice imaging

was to eliminate constraints with respect to cylindrical sym-

metry in the experiment, which was a prerequisite to recon-

struct from the measured two-dimensional projected data the

three-dimensional velocity distribution. The slice imaging

variant facilitates the analysis and made the Abel-inversion

of projected images superfluous. Furthermore, it turns out that

the slice imaging technique provides a better velocity resolu-

tion compared to the conventional velocity map imaging

technique.6

Besides the improvements in ion optics there have been

various developments over the last decades to improve the

spatial resolution of the detection system. The detector is

usually a charge-coupled-device (CCD) camera imaging the

light spots from a phosphor screen which are produced by

electrons at the backside of a micro-channel-plate (MCP).

Light spots on the phosphor screen from individual ion events

hitting a double (Chevron-type) MCP vary typically between

50–150 mm in diameter.7,8 The spot size depends on the MCP

pore size, the phosphor deposition process, the MCP–phos-

phor (anode) distance and the specific distribution of electron

trajectories from MCP to anode. To improve the spatial

resolution of intensifiers, centroiding techniques have been

developed two decades ago in the field of astronomy and

particle physics.9,10 The optimisation of centroiding algo-

rithms and the reduction of fixed pattern noise for event

counting have been well studied in the past, see e.g. the review

by Suhling et al.11 Tremsin, Siegmund and coworkers12 have

pushed the resolution of centroiding techniques to the limit of

the diameter of the entrance pore of a MCP and demonstrated

7 mm spatial resolution. Event counting and centroiding

techniques were introduced initially in the chemical dynamics

field by Ashfold, Whitaker and coworkers13 and Houston and

coworkers.14 Very recently, Suits and coworkers15 applied

centroiding algorithms to obtain subpixel resolution in slice

imaging experiments using a low pixel number standard video

CCD camera.

In this paper we present the first results using slice imaging

of photofragments to measure the velocity distribution with a

relative speed resolution, Dv/v, near the 10�3 level. Photodis-

sociation of CD3I molecules, followed by slice imaging of CD3

fragments is reported where a combination of experimental

improvements enables us to obtain high resolution images of

the speed distribution of the CD3 fragment. The results

reported here demonstrate that with slice imaging it is possible

to measure the speed distribution of molecules at high resolu-

tion, which may be of interest for instance to characterise the

speed distribution of clouds of cold molecules.16

2. Experimental

The experimental setup has been described in detail before.17–19

Here we give a brief description focusing on the improvements

made to obtain high resolution sliced images. A 20% mixture

of CD3I in Kr is supersonically expanded through a nozzle and

skimmed before it enters a buffer chamber, traverses the

hexapole chamber and finally enters the imaging chamber.

The imaging chamber has an electrostatic ion lens set-up with

three cylindrical plates, the repeller plate (R), the extractor

plate (E) and one extra lens (L), see Fig. 1. The molecular

beam is focused on a 1 mm conically shaped hole in the

repeller plate. In the ion lens the molecular beam is crossed

with up to three different laser beams. A photolysis beam at

266 nm, with pulse energy of about 2–3 mJ, is focused on the

molecular beam. At 901, two counter-propagating laser beams

cross. A UV beam around 334 nm excites the CD3 photofrag-

ments via the 000 band of the 3pz
2A00

2 ’’ 2pzX̃
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2 two-photon
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transition. It is well known that the 3pz
2A00

2 intermediate

state is predissociative.20–22 The two-photon excited CD3

photofragments can either absorb a third UV photon and

ionise or they can absorb a visible photon at around 510 nm

from the counter-propagating third laser beam. The wave-

length of the visible laser beam is set to be just above the

ionisation continuum and eject the electron with low kinetic

energy.

The CD3
1 ions are velocity mapped onto a position sensi-

tive detector (MCP with phosphor screen and CCD camera).

The detector is positioned at the end of a 35 cm time-of-flight

(TOF) tube, which is in line with the molecular beam propa-

gation direction. The MCP detector is gated with a homebuilt

fast HV pulser.19 The light of the phosphor screen is imaged

on a 2048 by 2048 pixel frame CCD camera (PCO2000). The

CCD camera is thermo-electrically cooled to reduce the dark

current. A special software program reads out the large frame

CCD camera in real time, typically every two laser shots (200

ms). The large frame image is analysed on the fly for events

and the centroid of each event is obtained. We employ the

centroiding strategy as suggested by Suhling and coworkers23

to minimise fixed pattern noise and use the hybrid algorithm, a

combination of centre-of-gravity centroiding and Gaussian

centroiding. Typically, the number of events per frame varies

between 0–10 events. For every detected event within a frame

the centroided coordinates, with subpixel accuracy, are stored

as well as the corresponding maximum intensity of the pixel of

the event. The software updates, after every frame readout, the

accumulated image with events located at the maximum pixel

intensity to a computer screen. We accumulate frames until a

sufficiently large number of events is obtained, see the results

reported below.

3. Results and discussion

When CD3 is photoionised with one-colour (2 þ 1) REMPI

around 334 nm the recoil kick, vkick, on the ionic CD3
1

fragment due to the electron is about vkick = 21 m s�1. The

absolute speed of CD3 fragments in the vibrational ground

state correlating with I* atoms in the spin–orbit excited state,

which is the dominant channel for photodissociation at 266

nm, is vmp = 3473 m s�1. The absolute speed was calibrated

using conservation of energy and linear momentum in the

dissociation and well known spectroscopic information on

CD3I and CD3.
24 The internal rotational energy of a state-

selected CD3I (JK = 11) parent molecule Erot (CD3I) = 2.8

cm�1, the rotational energy of the CD3 (JK = 41) (the most

populated state where the UV probe wavelength was set), Erot

(CD3) = 93.6 cm�1. We use the value of the dissociation

energy, D0 = 2.420 eV,25 an ionisation energy IP = 9.838

eV,26 a photon energy (for a quadrupled Nd:YAG photon at

266 nm) Ephotolysis = 4.658 97 eV and an iodine spin–orbit

splitting energy of E(I*) = 0.942 68 eV. This means that the

ultimate speed resolution that can be obtained in the absence

of other broadening mechanisms will be limited by vkick. For

one-colour (2 þ 1) REMPI of CD3 this would give FWHMv/

vmp = 42/3473E 1.2� 10�2. Therefore, to obtain a resolution

at the permille level a two-colour (2 þ 10) photoionisation

process is needed to reduce the broadening from the electron

kick. Pratt and coworkers reported (2 þ 10) photoelectron

spectroscopy of the methyl radical.27 They used the 4pz
2A00

2

’’ 2pzX̃
2A00

2 two-photon transition with a frequency

doubled dye laser around 286 nm and the fundamental dye

frequency for the one-photon ionisation. In our case we use

the 3pz
2A00

2 ’’ 2pzX̃
2A00

2 transition where one photon of the

fundamental dye laser is not sufficient for ionisation. There-

fore, a third laser was used to independently provide the visible

photon for ionisation. The visible probe laser is set at 510 nm

to just ionise CD3 from the excited 3pz
2A00

2 intermediate state.

Using the adiabatic IP = 9.838 eV, a two-photon 3pz
2A00

2(J
0K0)

= (41) ’’ 2pzX̃
2A00

2(J
00K00) = (41) transition energy of 598

85.2 cm�1 we find a threshold wavelength for ionisation of

about 513.8 nm. When the probe wavelength was scanned to

slightly longer wavelength of 512–513 nm the enhancement by

the visible probe reduced significantly. Therefore, in order to

have a good enhancement from the visible probe beam we

compromised and set the visible probe wavelength at 510 nm.

With a visible photon at 510 nm the recoil kick is reduced to

vkick = 3.4 m s�1.

We performed experiments using the UV and visible laser

beams for (2 þ 10) ionisation, or blocking the visible beam and

recording images, under exactly the same conditions, with the

UV beam only for (2 þ 1) ionisation. It was possible to

optimise the spatial and temporal overlap of the UV and

visible probe laser beams by maximising the enhancement of

the CD3
1 ion signal as measured by a photomultiplier record-

ing the total light from the phosphor screen. The enhancement

was very sensitive to the spatial alignment of the two probe

laser beams, as all beams were focused down with lenses with

focal distances of about 20–25 cm. The temporal overlap was

set with a fast photodiode. Scanning the time delay between

the two probe laser beams showed that the enhancement of the

Fig. 1 Ion lens setup for high resolution slice imaging. A quantum

state selected beam of CD3I molecules is focused on a 1 mm conical

aperture in the repeller plate (R) of an ion lens. The photolysis laser

beam at 266 nm crosses at right angles with the molecular beam and

two counter propagating probe laser beams at 334 nm and 510 nm.

The ionised CD3
1 photofragment is accelerated towards an extractor

(E), passes an extra ion lens (L) and enters a time-of-flight (TOF) tube.

At the end of the TOF-tube a chevron MCP detector with phosphor

screen and large size CCD camera images the spatial distribution. The

gain of the MCP is switched with a fast homebuilt HV gate.
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CD3
1 ion signal reduced when the two probe beams were

delayed over about 2–3 ns. This is in accordance with the

typical pulse width of Nd:YAG pumped dye lasers of about

5–7 ns.

The images that were obtained are represented in two

different ways. The first representation is by plotting the

accumulated events where each event is represented by a count

at the position of the pixel with the maximum intensity. Such

an image (denoted peak image, PI) has the dimensions of the

large-frame CCD camera of 2048 by 2048 pixels. A second

representation is made by using the data as accumulated by

the on-the-fly centroiding. To select the optimal number of

subpixels (which in principle can be done at arbitrary resolu-

tion) we take the diameter of the entrance pore of our MCP

(10 mm) as the ultimate limit to the spatial resolution of our

detector. This means that over the diameter of 42 mm of the

MCP plate about 4200 pixels will provide 10 mm resolution. A

larger number of pixels will not enhance the resolution. There-

fore, the sub-binning is done with only two subpixels for each

real pixel of the large-frame CCD camera. A centroided image

(denoted CI) has a size of 4096 by 4096 pixels, and the total

number of centroided pixels (16 megapixels) is enlarged by

a factor of four compared to the total number of real pixels

(4 megapixels).

To set the optimal voltages on our ion plates (VR = 719 V,

VE = 626 V and VL = 497 V, see Fig. 1) it was crucial that we

updated after each frame readout (typically 200 ms equalling

two laser shots) the PI image on the computer screen. Each

image (4 megapixels) was searched by a very efficient algorithm

for event spots. For each frame an image file accumulating the

pixels with the peak intensity was updated and displayed in real

time. The centroided coordinates and the peak intensity of each

spot were stored as events in a text data file. Furthermore, a

sub-window on the computer screen showed an enlarged part of

the image with a fit of an integrated cut of the narrow ring of

photofragments. In this way it was experimentally possible to

optimise the voltages on the lenses to within 1–2 V. Also, the

optimal slice delay time of the HV pulse on the MCP was set

using the image displayed on the computer screen. As is

reported elsewhere,19 the homebuilt gate has an effective gain

width of about 12–15 ns, depending on the total gain voltage on

the MCP. The total spread in arrival time for the CD3
1

fragments is about 220 ns for the extraction field strength of

55 V cm�1. Once the optimal experimental conditions were set,

data images were accumulated for up to 2 h. Under our

laboratory conditions longer data acquisition times were not

feasible due to a slow drifting away of the spatial overlap of the

foci of the three laser beams. This was most clearly observed by

the reduction in the enhancement of the ionisation signal due to

the visible probe beam.

In Fig. 2 we show the PI image of the sliced three-dimen-

sional velocity distribution of CD3 using the two-colour (2 þ

10) ionisation scheme. For this image the total CD3
1 ion signal

with the visible beam present was more than double the ion

signal from the 334 nm probe beam only. In Fig. 3 we show a

300 by 300 pixels cut of the centroided image (total image is

4096 by 4096) using the on-the-fly centroiding of the spots and

two-colour (2þ 10) REMPI. The total number of events in this

cut of the image is 1784 counts.

To determine the speed distribution we made a cut through

the centre of the centroided image. In Fig. 4 we plot the speed

distribution obtained from Fig. 3. As can be seen from Fig.

4(b) the speed distribution of the CI image obtained with two-

colour (2 þ 10) REMPI contains a broader contribution

resulting from one-colour (2 þ 1) REMPI. On top of the

broader peak is a much sharper peak from ions produced by

the two-colour (2 þ 10) ionisation only. To calculate the speed

resolution we fit through the experimental data a function

I(v) = Ione-colour(v)þ Itwo-colour(v), where each function In-colour
is represented by a Gaussian distribution. The best fit is found

with FWHMtwo-colour = 6.7 m s�1 and FWHMone-colour = 35

m s�1. So far we have not performed a detailed study of the

expected lineshape at ultimate resolution. Such a study should

include a careful analysis of the effect of the parent molecular

beam velocity distribution, the spread due to the finite tem-

poral width of the laser pulse and the MCP gain pulse.

Furthermore, the molecular frame recoil of the photoelectron

is anisotropic and this will be partially reflected in an aniso-

tropic recoil in the laboratory frame. We already noticed in the

initial experiments without the visible probe the effect on the

Fig. 2 Ion slice image using two-colour REMPI of CD3
1. The total

image size is 2048 by 2048 pixels, the total number of events is 43 043,

the number of laser shots is about 72 000.

Fig. 3 Cut of the double centroided image of Fig. 2. The cut has a size

of 300 by 300 pixels of a centroided image of 4096 by 4096 pixels. The

total number of ion events is 1784.
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width of the speed distribution by rotating the polarisation of

the UV probe from parallel to perpendicular to the polarisa-

tion direction of the photolysis beam. For the data presented

here we simply used a Gaussian lineshape to represent the

spread in the experimental speed distribution.

To the best of our knowledge the presently obtained resolu-

tion of FWHMv/vmp = 6.7/3473 = 1.9 � 10�3 is the highest

resolution reported so far. Typically, (DC) slice imaging

experiments have reported velocity resolutions around

1–2%.4,5 Very recently, Suits and coworkers15 reported slice

imaging experiments of the D fragment from DBr photodis-

sociation, where centroiding improved the velocity resolution

from 0.68% to 0.5%. It is to be noticed here that the speed of

the D atom in this experiment is about 16 430 m s�1, so

the velocity width obtained in this experiment is FWHMv =

82 m s�1.

In our present experiment the velocity resolution may be

limited by several factors of which the recoil kick from the

electron appears still to be significant. Furthermore, the

transversal velocity blurring from the state-selected molecular

beam is estimated to be about 0.5–1.0 � 10�2 times the

molecular beam velocity. For our seeded Kr beam this

amounts to about 1.9–3.8 m s�1. The width of the slice may

still be a further limit to the resolution, and we are currently

working on a faster HV switch so that the effective slice width

is close to the time width of our lasers of about 5 ns. To

achieve such thin slices it is important to operate with low

capacitance MCP detectors. Therefore, to obtain very fast

electrical gating it may be beneficial to use small size (18–25

mm diameter) MCP plates, with small pore size (2–5 mm)

channels for good spatial resolution.

In conclusion, we have presented slice imaging experiments

measuring the speed distribution of photofragments with a

resolution near the permille level. We employed experimental

improvements in large-frame CCD detectors with fast cen-

troiding algorithms and two-colour (2 þ 10) REMPI. The

results demonstrate the potential of slice imaging to measure

the three-dimensional speed distribution at ultra-high velocity

resolution.
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