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Direct time and spatially resolved detection of metastable CO molecules, prepared in selected
quantum states via pulsed laser excitation, is experimentally demonstrated in a molecular beam
machine. Characterization of the molecular beam in terms of parallel and perpendicular velocity
distributions and rotational temperatures is performed. A direct two-dimensional~2D! demonstration
of the mass-focusing effect in binary gas mixtures is given. Two-dimensional imaging of the spatial
distribution of the metastablea 3P CO molecules in the beam after passage through a hexapole
field is used to study hexapole focusing performance. Structured 2D images demonstrate the
dependence of the focusing characteristics on the magnitude of theL-doubling and on the angular
dependence of the focusing force in a hexapole consisting of cylindrical rods. ©1995 American
Institute of Physics.
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I. INTRODUCTION

Over the last few years a variety of two-dimensiona
~2D! imaging techniques have been experimentally demo
strated and applied in different fields. Spatially resolved d
tection of planar laser induced fluorescence has turned ou
be a powerful tool in combustion diagnostics and has be
used forin situ 2D visualization of combustion species no
only in stationary flames but also in combustion chambers
running engines.1,2 Fluorescence imaging as well as ion
imaging techniques have added an extra dimension to p
todissociation studies and to studies of~in!elastic and reac-
tive scattering processes.3,4 In the field of quantum
electronics, spatially resolved detection of metastable ato
is used to visualize minute photodeflection and atomic inte
ference effects.

In this paper we report on 2D imaging of metastab
molecules. First, direct time resolved~and spatially inte-
grated! detection of laser prepared metastable CO molecu
in a molecular beam is described. This detection technique
used to characterize the molecular beam in terms of para
velocity distribution and rotational temperature. In contra
to similar time resolved measurements by Wodtke an
co-workers5 we use a Micro-Channel Plate~MCP! to directly
detect the metastable molecules, allowing for a straightfo
ward extension of this technique to two dimensions. Dire
2D imaging of metastable CO molecules in the molecul
beam is then used to measure the perpendicular velocity d
tribution of CO in the beam, and thereby completes the ch
acterization of the molecular beam. A clear 2D visualizatio
of the mass-focusing effect in binary CO/rare gas mixtures
given.

Direct 2D imaging of metastable CO molecules is als
used to study the focusing performance of an electrosta
hexapole. Hexapoles are used throughout for state selec
and orientation of polar symmetric top molecules using th
first order Stark effect.6–8 Application of hexapoles in reac-
tion dynamics and in molecular beam scatterin
experiments,9 in surface scattering experiments10 as well as
in photodissociation studies11,12 has yielded a wealth of in-
formation on the steric effects in these processes. The ope
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l
n-
-
to
n

of

o-

s
r-

e

es
is
lel
t
d

r-
t
r
is-
r-
n
is

o
tic
ion
e

g

ra-

tion characteristics of a hexapole are commonly determin
via measurement of the focusing curve, i.e., via measurem
of the ~state-selective! molecular beam intensity integrate
over a certain area as a function of the voltage applied to
hexapole rods.13,14We here present measurements of the f
2D distributions of the metastable CO molecules in the be
after passage through a hexapole field as a function of
voltage applied to the hexapole rods. Structured 2D ima
demonstrate the dependence of the focusing characteris
on the magnitude of theL-doubling and show the effect of
the deviations of the hexapole field in a hexapole consist
of cylindrical rods from the ideal hexapole field.

II. EXPERIMENTAL SET-UP

A schematic overview of the molecular beam machine
shown in Fig. 1. The machine is composed of two differe
tially pumped stainless steel vacuum chambers.

In the source chamber a pulsed valve~R.M. Jordan Co.!
operating on the magnetic beam repulsion principle
mounted. The valve has a 0.35 mm diameter orifice and
livers gas pulses of 30ms duration at a repetition frequenc
of 10 Hz. A mixture of either 5% or 10% CO in a rare gas
a total backing gas pressure of 1.5 atm. is used for the
personic expansion. About 2 cm downstream from the noz
the jet-cooled ground state CO molecules are excited to
metastablea 3P(v850) state with pulsed 206 nm laser ra
diation. The molecular beam is subsequently collimated b
0.8 mm diameter skimmer located 4 cm away from th
nozzle, and enters the differentially pumped detection cha
ber.

In the detection chamber a 15 cm long electrosta
hexapole state selector is mounted, the entrance of whic
13 cm away from the laser excitation region. The 4 m
diameter cylindrical hexapole rods, located at the outside
a 8 mm diameter circle, provide an electric field that appro
mates the ideal hexapole field.14,15A 1.2 mm diameter beam-
stop can optionally be inserted 2 cm behind the end of
hexapole and can be adjusted via an UHV manipulator.
the end, the molecular beam impinges upon a 25 mm dia
eter MCP detector, used for the selective detection of
19251925/9/$6.00 © 1995 American Institute of Physics
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1926 Jongma, Rasing, and Meijer: 2D Imaging of metastable CO
metastable CO molecules. For the time-resolved~and spa-
tially integrated! measurements the MCP detection stage i
double MCP with ns time resolution located 38 cm aw
from the excitation region. For the spatially resolved 2D im
aging measurements a single MCP/phosphor screen~P20!
detector located 49 cm away from the excitation region
used in combination with a CCD camera system.

The source chamber and the detection chamber
pumped by a 300 l/s and a 240 l/s turbo molecular pump
system, respectively, yielding background pressures
1.5 3 1025 Torr in the source chamber and below 1028

Torr in the detection chamber under operating conditions
The laser system used for quantum-state selective pre

ration of metastable CO molecules consists of a Nd:YA
laser pumped pulsed dye laser system~Spectra Physics, GCR
150/PDL-3 combination! operating on a DCM/
Sulforhodamine 640 dye mixture that is optimized for pr
ducing 618 nm radiation. The output of the dye laser~95
mJ/pulse, 0.07 cm21 bandwidth! is frequency tripled in a
combination of a KDP and a BBO crystal, thus producin
linearly polarized tunable 206 nm radiation with an energy
1.5 mJ/pulse in a 0.2 cm21 bandwidth. The laser light is
focused by a 21 cm focal length lens into the molecular be
machine, intersecting the molecular beam perpendicula
The light transmitted through the machine is focused back
a plano-concave mirror with a radius of curvature of 25 c
thus doubling the number of metastable CO molecules.

For the time-resolved detection of the metastable C
molecules the double MCP detection stage is terminated w
a 1 kV resistor to increase the detection sensitivity. The co
comitant loss in time resolution~determined by the RC-time
of the detection system! is unimportant on the time-scale o
the actual time-of-flight~TOF! measurements. The TOF dis
tributions are digitized and displayed on an oscilloscope w
a 100 MHz sampling rate and a 10 bit vertical resolutio
~Lecroy 9430!. From single shot TOF distributions it is de
duced that the number of metastable molecules measure

FIG. 1. Schematic overview of the molecular beam machine, compose
two turbo pumped vacuum chambers. The pulsed valve releases shor
pulses of CO diluted in a rare gas. Metastablea 3P~v850!CO molecules are
prepared via pulsed laser excitation around 206 nm of jet-cooled gro
state CO molecules, enter the differentially pumped detection cham
through the skimmer, pass through an electrostatic hexapole state-sel
and finally impinge on a Micro-Channel Plate~MCP! detector where they
are time and spatially resolved detected. Part of the beam can optionall
blocked by a beamstop.
J. Chem. Phys., Vol. 102,
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the detector is typically on the order of 103–104 per pulse.
To improve the measurement statistics the TOF transients
averaged over 3000 shots. The averaged TOF transients
read into a 486-PC via a GPIB interface. Laser excitatio
spectra are recorded by measuring the time-integrated T
signal as a function of the excitation laser frequency.

For the spatially resolved detection of the metastable C
molecules the combined MCP/phosphor screen detector
used. To suppress the background noise~e.g., from ion
gauges! and to retain part of the time resolution the MCP i
gated using a high voltage pulser. The phosphor screen
coupled to the outside of the vacuum machine by a fib
optical taper and imaged on a CCD chip with a 12 bit res
lution and 3843288 pixels. The CCD chip is cooled to
215 °C with a Peltier element to reduce the dark curren
The CCD camera is interfaced to and controlled by a 48
PC. With this detection system~LaVision GmbH! the 2D
spatial distribution of the CO molecules under various m
lecular beam conditions with and without applied hexapo
fields have been visualized.

Triggering of valve, laser and detection system is reg
lated by a digital delay generator~DG535, Stanford Research
Systems Inc.!.

III. METASTABLE CO PRODUCTION AND DETECTION

Metastable CO molecules are produced via pulsed la
excitation of ground state CO molecules on the spi
forbidden a 3P(v850)←X 1S1(v950) transition ~Cam-
eron band! around 206 nm. Single rotational levels in th
metastable state can be prepared. A detailed presentatio
the excitation scheme is given in Fig. 2. In the1S1 elec-
tronic ground state of CO, which is best described in th
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ber
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be

FIG. 2. Excitation scheme for thea 3P←X 1(1 transition in CO. Quantum
numbers and parity of the rotational levels are indicated. For lowJ values
the dominant transitions are to theV51 component of thea 3P state, as
indicated. The behavior of theL-doublet components of thea 3P1, J51
level in an electric field is schematically indicated in the dashed box.
No. 5, 1 February 1995
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1927Jongma, Rasing, and Meijer: 2D Imaging of metastable CO
Hund’s case~b! approximation,16 the rotational structure is
fully characterized by the quantum numberN (5J) corre-
sponding to the end-over-end rotationNW . The parity of the
rotational levels in the electronic ground state is given b
~21!N. The rotational structure in thea 3P state is charac-
terized by the quantum numberJ, corresponding to the total
angular momentumJW . For low J values, thea 3P state is
best described in the Hund’s case~a! approximation. In this
approximation, three different rotational ladders belonging
the possible values of the quantum numberV, in whichVW is
the projection of the total angular momentumJW on the inter-
nuclear axis, are distinguished. EachJ level is split by theL-
doubling in two components with opposite parity, as show
in the figure.

The spin-forbiddena 3P(v850)←X 1S1(v950) tran-
sition becomes weakly allowed due to spin–orbit interactio
of theA 1P state with thea 3P state, i.e., due to the amoun
of 1P character in the3P state. The selection rules are there
fore identical to those of a1P←1S1 transition. In the pure
Hund’s case~a! description this implies that only transitions
to theV51 multiplet component of thea 3P state are al-
lowed. For higherJ values there is a considerable amount o
mixing of the various multiplet components in the triple
state,17 and excitation is no longer restricted to theV51
component only. The validity of this model18 has been ex-
perimentally verified in previous studies.5,19,20The radiative
lifetime of the metastable CO molecules is several ms, and
strongly J dependent. The prominent transitions used in o
experiments are indicated in Fig. 2 using the convention
notationDJFfinal(N9),16 whereFfinal is F1 , F2, andF3 for

V is 0, 1, and 2, respectively.
In the presence of an external electric field, as the ele

trostatic hexapole field, the (2J11) M degeneracy of eachJ
level, whereM is the projection ofJW in the direction of the
electric field, is lifted. In theX 1S1 state only a second order
Stark effect exists, yielding negligible~MHz! splittings in the
electric fields applied in the hexapole. In the metastab
a 3P1 state there is a first-order Stark effect and with a d
pole moment of 1.37 D21 Stark splittings on the order of a
GHz occur in the hexapole field under our operating cond
tions. The behavior of theL-doublet components for the
J51 level in thea 3P1 state in an electric field21 is sche-
matically indicated in the dashed box in Fig. 2. In zero ele
tric field the splitting of theseL-doublet components is 394
MHz. With the hexapole state selector (V,J,M ) levels with
a positive Stark effect, i.e., levels that increase in energy w
increasing electric field strength, can be focused and
(V,J,M ) state selected and oriented molecular beam can
produced. TheM50 levels cannot be deflected by a hexa
pole field at all whereas states with a negative Stark effe
can only be defocused.

In the experiments reported here the laser preparation
the metastable CO molecules takes place in zero electric fi
so there is noM selection in the excitation process, andM
state selection only takes place afterward in the hexap
field. An alternative approach for the production of a beam
state-selected and oriented metastable CO molecules is
induce thea 3P(v850)←X 1S1(v950) transition in a
static electric field with a laser that has a bandwidth that
J. Chem. Phys., Vol. 102,
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narrow enough that individualM 8←M 9 transitions can be
resolved.22 As will be shown explicitly below, however,
hexapole state selection and focusing has the advantage
it permits a complete discrimination against ground state C
molecules and against the rare gas carrier atoms. A truly p
beam of state-selected and oriented metastable CO molec
can thus be produced.

The electronically excited metastable CO molecules a
detected via the ejection of electrons from a metal when
metastable molecules impinge on this metal. Various stud
have been performed on the ejection of electrons from me
by impact of atomic~metastable! ions.23,24An early theoreti-
cal description of these processes has been given by H
strum in 1954.25Auger de-excitation processes of metastab
neutral atoms have also been studied and these studies
led to the development of metastable atom de-excitat
spectroscopy as a surface spectroscopic technique.26

Generally, when a metastable molecule collides with
metal surface the metastable molecule can be de-excited
two mechanisms. The first mechanism is resonant ionizat
of the excited molecule followed by Auger neutralizatio
The second mechanism is direct Auger de-excitation of
metastable molecule. Both processes eject Auger electr
but can be distinguished by the different kinetic energy d
tributions of the ejected electrons. The resonant ionizat
process is a one-electron process that takes place when
metastable is still relatively far away from the surface,
process much faster than the two-electron Auger d
excitation process. The resonant ionization process can o
occur, however, when the effective ionization potential of t
metastable molecule is less than the workfunction of t
metal, i.e. only if the energy of the metastable level is abo
the Fermi level of the metal. The 6 eV internal energy of t
metastable COa 3P molecules is sufficient to eject Auge
electrons from nearly any metal. As there is still 8 eV need
to ionize the metastable molecules, however, all these e
trons are produced in a direct Auger de-excitation proce
only. This latter process is schematically indicated in Fig.
for a metastable CO molecule at a distanceS from a metal
surface with a work functionF and a Fermi energyW. An
electron from the conduction band of the metal is used
de-excite the metastable molecule and the energy gaine
this process can be used to let an electron escape from
metal/molecule system with a kinetic energyEk(e

2) equal to
the excess energy.

When a metastable CO molecule strikes the surface o
MCP detector the aforementioned Auger de-excitation p
cess takes place as well. The produced Auger electrons
multiplied by the MCP and single emitted Auger electron
can thus be detected. The work function of the MCP det
tors we used is approximately 5 eV and metastable C
a 3P(v850) molecules can be time and spatially resolve
detected with an estimated efficiency of a few percent.

IV. RESULTS AND DISCUSSION

A. Molecular beam characterization

Time resolved measurements are performed to determ
the velocity distribution of ground state CO molecules in
No. 5, 1 February 1995
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1928 Jongma, Rasing, and Meijer: 2D Imaging of metastable CO
well-defined quantum state as well as to determine the ro
tional temperature of the supersonically expanded molecu
beam. The parallel velocity distributionf (v uu) for a specific
rotational level in theX 1S1(v950) state is directly de-
duced from the measured time-of-flight~TOF! distribution of
metastable CO molecules that are prepared out of this s
cific rotational level. In Fig. 4 the measured TOF distrib
tions for 5% CO expanding in He, Ne, Ar, Kr, and Xe ar
shown. These TOF distributions are measured after exc
tion on theR2~0! transition, thus monitoring the TOF of CO
molecules in theX 1S1(v950,N950) state. On the hori-
zontal axis the time-of-flight for the 38 cm path from th
laser excitation region to the detector is indicated. Vertica
the signal intensity is shown, where more metastable m
ecules lead to a more negative signal.

The observed TOF distributions can be fit to a Gauss
velocity distribution27

f ~v uu!5S m

2pkTuu
D 1/2e2Suu

2
@12 ~v uu / v̄uu!#

2
~1!

in which v̄ uu is the average parallel velocity,m is the mass of
the carrier gas,k is Boltzmann’s constant andTuu is the par-
allel translational temperature, a parameter determined
the width of the velocity distribution. The parallel speed rat
Suu is related toTuu via

Suu5
v̄ uu

S 2kTuu

m D 1/2 . ~2!

The resulting parameters of the fit (v̄ uu , Tuu andSuu) are tabu-
lated in Table I for the various TOF distributions displayed
Fig. 4. The observed TOF distributions are accurately d
scribed by this velocity distribution function, and a mo
detailed description28 is therefore omitted. The experimen

FIG. 3. Energy level structure of a metastable CO molecule at a distanS
from a metal surface~work functionF, Fermi energyW!. Metastable CO
molecules are detected via the electrons that are ejected according t
indicated Auger de-excitation process.
J. Chem. Phys., Vol. 102,
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tally observed average parallel velocities correspond to e
fective buffer-gas temperatures that are clearly above roo
temperature~except for He! probably due to heating of the
gas mixture by the intense current pulses used for operati
the valve.

The rotational temperature of the CO molecules in th
molecular beam is determined from excitation spectra me
sured for all the gas mixtures used in the TOF experimen
An example of an excitation spectrum is given in Fig. 5 for
mixture of 10% CO in Ar, as it has a slightly better signal to
noise ratio than the 5% CO/rare gas mixtures. On the ho
zontal axis the absolute laser frequency~in cm21) is indi-
cated while vertically the time-integrated TOF-signal inten
sity is shown. The upper trace shows the measured excitat
spectrum in the region of the most intenseQ2 andR2 lines of
12CO. Several lines of the13CO isotope, present in the gas
mixture at a natural abundance of 1.1%, are indicated in t

TABLE I. Parameters characterizing the molecular beam for various bina
5% CO/rare gas mixtures. The average parallel velocity (v̄ uu), the parallel
translational temperature (Tuu) and the associated parallel speed ratio (Suu),
the FWHM of the perpendicular velocity distribution (Dv') and the rota-
tional temperature (Trot! are given.

Carrier gas v̄ uu ~m/s! Tuu~K! Suu Dv' (m/s) Trot ~K!

He 1560610 2.260.2 16.061.2 15.062.0
Ne 84065 2.160.2 20.361.5 16.360.9 4.760.3
Ar 60064 2.460.2 19.161.4 16.461.2 5.260.3
Kr 45063 3.960.3 16.161.2 3.760.3
Xe 37062 3.560.3 17.461.3 17.661.6 3.360.3

e

the

FIG. 4. Measured time-of-flight~TOF! distributions for 5% CO expanding
in He, Ne, Ar, Kr, and Xe. The TOF distributions are measured after exc
tation on theR2~0! transition, thus monitoring CO molecules in theX 1(1

~v950,N950! ground state. On the horizontal axis the time-of-flight for the
38 cm path from the laser excitation region to the detector is indicated.
No. 5, 1 February 1995
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1929Jongma, Rasing, and Meijer: 2D Imaging of metastable CO
experimental spectrum by vertical arrows. The lower tra
shows the corresponding simulated spectrum of12CO, using
the known transition frequencies17 and relative transition
strengths18 and using a Boltzmann distribution for the popu
lation of the rotational levels in the electronic and vibration
ground state. The spectrum is best simulated with a rotatio
temperatureTrot55.5 K and a Lorentzian laser profile with
full width at half maximum~FWHM! of 0.2 cm21. Since the
residual Doppler width in the molecular beam is about tw
orders of magnitude smaller than the laser bandwidth,
line shape in the excitation spectra is solely determined
the laser. The rotational temperatures found via this pro
dure for all the gas mixtures used in the TOF experiments
given in the last column of Table I.

To determine the velocity distribution of the CO mo
ecules perpendicular to the molecular beam axis, spati
resolved detection of the laser prepared metastable CO m
ecules is performed. Two-dimensional images showing
spatial distribution of CO in the molecular beam in a fal
color representation are given in Fig. 6 for mixtures of 5
CO in He, Ne, Ar and Xe. To record these 2D images t
MCP detector is gated to integrate over only the most inte
part of the TOF signal intensity; typically a gate with a widt
of 10% of the mean arrival time is used. The images a
averaged over 104 laser shots with the laser resonant on t
R2~0! transition while a background image, recorded witho
laser excitation, is subtracted. The size of the images co
sponds to a detector area of 26.9 mm323.3 mm~3003 260
pixels on the CCD chip!. The color table next to the image

FIG. 5. Upper trace: Excitation spectrum of a mixture of 10% CO in Ar
the region of the most intenseQ2 andR2 lines of

12CO. The time-integrated
TOF-signal intensity is plotted against the absolute laser frequency.
strongest lines of the13CO isotope, present at a natural abundance of 1.1
are indicated in the spectrum by vertical arrows. Lower trace: Best fitt
simulated spectrum assuming a Lorentzian laser profile with a FWHM
Dn50.2 cm21. A rotational temperatureTrot55.5 K is found.
J. Chem. Phys., Vol. 102,
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indicates the color associated with a certain pixel intensity on
the detector. The images are smoothed by Fourier filtering
techniques to eliminate the high frequency noise and are cor-
rected for a somewhat higher sensitivity in a small central
spot, caused by local cleaning of the MCP detector in the
hexapole focus.

In most of the 2D images of Fig. 6 the ‘‘shadow’’ of the
hexapole rods is clearly visible. The actual distance between
two opposite hexapole rods is 8.0 mm, which appears as an
enlarged 14.46 0.3 mm distance on the detector due to the
experimental geometry. It is evident from these images that
the molecular beam is slightly misaligned from the center of
the hexapole axis. The series of images displayed in this
figure demonstrates the mass-focusing effect, i.e., the effect
that in a molecular beam of a binary mixture the heavier
species is concentrated on the molecular beam axis.27 In this

n

he
,
g
of

FIG. 6. Two-dimensional images~26.9 mm323.3 mm! showing the spatial
distribution of CO in the molecular beam for mixtures of 5% CO in He, Ne,
Ar and Xe. The color associated with a certain pixel intensity on the detector
is indicated next to the images. In most of the 2D-images the ‘shadow’ of
the hexapole-rods is clearly visible. The series of images demonstrates the
mass-focusing effect by which in a molecular beam of a binary mixture the
heavier species is concentrated on the molecular beam axis. On the right-
hand side the horizontal intensity profiles of the corresponding 2D images
are shown, averaged over the 6 horizontal lines around the center of the
image, indicated by the white lines in the images. The FWHM of the spot on
the detector~in mm! is indicated for those profiles that can be fit using a
simple Gaussian perpendicular velocity distribution.
No. 5, 1 February 1995
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1930 Jongma, Rasing, and Meijer: 2D Imaging of metastable CO
series of images it is seen that the width of the CO distrib
tion in the beam increases with increasing mass of the car
gas; for the lightest carrier gas, He, the ‘‘shadow’’ of the hex
pole rods is not even visible. On the right hand side of t
figure the horizontal intensity profiles of the correspondi
2D images are shown. These profiles are averaged over t
horizontal lines around the center of the image, indicated
the white lines in the images. Except for the He image, t
shape of the profiles is accurately described by a Gaus
curve, and the resulting FWHM of the best-fitting Gaussi
curve is indicated~in mm! in the figure. The corresponding
FWHM of the perpendicular Gaussian velocity distributio
Dv' , is given in Table I.

The observed mass-focusing effect can be explained
rather simple model.27 As the collisions between CO mol
ecules and carrier gas atoms in the expansion are essen
along the molecular beam axis the velocity of the CO m
ecules in this direction adapts to the velocity of the carr
gas, as is demonstrated in the TOF distributions shown
Fig. 4. The velocity distribution perpendicular to the molec
lar beam axis is mainly determined by the velocity of the C
molecule itself, however, implying a perpendicular veloci
distribution that is independent of the carrier gas, as is e
dent from the values ofDv' given in Table I. This then
results in a spatial width of the CO distribution in the mo
lecular beam that scales linearly with 1/v̄ uu , as is indeed ob-
served for CO seeded in Ne, Ar, and Xe.

In the interpretation of the experimental observations
is assumed that no disturbing collisions take place betw
the laser excitation region and the detector. For the he
carrier gases, possible disturbing effects related to sh
waves in the source chamber can be circumvented by ex
ing CO molecules in the front part of the short gas pulse. F
Ne, for instance, the gas pulse has a length of around 2.5
which is shorter than the skimmer length, so shock wav
can only build up after passage of the excited molecu
through the skimmer. In the faster He beam, however, sh
waves can not be completely avoided which might be t
explanation for the relatively high rotational temperature, f
the lower than expected parallel velocity and for the dev
tion of the perpendicular velocity distribution from a Gaus
ian curve.

B. Hexapole focusing

Prior to discussing the experimental observations, a
scription of the trajectories of metastable CO molecu
through a hexapole field is given. The electrostatic poten
in an ideal hexapole is given by6

V5
V0

2 S rr 0D
3

cos 3f, ~3!

where r and f are the cylindrical coordinates~the z axis
coincides with the axis of the hexapole,z50 at the begin-
ning of the hexapole!, V0 is the voltage difference betwee
neighboring rods andr 0 is the inner radius of the hexapole
The azimuthal anglef is zero in the direction of the cente
of one of the hexapole rods. The electric fieldEW derived from
this potential is
J. Chem. Phys., Vol. 102,
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EW 5F23
V0

2 S r 2r 03D cos 3f,3V0

2 S r 2r 03D sin 3f,0G ~4!

in the (r , f, z! cylindrical coordinates. The Stark splitting of
the energy levels in thea 3PV state only depends on the
absolute value of the electric fielduEW u which, in the ideal
hexapole, is independent off. The magnitude of the Stark
shift of a L-doublet levelDWStark relative to the zero-field
energetic center of theL-doublet components is given by21

DWStark5S S L

2 D 21~EStark!
2D 1/2. ~5!

In this expressionL is the magnitude of theL-doubling and
EStark is the first order Stark effect in an electric fielduEW u,
given by

EStark52meluEW u
MV

J~J11!
52mel3

V0

2 S r 2r 03D MV

J~J11!
~6!

containing the electric dipole momentmel , the absolute value
of the electric field and the quantum numbersV, J andM .
The force exerted by a hexapole field on the CO molecules
determined by the gradient ofDWStark, resulting in the equa-
tion of motion

mCOv uu
2 d

2r

dz2
52

uEStarku
DWStark

dEStark
dr

~7!

in whichmCO is the mass of the CO molecule. It should be
noted that there is only a radial force present in the idea
hexapole.

In the high electric field limit,DWStark can be approxi-
mated byuEStarku, resulting in an equation of motion accord-
ing to which the CO molecules describe a sinusoidal path i
the hexapole field. Although this high electric field approxi-
mation is commonly made, it is, however, not valid for the
given experimental situation. The electric field around th
center of the hexapole is rather low resulting in a Stark en
ergy comparable to theL-doublet splitting, causing a devia-
tion from a sinusoidal path of the CO molecules.8,15

It has already been mentioned, and it is clear from th
above equations, that only metastable CO molecules with
positive Stark effect~the upperL-doublet component with
MV,0) can be focused, while a negative Stark effect~the
lower L-doublet component, withMV.0) leads to defo-
cusing of the molecules. From the excitation scheme in Fig
2 it follows that Q2 lines have to be used to producea 3P1

metastable CO molecules that can be focused by the hex
pole. TheM50 a 3P1 states and the ground state CO mol-
ecules~whereL5V50) can not be deflected at all. This
implies that the number of metastable CO molecules can b
enormously enlarged relative to the number of ground sta
CO molecules by using the hexapole and that singlea 3P
(V,J,M ) quantum states can be selected.

In Fig. 7, two-dimensional images of the distribution of
the laser prepared metastable CO molecules in the molecu
beam are shown as a function of the voltage on the hexapo
rods. Laser excitation is performed on theQ2~1! transition in
a mixture of 5% CO in Kr carrier gas. The size of the dis-
played images corresponds to a 12.6 mm312.6 mm area on
the detector~1403140 pixels on the CCD chip; smaller than
No. 5, 1 February 1995
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1931Jongma, Rasing, and Meijer: 2D Imaging of metastable CO
in the mass-focusing images!. The images are averaged ove
104 laser shots with a background subtracted. To prev
saturation effects on the CCD chip, the 6 kV focusing ima
has been averaged over 5000 shots only. The images
smoothed by Fourier filtering techniques and corrected
the increased sensitivity at the hexapole focus. Separate c
tables indicate the color associated with a certain pixel int
sity for each image. The series of images shows a clear r
pattern in the under-focused situation~4 kV; 5 kV!, a sharp
spatial focus at a hexapole voltage of 6 kV and again
broader distribution in the over-focused situation~8 kV!. At-
tention is drawn to the apparent rotation of the sixfold sym
metry in the 2D images over 30° in going from the unde
focused to the over-focused situation. Vertical profiles tak
along the white line in the 2D images are shown as the up
trace in the plots next to the images. The lower trace in e

FIG. 7. Two-dimensional images~12.6 mm312.6 mm! of the distribution of
metastable CO molecules@5% CO in Kr;Q2~1! excitation# in the molecular
beam as a function of the voltage on the hexapole rods. The series of im
shows a clear ring pattern due to theL-doubling in the under-focused situ-
ation ~4 kV; 5 kV!, a sharp spatial focus at a hexapole voltage of 6 kV a
again a broader distribution in the over-focused situation~8 kV!. Attention is
drawn to the apparent rotation of the sixfold symmetry in the 2D-imag
over 30° in going from the under-focused to the over-focused situation,
to thef dependence of the radial force acting on the metastable CO m
ecules. Vertical profiles taken along the white line in the 2D images
shown as the upper trace in the plots next to the images. The lower trac
each of these plots shows the profiles as calculated using the~ideal! hexa-
pole focusing theory.
J. Chem. Phys., Vol. 102,
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of these plots shows the profiles as calculated using
aforementioned hexapole focusing theory. To obtain the
calculated profiles, the equation of motion~7! is solved nu-
merically. All input parameters for this calculation are know
experimentally so there are no adjustable parameters. T
geometry of the molecular beam machine, the voltage a
plied to the hexapole rods, the gating on the MCP detect
the parallel velocity distribution as derived from the TO
measurements, the perpendicular velocity distribution as d
rived from the~unfocused! 2D images, the quantum number
of the laser prepared metastable levels as well as the ma
tude of theL-doubling are used as input in the calculation o
the profiles. The hexapole field is assumed to switch on a
off abruptly at the beginning and end of the hexapole, r
spectively. For the under-focused situation the calculat
profiles match the experimental ones rather well. The wid
of the calculated focus at 6 kV is smaller than the expe
mentally observed width~0.8 mm FWHM! and the calcu-
lated profile in the over-focused situation does not agree t
well with the observed profile which we attribute to devia
tions of our hexapole field from an ideal hexapole field, a
will be discussed below. The slight misalignment of the mo
lecular beam with the axis of the hexapole will also give
minor deviation~image distortion due to ‘‘spherical’’ aberra-
tion!.

The observed ring-pattern in the under-focused situatio
which is quantitatively reproduced in the calculations,
caused by the magnitude of theL-doubling; the diameter of
the ring at a certain hexapole voltage is a direct measure
the magnitude of theL-doubling. In the absence of
L-doubling ~or generally, if the high field approximation is
valid!, all molecules entering the hexapole with the sam
velocity but under various angles with respect to the hex
pole axis can be focused in the same point. The presence
theL-doubling decreases the force exerted on the metasta
molecules that are near to the hexapole-axis relative to
force that would be present in the high electric field approx
mation, whereas the high electric field approximationis valid
for metastable molecules that are further away from t
hexapole axis. This leads to a focusing of the latter mo
ecules at a lower voltage than needed for focusing the me
stable molecules that are near to the hexapole axis, thus
plaining the observed rings.

A more accurate description of the electric field as we
as of the equations of motion of dipolar molecules in a hex
pole consisting of cylindrical rods has been given b
Vonbun.15 It follows that the gradient of the electric field in
the radial direction inside such a hexapole has
f-dependence, that becomes increasingly important for d
tances further away from the hexapole axis. Th
f-dependence results in a radial force that is maximum f
molecules that travel in the direction of the center of a hex
pole rod and minimum for molecules that travel in the dire
tion in between hexapole rods. In the hexapole used in t
study the ratio of the maximum to the minimum value o
duEW u/dr is calculated to be around 1.04 at a distance of 0
r 0 , increasing to almost a factor 2 at a distance of 0.8r 0
from the hexapole axis. Thisf dependence of the radial
force is held responsible for the already mentioned rotati

ges

d

es
ue
ol-
re
e in
No. 5, 1 February 1995



2
x

l
e
n
n
f
l
v

o
u

d

r
s
te
t
l
-
l
e

h

o

l
A
e

l
n
e

g
i

-

-
-

1932 Jongma, Rasing, and Meijer: 2D Imaging of metastable CO
of the sixfold symmetry in the series of 2D images.
In the 2D images taken in the under-focused situation

4 kV and 5 kV it is seen that the sixfold symmetry is suc
that the image is somewhat less extended in the direction
the hexapole rods. This effect can be explained by the p
viously shown ‘‘shadowing’’ effect of the hexapole rods~Fig.
6!, i.e., by viewing the under-focused 2D images as~f inde-
pendently! compressed reproductions of the unfocused
images shown in Fig. 6. Alternatively, this effect can be e
plained by~or at least will be enhanced by! the f depen-
dence of the radial force acting on the metastable CO m
ecules. Thef dependence of the radial force is the on
explanation of the apparent rotation of the image in the ov
focused~8 kV! situation, however; molecules travelling i
the direction of one of the hexapole rods will feel the stro
gest radial force and will therefore be deflected most e
ciently and be bent away most strongly from the molecu
beam axis in the over-focusing situation. A yet alternati
explanation would invoke the presence of a velocity comp
nent in thef-direction induced either by the force compo
nent in this direction which is present in our nonideal hex
pole field15 or by the misalignment of the molecular beam o
the hexapole axis. This explanation can be discarded, h
ever, as the magnitude of the resulting rotation sho
change with the hexapole voltage and the parallel velocity
the CO molecules, something that has not been observe

In the near future this molecular beam machine will b
coupled to an UHV system to study the interaction betwe
the metastable CO molecules and a variety of well-defin
metal surfaces. To avoid interfering effects due to eith
ground state CO molecules or due to carrier gas atoms a t
pure beam of state-selected metastable CO molecule
needed. To obtain such a pure beam a beamstop is cen
on the molecular beam axis. In the upper image of Fig. 8
distribution of metastable CO molecules in the molecu
beam~5% CO in Ar!, with no voltage applied to the hexa
pole rods, is shown.Apart from the ‘‘shadow’’ of the hexapo
rods, the ‘‘shadow’’ of the 1.2 mm diameter beamstop as w
as of the 0.1 mm diameter wire to which this beamstop
attached can be recognized. As is explicitly shown in t
lower image of Fig. 8, the metastable CO molecules can
bent around this beamstop and focused in a spot centere
the ‘‘shadow’’ of the beamstop. A diaphragm with the appr
priate dimensions placed in the focal plane will transmit on
the pure state-selected metastable CO beam.

V. CONCLUSIONS

Metastablea 3P CO molecules can be state-selective
prepared and sensitively detected on a MCP detector via
ger de-excitation making both time and spatially resolv
measurements possible. The combination of these techniq
is used for a straightforward characterization of a molecu
beam, and parallel and perpendicular velocity distributio
as well as rotational temperatures are determined. A dir
2D demonstration of the mass-focusing effect in a binary g
mixture is given.

Two-dimensional imaging of the spatial distribution o
the metastablea 3P CO molecules in the beam after passa
through a hexapole field is used to study hexapole focus
J. Chem. Phys., Vol. 102,
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performance. Structured 2D images demonstrate the depen
dence of the focusing characteristics on the magnitude of the
L-doubling and on the angular dependence of the focusing
force in a hexapole consisting of cylindrical rods.

Laser preparation of quantum-state selected metastable
molecules in combination with time and spatially resolved
detection of the metastable species holds great promise in
fields like, for instance, photo-dissociation dynamics and re-
active and~in!elastic scattering. Compared to ion-imaging
techniques, metastable imaging has the advantage that prob
lems related to space-charge effects and related to the pres
ence of spurious electric and/or magnetic fields are avoided.
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FIG. 8. Upper image: Distribution of metastable CO molecules in the beam
~5% CO in Ar!, with no voltage applied to the hexapole rods. Apart from the
‘‘shadow’’ of the hexapole rods, the ‘‘shadow’’ of the beamstop assembly
can be recognized. Lower image: The metastable CO molecules are bent
around the beamstop and focused~12 kV! in a spot centered in its
‘‘shadow.’’
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