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A molecular beam apparatus for eigenstate-resolved studies
of gas-surface reactivity
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~Received 10 August 1999; accepted for publication 15 September 1999!

A new supersonic molecular beam-surface scattering apparatus permits eigenstate-resolved
measurements of gas-surface reactivity. Infrared light from a narrow-bandwidth tunable laser
intersects a supersonic molecular beam and prepares an ensemble of molecules in a single rotational
and vibrational quantum state. The energized molecules, with their well-defined translational,
vibrational, and rotational energies, pass into an ultrahigh vacuum chamber and impinge on a single
crystal metal surface where their reactivity is quantified. The apparatus provides independent control
over translational, vibrational, and rotational degrees of freedom and permits highly detailed studies
of gas-surface reactivity. In this article we describe the design and characterization of our apparatus
and illustrate its use to study the dissociative chemisorption of methane on Ni~100!. © 2000
American Institute of Physics.@S0034-6748~00!00701-2#
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I. INTRODUCTION

Measuring the reactivity of molecules in selected qu
tum states has been a goal of surface scientists for m
years.1,2 Such studies provide highly detailed data that t
theories, reveal the origin of activation barriers to ga
surface reactivity, and identify the most reactive species
thermal distribution of molecules. Despite many attemp
quantum-state-resolved results for neutral molecules wi
well-defined translational energy have only recently beco
available for several diatom-surface systems.3,4 Our direct
measurements of state-resolved sticking probabilities
methane dissociation on Ni~100! are the first such results fo
a polyatomic molecule in a beam-surface study, and t
represent an important step toward studying increasin
complex systems.5 This report describes in detail the expe
mental apparatus we have used to make those measurem

The energy of a gas-phase reagent can play a major
in direct dissociative chemisorption, where incident m
ecules dissociate and the resulting molecular fragme
chemisorb upon impact with a surface.6 Identifying the mo-
lecular motions most efficient at promoting reactivity reve
the nature of the reaction coordinate in the region of
transition state and provides crucial insight into t
molecular-level mechanism for the reaction. Identifyi
those coordinates, though, presents a formidable experim
tal challenge. The potential energy surface governing
process is characterized by many degrees of freedom
include the translational, rotational, and vibrational moti
of the incident molecule and its orientation and angle
incidence on the surface. Polyatomic reagents have m
~3N–6! vibrational modes, and a particular eigenstate of
molecule may involve simultaneous excitation along two
more of these coordinates, further increasing the numbe
unique internal motions available to the incident molecu
Experiments using thermal samples of molecules provide
action probabilities averaged over the entire internal s
420034-6748/2000/71(1)/42/12/$17.00
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distribution present in the thermal sample. In all but t
sparsest of systems (H2), such averaging prevents an unam
biguous identification of the most reactive coordinates.7–9

A number of research groups have coupled a supers
molecular beam source with an ultrahigh vacuum surf
analysis chamber to eliminate much of the thermal averag
over translational degrees of freedom for the incide
molecule.10–12Cooling during the supersonic expansion ge
erally results in a significant narrowing of the translation
energy and rotational state distribution of molecules incid
on the surface, but generally does little to alter the therm
distribution of vibrational states of molecules in th
beam.13,14 An additional advantage of the beam-surface a
proach is that it provides independent control over
chemical composition, structure, and temperature of the
face, all of which may influence reactivity.

We have recently built and characterized an experim
tal apparatus that extends the versatility of a conventio
supersonic molecular beam-surface machine by add
eigenstate-selective infrared excitation of molecules in
beam with a high resolution, continuous wave~cw!, single-
mode infrared laser. Infrared excitation prepares a signific
population of gas phase reagent molecules in a single r
tional and vibrational quantum state while the superso
molecular beam controls the molecules’ translational ene
and angle of incidence on the surface. Therefore, our
proach specifies all energetic degrees of freedom in the i
dent molecule as well as the character of its vibrational
citation. Detecting the surface-bound reaction products w
Auger electron spectroscopy offers a sensitive and di
probe of the state-selected molecules’ reactivity.

The properties of the infrared light we generate, the
personic molecular beam, and the molecules we study a
us to excite single quantum states selectively. After the
tial stages of the expansion, the molecules in the beam su
very few collisions, and the natural lifetime for radiative d
© 2000 American Institute of Physics
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FIG. 1. Molecular beam-surface
analysis chamber showing the fou
vacuum chambers, the source, first di
ferential pumping stage~FDC!, second
differential pumping stage~SDC!, and
main surface analysis chamber. Th
drawing is to scale.
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cay of vibrational eigenstates exceeds 10 ms.15,16 These two
factors result in very sharp absorption profiles for the m
ecules in the beam. Rotational cooling in the beam gre
reduces rotational congestion in the absorption spectrum,
in diatomic and small polyatomic molecules, the density
vibrational states is sufficiently low that the transitions w
excite are well resolved. In the absence of overlapping tr
sitions, our high-resolution laser excites molecules to
single rovibrational eigenstate with a constant and w
defined vibrational character. Intramolecular vibrational
distribution ~IVR!, in which the vibrational character of th
prepared state evolves in time, can only occur when two
more eigenstates are coherently excited by the laser ra
tion. Since we excite single eigenstates, the states we pre
do not exhibit IVR.

In addition to being selective, our approach efficien
excites many molecules to the target quantum state. The
spectral brightness of the laser source, coupled with the s
absorption profile for molecules in the molecular beam,
sults in high excitation efficiencies that, under favorable c
ditions, can approach saturation of the optical transiti
Since the cw laser irradiates molecules continuously,
high excitation efficiency applies to the entire flux of mo
ecules incident on the surface. For experiments such as
where we probe dissociative chemisorption directly by
-
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tecting the adsorbed reaction products, this feature m
mizes interference due to adsorption of less reactive,
more abundant molecules that are not excited by the las

The remainder of this report details our experimen
apparatus and its performance. We first describe our be
surface apparatus, including the characterization of our m
lecular beam, which controls the translational energy of m
ecules incident on the surface. Next, we document the op
system that creates the ensemble of state-selected mole
and explain how we determine the flux of state-selected m
ecules incident on the surface. We then outline our techni
for detecting the reaction products and conclude with an
ample of a eigenstate-resolved measurement of methane
sociation on Ni~100!.

II. MOLECULAR BEAM APPARATUS

A. Chamber design

The design of our triply differentially pumped supe
sonic molecular beam-surface analysis chamber is base
that of other groups,11 but includes additional features t
permit the excitation and detection of state-selected m
ecules in the beam. Figure 1 depicts the key features of
apparatus, and Fig. 2 provides critical dimensions along
.

FIG. 2. Key dimensions, in mm, and
locations of the~A! nozzle,~B! skim-
mer, ~C! multipass cell,~D! shutter,
~E! chopper blade,~F! pyroelectric bo-
lometer, ~G! sliding beam valve,~H!
Ni~100! crystal, and~J! center of the
mass spectrometer ionizer assembly
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TABLE I. Vacuum system hardware and typical operating pressures.

Source
chamber

First differential
pumping stage

Second differential
pumping stage

Main
chamber

Mechanical
roughing
pump

Alcatel 2063 CP/
Edwards EH500

Roots blower

Alcatel 2033 CP Alcatel 2033 CP
~shared with FDC!

Alcatel 2033 CP

Diffusion
pump

CVC
PVMS-1000

Varian
VHS-6

Varian
VHS-6

Varian
VHS-10

Diffusion
pump fluid

DC-705 DC-705 DC-705 Santovac-5

Trap None Water-cooled
baffle

Liquid N2 Liquid N2

Gate valve None 6 in. manual 6 in. pneumatic 10 in. pneuma
Approximate

pumping speed
5300 L/S 1000 L/s 1000 L/s 2600 L/s

Pressure gauge Tubulated B–A,
W filament

Tubulated B–A
ThO2 filament

Tubulated B–A,
ThO2 filament

Nude B–A,
ThO2 filament

Pressure
controller

Varian 842 Varian 842 Varian 844 Varian 845

Base pressure 131028 Torr 331028 Torr 531029 Torr 8310211 Torr
Pressure with

beam on
4.531024 Torr 2.531025 Torr 9.131027 Torr 1.731027 Torr
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molecular beamline. Table I details the vacuum hardw
and operating pressures for each of the four chambers.

The chamber is constructed in three sections: the sou
the first differential pumping stage, and the second differ
tial pumping stage/main chamber. Mating surfaces join
the sections are precision machined to be flat and per
dicular to the beamline. Locating steps on the mating flan
and on the collimating orifices are machined to a toleranc
25 mm and centered to within 25mm of the beamline. This
design ensures that the collimating orifices separating
four chambers remain precisely aligned, even after repe
separation and assembly of the chamber.

Molecules of interest expand into the source cham
from a 25 mm orifice in an Inconel 600 nozzle. Resistiv
heating allows the nozzle temperature to be varied fr
room temperature to 850 K with a stability of60.5 K. Back-
ing pressures for the methane/hydrogen mixtures in our
rent studies are typically 370 kPa. Reagent gases are han
in a bakeable stainless steel manifold evacuated by a liq
nitrogen trapped diffusion pump. Seeding techniques v
the translational energy of the methane molecules ove
chemically significant range from 5 to 100 kJ/mole. The s
personic beam exits the source chamber via a 1.04 mm
ameter skimmer~Beam Dynamics, Model 1! located 9.40
mm downstream from the nozzle orifice.

After passing through the skimmer, the molecular be
enters the first differential pumping chamber and pas
through an optical multipass cell17 where we excite a fraction
of the molecules with infrared light. The cell’s orthogon
excitation geometry collapses the inhomogeneous Dopp
broadened absorption profile and maximizes the numbe
molecules in the beam that are resonant with the infra
light. We use four uncoated Au mirrors, each 5 cm31.5 cm,
affixed to kinematic mounts and arranged in a diamond p
tern. Dowel pins and precision locating holes reproduci
position the multipass cell assembly on the face of the ch
ber wall separating the source and first differential stages
e
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sapphire window in the first stage admits infrared light in
the chamber. The cell permits up to ten passes of the l
light through the molecular beam.

The first differential stage also houses an electrom
chanical shutter~Vincent Associates VS25S1T1!. A timer of
our own design allows for precisely timed doses rang
from 10 ms to 999 min. A machined skimmer with a cle
aperture of 4.24 mm is located on the wall separating the
and second differential pumping stages and further co
mates the beam.

A 152.4 mm diameter chopping wheel mounted on t
shaft of a Globe Motor Model 75A1004-2 ac synchrono
three-phase motor intercepts the beam after it enters the
ond differential pumping stage. A home-built motor drive
whose drive signal frequency is derived from a highly sta
quartz crystal oscillator, powers the motor. The chopp
wheel has four slots located 90° apart. Two 5.08 mm w
slots are centered at 0° and 180° on the wheel, and two
mm wide slots are centered at 90° and 270°. At its high
rate of revolution~400 Hz!, the small slots in the whee
provide a gating function of 7.2ms duration. For experiment
with an unmodulated beam, a rack and gear mechanism
sitions the chopper wheel so the molecular beam passes
impeded through the large slot.

A quadrupole mass spectrometer~QMS! housed in the
main chamber is centered on the molecular beam axis. T
QMS, in conjunction with a multichannel scaler~EG&G
MCS-Plus! allows us to obtain time-of-flight spectra an
measure directly the translational energy of the molecu
incident on the surface. An integrated light emitting dio
~LED!/photodiode sensor~QT Optoelectronics H22LOB! in
the second differential chamber is positioned so that the la
chopper wheel slot is centered over the sensor at the s
time that the small slot is centered on the molecular be
The photosensor generates a start pulse whenever the le
edgeof the large slot passes the sensor. Since the edge
the large and small slots differ in their distance from the s
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center, the edge of the large slot passes the sensor befor
edge of the small slot passes the molecular beam. For a
cal chopper speed of 300 Hz, this effect causes the electr
start pulse to precede the leading edge of the gas pulse
calculate a time shift of 14.5ms based on the tangentia
velocity of the slot at the molecular beam and the differen
in edge-to-center distances for the large and small slots.

The second stage also houses a room-temperature
rolectric detector with an integral source follower~Eltec 406-
0!. The detector is mounted on a linear motion feedthrou
and can be translated into the beam path to monitor abs
tion of infrared light, or retracted to allow the molecul
beam to pass through the second stage. Its use will be
cussed further in Sec. III.

A sliding beam valve isolates the second different
chamber from the ultrahigh vacuum surface analysis ch
ber. The valve contains three orifices and an O-ring sea
mechanism. Translating the beam valve with a linear mot
feedthrough allows us to define the beam’s size or isolate
molecular beam source and surface analysis chambers. T
II summarizes the molecular beam size with each of the th
apertures, both at the sample surface and at the entran
the mass spectrometer ionizer assembly. The smallest a
ture produces a beam image that passes freely through
quadrupole mass spectrometer’s ionizer assembly and is
suited for time-of-flight measurements of the molecu
beam. The medium aperture produces a beam image th
slightly smaller than the nickel crystal diameter. It ensu
that molecules in the beam impinge only on the we
characterized face of the crystal and not on the crystal e
or the support assembly. When the large aperture is used
skimmer separating the first and second differential cha
bers becomes the limiting orifice. The beam slightly overfi
the crystal, ensuring that the entire crystal face is uniform
exposed to the beam.

After passing through one of the beam valve apertu
the molecular beam enters the main surface analysis ch
ber. This chamber houses the surface under study, an ion
for sample cleaning, an Auger electron spectrometer for v
fying surface cleanliness and quantifying reaction produ
and a mass spectrometer for residual gas analysis, mole
beam characterization, and temperature programmed de
tion measurements. The main chamber also has two b
able, variable leak valves~Varian 951-5106! to admit gases
required for crystal cleaning, dosing, or molecular beam fl
calibration. A more detailed description of the chambe
contents follows.

A 1 cm diameter nickel single crystal oriented to with
0.1° of the~100! face~FOM Surface Preparation Laborator!
is mounted on the end of a cold finger~McAllister Technical
Services LN2-Hat! by means of a custom-built OFHC cop

TABLE II. Molecular beam size.

Beam valve aperture size
Beam size at

Ni~100! crystal
Beam size at
QMS ionizer

Small 2.01 mm 2.90 mm 4.70 mm
Medium 4.85 mm 6.99 mm 11.4 mm
Large 7.67 mm 11.0 mm 17.9 mm
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per crystal support. Sapphire spacers electrically isolate
nickel crystal and its support from the manipulator, but p
vide thermal contact with the end of the cold finger asse
bly. The cold finger and crystal support are mounted o
manipulator~McAllister Technical Services MA2006! with
15.24 cm of vertical~z! translation and61.27 cm of motion
in the x and y directions. A doubly differentially pumped
rotary feedthrough~McAllister DPRF! provides 360° of ro-
tation about an axis passing through the face of the nic
crystal. A mechanical pump evacuates the outer seal of
rotary feedthrough while a 20 L/s ion pump~Varian 911-
5030! evacuates the inner seal. Rotating the sample rela
to the beam axis varies the angle of incidence of molecu
impinging on the surface. Addition of liquid nitrogen to th
cryostat cools the crystal to 78 K, or dry ice pellets in t
cold finger cool the crystal to 196 K. A home-bui
proportional-integral-derivative~PID! temperature controller
regulates current through a thoriated tungsten filam
mounted behind the crystal and controls the surface temp
ture to within60.5 K. Electron bombardment heating with
200 V positive bias on the crystal raises the crystal tempe
ture to high temperatures~up to 1100 K! for cleaning and
annealing. The rear filament can also be used to heat
nickel crystal radiatively. A chromel-constantan~Type E!
thermocouple spot welded to the edge of the crystal m
sures the crystal temperature. An Analog Devices 2B5
thermocouple signal conditioner provides an electronic i
point reference, amplifies the thermocouple signal, and e
trically isolates the crystal from our data acquisition ele
tronics. Calibration of the thermocouple and detecti
electronics with liquid nitrogen, an ice bath, and boilin
deionized water confirms that temperature readings are a
rate to better than 1 K over this temperature range.

We clean the nickel surface with a combination of io
sputtering, oxidation, reduction, and annealing. An ion sp
ter gun ~Phi 04-191!, whose axis lies 68° off the surfac
normal, produces 500 eV argon ions. We adjust the ba
ground pressure of argon in the chamber to provide an
current density of 2mA/cm2 at the crystal surface. Argon ion
sputtering for 3 min is generally sufficient to remove sulf
contamination from the nickel surface. Annealing the crys
for 15 min at 1100 K restores surface order. We then exp
the crystal at room temperature to 131027 Torr of O2 for 50
s, followed by annealing at 875 K to oxidize and remo
carbon contamination. Reduction in 131026 Torr of H2 for
4 min at 1000 K removes surface-bound oxygen. Th
cycles are repeated as necessary to produce a clean surfa
determined by Auger electron spectroscopy.

An electron gun-hemispherical electron energy analy
combination ~VG Microtech LEG-63/VG-100AX!, makes
Auger electron spectroscopy measurements. The inclu
angle between the electron gun and the electron energy
lyzer is 60°, and we position the crystal so that its surfa
normal is oriented toward the electron energy analyz
Three Helmholtz coils null magnetic fields in the vicinity o
the sample. A channel electron multiplier/preamplifie
discriminator combination counts electrons passing thro
the hemispherical analyzer. Setting the electron gun emis
to 10 mA yields a 20 nA electron beam with a 1-mm
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diameter spot at the crystal and results in a 1.5 MHz co
rate at the 848 eV Ni LMM peak. Section V details our u
of the spectrometer to quantify reaction products.

A quadrupole mass spectrometer~UTI-100C! located on
the beam axis performs residual gas analysis, tempera
programmed desorption measurements, molecular b
characterization, and beam flux measurement. We h
modified the mass spectrometer to permit pulse-counting
tection of ions. A Philips Scientific Model 6908 preamplifie
discriminator converts detector pulses into TTL pulses
our prescaler and computer-based counter board.18

B. Molecular beam characterization

Time-of-flight ~TOF! measurements characterize the d
tribution of velocities in our supersonic molecular beam19

Figure 2 shows that the distance between the chopper an
center of the mass spectrometer ionizer is 50.01 cm.
record time-of-flight spectra with our multichannel scaler u
ing a 2ms dwell time per channel. We sum 10 000 or mo
passes to obtain a high signal-to-noise ratio and operate
mass spectrometer with an electron energy of 70 eV, an
energy of 15 eV, and an emission current of 1 mA. Figur
shows a typical spectrum for a 2% methane in hydrogen
mixture expanding from a 400 K nozzle source. We corr
the flight-time spectrum for the mass-dependent ion fli
time and the 14.5ms lead time associated with ou
photosensor-generated start pulse to obtain a true flight
from chopper to ionizer. A nonlinear least-squares algorit
fits the flight time distribution to Eq.~1! of Ref. 20, with the
modification that we numerically convolute that flight tim
distribution, which applies to a delta function in choppin
with the modulation function for our chopper wheel at t
appropriate chopper speed. We have tested our analysis
cedure on an Ar expansion from a room temperature no
and find that the argon achieves over 99% of the translatio
energy predicted for an ideal expansion. The solid line pa
ing through the data in Fig. 3 is the result of such a fit fo
seeded beam of methane in hydrogen. We find that our m
ane beams are also nearly ideal in their expansion and

FIG. 3. Example of a time-of-flight spectrum for 2% CH4 in H2 expanding
from a 400 K nozzle source. The points are the experimentally meas
data and the solid line is a fit to the data. The translational energy is
kJ/mol and the translational temperature is 10 K.
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they have very narrow translational energy distributio
(DE/E of less than 5% after deconvolution of the bea
modulation function!. This narrow distribution results in ou
experimentally determined sticking probabilities being av
aged over a very narrow range of translational energies.

Many of the activated dissociative chemisorption rea
tions we study have reaction probabilities ranging from 1023

to 1026. These low reaction probabilities preclude our usi
the method of King and Wells21 for measuring reaction prob
abilities. Instead, we obtain absolute reaction probabilities
dividing the surface coverage of reaction products by
integrated flux of reagents impinging on the surface dur
the dose. To obtain the flux of reagents in the molecu
beam, we use our quadrupole mass spectrometer to mea
the steady-state partial pressure of the reagent while
beam is running. We then multiply that pressure by the
perimentally determined pumping speed for that species.
determine the flux in this way for each gas mixture, noz
temperature, and backing pressure that we use.

To measure the steady-state partial pressure, we firs
rect the molecular beam onto the inert rear surface of
crystal mount and tune the QMS to monitor the species
interest. We record the ion count rate and close the be
valve to isolate the main chamber. We then leak in the p
gas of interest, with the mass spectrometer running, until
obtain an ion count rate identical to that with the molecu
beam on. We turn off the mass spectrometer, record the p
sure of the pure gas with the ionization gauge, and correc
relative ionization efficiencies to obtain the steady-state p
tial pressure.

We also use our mass spectrometer to measure
pumping speed for the reagent. We admit a continuous
lecular beam to the chamber and monitor the partial pres
of the reagent with the QMS. We then interrupt the molec
lar beam with the beam shutter and follow the decay in
partial pressure of the species with our mass spectrom
and multichannel scaler. Fitting the decay to a single ex
nential decay yields a time constant for pumping the reag
We multiply the reciprocal of this time constant by the e
perimentally determined volume of our chamber~85.4 L! to
calculate the pumping speed. Our measured value of 2
L/s for CH4 is consistent with our predictions based on t
specified pumping speed of the diffusion pump and the c
ductance of the gate valve and liquid nitrogen cold tra
Fluxes measured for our beams in this way range fr
(2.5 to 10.7)31015 CH4 molecules/~cm2 s! at the surface, de-
pending on the gas mixture and nozzle temperature.

III. OPTICAL EXCITATION AND INTERNAL ENERGY
CONTROL

Infrared light from a high resolution, tunable las
crosses the molecular beam at a right angle and prepare
ensemble of excited molecules whose gas-surface react
may be studied.22 Two broadening mechanisms affect o
ability to excite a known fraction of the molecules impingin
on the crystal surface.16 Doppler broadening results in a shi
in a molecule’s absorption frequency that is proportional
its velocity component along the laser propagation directi

ed
.4
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We use an orthogonal excitation geometry so that the m
ecules’ velocity along the flow axis does not contribute
Doppler broadening of the infrared transition. Still, the a
gular divergence of the molecular beam results in a sm
amount of Doppler broadening transverse to the molec
beam flow axis. This broadening is dramatically reduc
relative to a room temperature sample, but it is signific
compared to the 1 MHz bandwidth of our infrared las
Doppler broadening is an inhomogeneous broaden
mechanism; if we tuned our laser through an absorption p
file dominated by Doppler broadening, different veloc
subsets of molecules in the beam would be excited at e
wavelength. A second broadening mechanism also aff
the absorbers in our experiment. Molecules in the molec
beam travel at a high speed and pass through the laser
tation volume in a short time. The finite time each spends
the laser radiation field results in a homogeneous broade
of its absorption profile due to transit-time broadening. Do
pler and transit-time broadening play an important role in
experiments. When we tune our laser to the center of
Doppler-broadened absorption profile, the laser can excit
molecules whose transverse velocities fall within a narr
range that is determined by the homogeneously broade
linewidth. Under the conditions of our experiment, this ran
of transverse velocities maps onto a spatially resolved st
on our Ni~100! crystal surface. We plan to discuss this a
plication of broadening mechanisms in laser-assisted sur
chemistry in a subsequent publication.23 For now, it is suffi-
cient to note that all molecules in the correct ground ro
tional and vibrational state and impinging on the crystal c
ter can be excited by the infrared laser.

The remainder of this section describes the experime
hardware we use to excite molecules in the beam and
plains how we quantify the flux of vibrationally excited mo
ecules impinging on the Ni~100! surface. The laser system
that generates infrared light and the diagnostic hardware
use to characterize its operation are described in Sec. I
In order to extract absolute, state-resolved reaction proba
ties from our data, we must be sure that our optical pump
scheme excites a constant and reproducible fraction of m
ecules in the molecular beam for the entire duration of
measurement. We use several tools to verify and quan
infrared absorption by molecules in the molecular beam,
these tools are described in Sec. III B. Additional optic
hardware and a computer-controlled feedback system ar
quired to stabilize the laser’s output wavelength and ma
tain a constant level of excitation throughout our measu
ment. Our system for actively stabilizing the laser outp
frequency is described in Sec. III C. We describe our pro
dure for determining the absolute flux of state-selected m
ecules impinging on the Ni~100! surface in Sec. III D.

A. Infrared laser and diagnostic hardware

An infrared laser provides quantum state selectivity
our experiments. A krypton ion laser~Coherent Innova 400
K3! operating on the 647.1 nm line excites a color cen
laser~Burleigh FCL-20!. The color center laser is a continu
ous wave~cw! source of highly monochromatic infrare
light continuously tunable from 2.3 to 3.3mm. Its single
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mode output has a spectral bandwidth of less than 1 M
(Dn/n'1028). For the studies ofn3 excitation in methane
discussed in Sec. V, we generate about 3 mW of infra
light at a wavelength of 3.29mm. A portion of the infrared
light is directed to diagnostic and frequency stabilizati
hardware, and the remainder is directed to the molec
beam chamber for state-selective excitation of the reag
molecules. Figure 4 shows the key features of the opt
system.

Diagnostic equipment monitors laser performance a
simplifies tuning the laser into resonance with the absorp
transition of interest. A custom-built 7.5 GHz free spect
range spectrum analyzer monitors the laser mode struc
and allows us to verify single mode output. A waveme
~Burleigh WA-20IR! reads the vacuum wavenumber of th
light to the nearest 0.01 cm21 and guides our tuning of the
laser. It also allows us to verify the identity of the transitio
we excite. A 150 MHz free spectral range Fabry–Perot e´ta-
lon ~Burleigh CFT-500IR! is temperature stabilized an
housed in a vacuum jacket. It provides a high-resolution
agnostic of laser mode structure and also serves as a r
ence cavity for our frequency stabilization scheme. Comm
cially available ~Burleigh RC-91! and home-built high
voltage amplifiers and ramp generators24 drive tuning ele-
ments in the spectrum analyzer, Fabry–Perot e´talon, and the
color center laser. A surface-absorbing calorimeter and re

FIG. 4. Optical layout. Light from a Krypton ion laser (Kr1) excites the
gain medium in a color center laser~FCL!. Mirrors ~solid rectangles! redi-
rect the beam, while beam splitters~open rectangles! typically reflect
1%–2% of the light to laser diagnostic equipment. A wave meter~l meter!,
spectrum analyzer~SA!, and vacuum-jacketed Fabry–Perot e´talon ~FP!
characterize the infrared laser output. A removable mirror~RM! directs the
infrared laser into the wave meter. D1 monitors the laser power at the d
frequency of the intracavity e´talon, D2 monitors transmission through
room-temperature gas call~GC!, and D5 monitors laser power. Choppe
~C1 and C2! modulate the beam for phase-sensitive detection. C2 interc
the laser for absorption measurements in the molecular beam, but i
moved when we pump molecules for surface reactivity measurement
periscope,P, directs the beam into the molecular beam chamber and rot
the laser’s polarization from horizontal to vertical. The light enters the m
tipass cell~MC!, and a pyroelectric bolometer in the second stage~PE!
monitors absorption in the molecular beam.
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out unit ~Scientech Models 36-0001 and 365, respective!
measure laser power.

B. Detecting infrared excitation

A small glass cell filled with a low pressure of the r
agent gas~typically 1 Torr for methane! helps us quickly
locate infrared transitions. An optical chopper~Palo Alto Re-
search Model 300! modulates the portion of the laser ligh
that is directed through the cell, and a PbSe detector, cus
built preamplifier, and lock-in amplifier~SRS Model 530!
quantify transmission. The magnitude of the transmiss
signal near an absorption feature changes significantly if
color center laser suddenly shifts to a different longitudi
mode. It is a convenient diagnostic for identifying mo
hops. As we tune the output of the color center laser,
gradient of the absorption signal indicates whether the la
is being tuned toward or away from the absorption ma
mum.

While the low-pressure absorption cell is helpful for l
cating infrared transitions, observing absorption in the c
does not ensure optical resonance with narrow absorp
profile for molecules in the molecular beam. To ensure t
we are exciting molecules in the molecular beam, we us
room-temperature pyroelectric detector inside the second
ferential pumping chamber to measure infrared absorp
directly. When we wish to measure or verify absorption,
translate the detector into the beam, where molecules
pinge on its surface.

The pyroelectric detector responds to temperat
changes, and we exploit this feature to measure infrared a
sorption by molecules in the molecular beam. An unmo
lated molecular beam impinging on the detector surface
tablishes a steady-state temperature that results in min
detector signal. To detect infrared absorption, we modu
the infrared light at 4.1 Hz with a mechanical chopper~HMS
221!. If the light is not resonant with an infrared absorptio
transition, the laser deposits no additional energy into
molecular beam. If molecules in the beam absorb ligh
fraction of them can transfer their newly acquired intern
energy to the detector, raise its temperature, and produ
detector response. A lock-in amplifier~SRS 530! monitors
detector response at the laser modulation frequency and
vides an output proportional to the absorption signal. Sc
ning the laser while monitoring the lock-in amplifier outp
results in an absorption spectrum of molecules in the be
Figures 5~a! and 5~b! show signals from our low pressur
absorption cell and the pyroelectric detector, respectively
the laser is scanned through an absorption resonance wit
R~1! transition to then3 vibrational state in methane. Dop
pler broadening dominates the linewidth in room temperat
cell, while both transit time and Doppler broadening contr
ute to the linewidth observed in the beam.

The 2 mm active area of the Eltec detector intercept
solid angle of the molecular beam centered on the beam
and smaller than that of the medium beam valve hole. Th
the detector measures infrared absorption only for molec
that would impinge on the Ni~100! crystal were the detecto
removed from the beam path. Conversely, when we mea
m-
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absorption, we can be confident that upon translating
detector out of the beam path, a flux of state-selected m
ecules will impinge on the surface under study.

C. Laser frequency stabilization

The narrow bandwidth of the laser system and the n
row absorption profile of the molecules in the beam per
selective and efficient excitation of molecules in the bea
but they also present experimental challenges. Without
tive stabilization, the frequency of the infrared light wi
quickly drift out of resonance with the sharp absorption tra
sition in the molecular beam, resulting in no excitation at a
In order to maintain resonance with the absorption transiti
we actively stabilize two tuning elements in the color cen
laser. The first, an intracavity e´talon, suppresses spuriou
longitudinal modes in the laser cavity and helps maint
single mode output. Its spacing can drift, resulting in mo
and power instability. The second, the laser cavity end m
ror, determines cavity length and sets the output frequenc
the laser. Temperature and pressure fluctuations can alte
cavity’s optical path length and lead to output frequen
drift. A computer-controlled servo loop continuously adjus
both of these tuning elements to maintain stable output
quency, mode structure, and power.25

We lock the intracavity e´talon to its transmission maxi
mum. A simple op-amp circuit sums the output of a 12-
computer-controlled D/A converter and a small sinusoi
dither voltage and drives the external input of the e´talon’s
piezoelectric driver~Burleigh RC-91!. A PbSe photoconduc
tive detector with a home-built preamplifier monitors lig
output of the laser, and a lock-in amplifier~Stanford Re-
search Systems 530! measures the derivative signal resultin
from our modulation of the e´talon spacing. A LabView-
based computer program reads the lock-in amplifier out
and updates the D/A converter output to keep the e´talon
centered at the zero crossing of the derivative signal~i.e., at
the peak of its transmission!.

In order to measure low reaction probabilities, many
our experiments require the infrared laser to remain in re
nance with the reagent’s absorption feature for an hour
longer. Verifying infrared absorption with our pyroelectr

FIG. 5. Absorption spectrum of methane.~a! Absorption in room tempera-
ture cell;~b! absorption of molecules in molecular beam;~c! light transmit-
ted through Fabry–Perot reference e´talon.
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detector blocks the molecular beam from entering the ul
high vacuum chamber and precludes our monitoring abs
tion during a dose. Instead, we lock the laser frequency
vacuum jacketed and temperature stabilized Fabry–P
étalon that we use as a frequency reference. We tune
laser into resonance with the absorption transition of inte
and then adjust the Fabry-Perot cavity length to produc
transmission fringe at the frequency of the transition. W
then apply a small~,1 MHz! dither to the output frequenc
using the cavity end mirror’s piezoelectric tuning eleme
and monitor the derivative signal for transmission throu
the Fabry–Perot cavity with a lock-in amplifier. A compute
controlled servo loop analogous to that used to track
laser’s intracavity e´talon monitors the lock-in amplifier out
put and tunes the cavity end mirror to maintain optimu
transmission through the Fabry–Perot reference cavity.
ure 5~c! shows the derivative of the Fabry–Perot transm
sion signal for a typical scan. Note that the Fabry–Pe
cavity length has been adjusted so that the zero crossin
one of the transmission fringes corresponds to the maxim
of the infrared absorption signal.

This procedure results in excellent long-term stabili
Figure 6 is a plot of methane absorption signal for the R~1!
transition to then3 C–H stretching state, measured with o
pyroelectric detector, as a function of time. The rms fluct
tions in the absorption signal, which arise from frequen
and amplitude drift as well as nozzle backing pressure fl
tuations, are less than 0.3% of the absorption signal ov
period of 60 min. In addition, the excitation efficiency d
creases by only 1% during the same time interval. This p
formance ensures that flux of vibrationally excited molecu
remains constant during our measurements of their rea
ity.

D. Quantifying excitation efficiency

To quantify reaction probabilities for state-selected m
ecules, we must know the absolute flux of state selected m
ecules impinging on the surface. We obtain that quantity
three steps. Since the infrared transition excites molec
from a single rotational and vibrational ground state (v9,J9)

FIG. 6. Performance of the frequency stabilization system. The pyroele
detector signal is shown as a function of time while the system is locke
the R~1! transition ton3 , v51.
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to the selected excited state (v8,J8), we first calculate the
fraction of molecules in the molecular beam that are in
(v9,J9) quantum state. Next, we calculate the fraction
those molecules that are excited by the infrared light. Fina
we multiply the product of those two fractions by the tot
flux of reagent molecules to obtain the absolute flux of sta
selected molecules impinging on the surface. Section
describes our procedure for measuring the total flux, and
section describes how we determine the fraction of m
ecules excited.

We measure the fraction of ground state (v9,J9) mol-
ecules excited by infrared light, and then corroborate
measurement with two independent calculations of excita
efficiency. For our measurement, we rely on the nonlin
increase in infrared absorption as a function of laser pow
Fitting this dependence to its known functional form resu
in an absolute measure of excitation efficiency. We calcu
absolute excitation efficiencies using literature values for
infrared transition moment and our measured laser be
power, bandwidth, and spot size. Finally, we use the kno
pyroelectric detector and preamplifier sensitivity to calcul
the amount of energy transferred to the detector by the la
excited molecules. The energy accommodation coeffic
for transferring a high-energy vibrational quantum in the
cident molecule to the room temperature detector is
known. In the absence of a quantitative measure of ene
accommodation, this final approach provides a relative e
mate of excitation efficiency.

For all transitions we excite, the number of photo
crossing the molecular beam exceeds the number of pote
absorbers in the beam by a factor of 20 or more. Under th
conditions, optical excitation can deplete the population
the transition ground state sufficiently to cause absorption
deviate from a linear function of incident laser power. Equ
tion ~1! predicts the fraction,f 2 , of the molecules in (v9,J9)
excited to (v8,J8) by the infrared light:13

f 25
g2

g11g2
H 12expF2rB21S g11g2

g1
D t G J . ~1!

Here,g1 andg2 are the degeneracies of the ground and
cited states, respectively,r is radiation density at the trans
tion frequency,B21 is the Einstein B coefficient for stimu
lated emission, andt is the time that the molecule spends
the coherent radiation field. In our experiment,t is the transit
time for molecules in the molecular beam to fly through t
laser excitation volume. If the laser radiation is not perfec
collimated,t must be modified to account for the curvature
the constant phase fronts in the laser radiation field. Thut
depends on the kinetic energy of the absorbers in the b
and on the extent of collimation of the laser beam.16

Since all quantities in Eq.~1! are known, or can be ex
perimentally measured, we can calculatef 2 for a given in-
frared transition. Herzberg gives degeneracies for a sphe
top molecule,26 and we calculateB21 from the squared,
weighted transition moments,R12 tabulated in theHITRAN

database.27 Equation~2! givesB21 in m3/~J s2! whenR12 is in
D2 and Planck’s constant,h, has units of~J s!:
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B215
8p3

3h2

g1

g2
R12310249. ~2!

For theR(1) transition that we excite in Fig. 5,R1254.92
31023D2 and B2155.631016m3/~J s2). The radiation den-
sity, in units of J/m3 Hz!, is given by Eq.~3!, and depends on
the laser power,P, the laser beam diameter,d, and the laser
bandwidth,Dn:

r5
4P

pcd2Dn
. ~3!

For typical experimental conditions, we calculate a radiat
density of 7.0310212J/~m3 Hz) based on 2 mW of lase
power with an optical bandwidth of 1 MHz in a 1.1 mm
diameter spot. For a perfectly collimated laser,t is the beam
diameter divided by the molecular velocity. A beam of pu
methane expanding from a room temperature nozzle h
velocity of about 1000 m/s, sot51.1ms for the limiting case
of a collimated laser beam. For a diverging or converg
laser beam, that quantity is modified by the multiplicati
factor 1/@11(pw2/Rl)2#, whereR is the radius of curvature
for the constant phase fronts of the laser radiation,w is the
laser beam waist at the molecular beam crossing, andl is the
wavelength.16 We estimate thatR50.2 m, based on the lo
cation of the focal spot relative to the multipass cell, so
more accurate estimate yieldst50.45ms. For the transition
depicted in Fig. 5,g1 andg2 are 3 and 5, respectively, so
single laser-molecular beam crossing excites 23% of thev9
50, J951 population ton3 , v851, J852. Additional laser-
beam crossings in the multipass cell increase the experim
tally realized excitation efficiency beyond this calculat
value, althoughf 2 for subsequent passes is reduced sha
by divergence of the laser beam. While the exact value
the laser spot size andR may vary slightly from these value
depending on the details of our optical layout, this calcu
tion shows that we can excite a significant fraction of grou
state molecules under typical experimental conditions.

Equation~1! also gives the expected functional depe
dence for absorption as a function of laser power. When
laser is tuned to the peak of a given transition, level deg
eracies andB21 become constants, as do the transit time a
laser spot size, as long as the expansion conditions for
molecular beam and focusing conditions for the laser rem
unchanged. The only remaining parameter in Eq.~1!, the
radiation density, is linearly dependent on laser pow
through Eq.~3!. A measurement of absorption signal as
function of laser power should follow the functional form
Eq. ~1!, asymptotically approaching the signal correspond
to f 2,̀ 5g2 /(g11g2) at high laser power. Figure 7~a! shows
the results of a series of such measurements. Absorptio
measured as mV of signal from our pyroelectric detec
preamplifier combination, and laser power is reported as
of signal from a PbSe photoconductive detector and prea
lifier. The solid lines passing through the data are fits to
functional form:

y5ymax@12exp~2A1~P2A2!#, ~4!

where A2 accounts for small voltage offsets in our las
power measurement electronics andymax is the pyroelectric
n
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signal we would measure if saturation were complete.
treatA1 as an adjustable parameter in our fit of data for
pure methane beam expanding from a nozzle source at
K. That beam is the slowest of those we study, and, sinc
most nearly reaches saturation, it best constrains theA1 pa-
rameter.A1 varies linearly with transit time, so we adjust i
value for differences in transit time and use it as a co
strained parameter in our fits to other saturation data s
Figure 7~b! shows the fits extrapolated to their asympto
limit. The ratio of the maximum measured absorption sig
to ymax gives the fractional extent to which we saturate t
transition,f sat. The product off sat and the degeneracy facto
g2 /(g11g2) is f 2 , the fraction of (v9,J9) molecules excited
from (v9,J9) to (v8,J8).

When we vary the speed of molecules in the molecu
beam, Eq.~1! predicts thatf 2 will vary with transit time. We
test the consistency of our data by measuring the transit-t
dependence of our excitation fractions. We keep the ma
mum laser power, laser focal properties, and optical tra
tion constant, but vary the speed of the methane molecule
the molecular beam by varying the nozzle source temp
ture and seeding conditions. We analyze each pow
dependence curve as described above and obtain a valu
f 2 for each set of beam conditions. Figure 8 shows th
values off 2 plotted versus transit time. We fit these data
the functional form:

y5 f 2,̀ @12exp~2A3t !#. ~5!

FIG. 7. Saturation behavior of the infrared absorption signal and theore
fits to the data.~d!: 100% CH4 expanded from 291 K nozzle;~s!: 100%
CH4 expanded from 751 K nozzle;~n!: 25% CH4 expanded from 289 K
nozzle;~m!: 25% CH4 expanded from 401 K nozzle.
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We constrainf 2,̀ 55/8 for theR(1) transition and treatA3

as an adjustable parameter. The solid line passing thro
the data is the result of our fit.

In order to calculate the total fraction of the beam e
cited, we need only multiplyf 2 by the fractional population
of the (v9,J9) ground state. The ground vibrational sta
population exceeds 96% at a nozzle temperature of 400
Nuclear spin statistics in methane restrict the rotational
laxation of methane in a supersonic molecular beam. If ro
tional relaxation were complete, 9/16 of the populati
would relax intoJ951. In that case, the total fraction of a
methane molecules in the beam that we excite for the R~1!
transition is

f exc5 f v50f 2~9/16!'~9/16! f 2 . ~6!

Figure 8 showsf exc values on the right-hand side axis an
illustrates how we obtain overall excitation fractions for se
eral seeded molecular beams based on their measured v
ties and calculated transit times. Our ability to measure
frared absorption for a variety of rovibrational transitio
allows us to determine experimentally the extent of ro
tional relaxation in the molecular beam. In cases where
tational relaxation is not complete, we simply modify Eq.~6!
to reflect the proper ground state fractional population.
use the fractional excitation measured in this way to cal
late our state-resolved sticking probabilities.

Our room temperature pyroelectric detector provide
relative means of estimating excitation efficiency.28 The de-
tector has a responsivity of 3000 V/W at the 4.1 Hz mod
lation frequency of the infrared light. The responsivity, wh
coupled with the 2003 gain of our preamplifier, yields an
instrument response of 63105 V/W. When exciting the
R(1) transition tov3 in a pure methane beam expanded fro
a room temperature nozzle source, we observe a dete
signal of 200 mV. This signal corresponds to 331027 W of
power deposited at the detector by the laser-excited meth
molecules and would arise if 531012 vibrationally excited
molecules deposited all of their internal energy at the de
tor each second. Given the flux of the pure methane be
the location of the pyroelectric detector along the beamli
and the 2 mm diameter detector area, 1.331015CH4 mol-

FIG. 8. Extent of saturation as a function of transit time. The right-hand s
axis shows total excitation probability, assuming complete rotational re
ation into the lowest levels allowed by nuclear spin symmetries. Tra
times and the corresponding excitation probabilities are shown for three
mixtures expanding from a 400 K nozzle.
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ecules impinge on the detector each second.If energy accom-
modation were complete, our detector signal indicates tha
we excite 0.4% of all methane molecules in the beam. T
estimate should be viewed as a very conservative lo
bound on the fraction of molecules excited, since ene
accommodation is unlikely to be complete. Faubel a
Schlemmer reported excellent agreement between exp
ment and predictions of energy accommodation of a meth
beam on a similar room temperature detector by entirely
glecting the vibrational contribution to methane’s he
capacity.29 Their result is in accord with the general obse
vation that vibrational energy is typically much less eas
transferred upon collision than is rotational or translatio
energy. Thus, we expect that accommodation of the hi
frequency C–H stretching quantum on the lithium tantal
detector surface is rather inefficient. We note that an acc
modation coefficient of 0.016 for vibrational energy wou
bring our estimation of excitation efficiency from our pyro
electric detector into quantitative agreement with the res
summarized in Fig. 8.

IV. REACTION PRODUCT DETECTION

We obtain absolute sticking probabilities by dividing th
number of reaction products, as determined by Auger e
tron spectroscopy, by the integrated flux of reactants impi
ing on the surface. For our studies of methane dissociat
we hold the surface temperature at 475 K during the dos
promote the rapid recombinative desorption of the hydrog
carrier gas in our molecular beam. At that surface tempe
ture, molecularly adsorbed CH4 desorbs very rapidly, the
methyl reaction product dehydrogenates and hydrogen at
recombinatively desorb, but the carbon atom remains bo
to the surface. Therefore, surface-bound carbon is a qua
tative signature of methane’s dissociative chemisorption.
adjust the molecular beam dose time to produce 0.08–0
ML of carbon on the surface and verify that adsorption is
linear function of exposure up to that coverage.

To calculate absolute reaction probabilities, we requ
absolute coverage measurements of the surface–bound
tion products. We use the integrated Auger electron peak
the Ni LMM line as an internal standard and the ratio of t
carbon KLL to the Ni LMM peak integrals as a relativ
measure of carbon coverage. The known, self-limiting sa
ration coverage of ethylene on Ni~100! calibrates our AES
measurements. Figure 9 shows the C/Ni ratios calculated
a series of ethylene doses as a function of dose time.
plateau at a C/Ni ratio of 0.12 corresponds to the 0.50 M
saturation coverage reported by Klinket al.30 We calibrate
our C/Ni ratios to this limiting coverage and report the co
responding fractional coverages on the right-hand side
of Fig. 9. Based on carbon measurements at low covera
we estimate our detection limit for carbon on Ni~100! to be
0.005 ML.

V. APPLICATION TO METHANE DISSOCIATIVE
CHEMISORPTION ON Ni„100…

We illustrate the use of our apparatus with a sta
resolved measurement of methane dissociation on Ni~100!.
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We begin by cleaning the Ni~100! crystal and verifying its
cleanliness with AES. The time-of-flight measurement illu
trated in Fig. 3 verifies that our 2% mixture of methane
hydrogen has a mean translational energy of 63.4 kJ/m
when expanded from a 400 K nozzle source. We tune
infrared laser into resonance with the peak of the meth
transition from (v950, J951) to (v8(n3)51, J852!, the
R(1) transition at 3038.4985 cm21. We use the pyroelectric
detector in the beam path to locate the center of the tra
tion, as illustrated in Fig. 5, adjust the Fabry–Perot e´talon to
a transmission maximum at that frequency, and lock the la
frequency to the reference cavity transmission maximu
We open the timed shutter and allow the molecular beam
impinge on the crystal face for 120 s. The crystal tempe
ture controller maintains the surface temperature at 47
throughout the dose. Once the dose is over, we rotate
crystal to face the hemispherical analyzer, turn on the 3
electron beam, and collect Auger electron spectra of the
bon KLL and nickel LMM lines. We integrate the peaks a
obtain the fractional carbon coverage from the calibrat
curve in Fig. 9. We measure the total flux of the molecu
beam, as described in Sec. II B. Next, we repeat the exp
ment, but without the laser on. This measurement provi
an average sticking probability for the ensemble of therma
excited vibrational states in the molecular beam. We gen
ally measure the sticking probability in this way at least th
times for each set of experimental conditions, and aver
the sticking probabilities to reduce the error in our measu
quantities.

A previous publication describes our data analy
procedure.5 We have shown that the state-resolved stick
probability for the laser excited state is given by

S0
n35

S0
laser on2S0

laser off

f exc
1S0

v50, ~7!

whereS0
laser off is the sticking probability measured with th

laser off, S0
laser on is the sticking probability measured wit

the laser on,f exc is the fraction of molecules excited by th
laser~given by Fig. 8!, andS0

v50 is the sticking probability
for molecules in the vibrational ground state. Typically,S0

v50

FIG. 9. Auger C/Ni ratio as a function of ethylene dose time. The co
sponding carbon coverage, expressed in ML relative to the Ni surface a
density, appears on the right-hand side axis.
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is much less than the first term in Eq.~7!, so it contributes
minimally to the state-resolved sticking probability. For th
conditions of our experiment, we measureS0

laser on58.4
31024, S0

laser off51.731024, and f exc50.12 and estimate
S0

v50'731027 from the model of Holmbladet al.20 We
therefore calculateS0

n3 to be 5.831023 for the n3 v51, J
52 eigenstate at a translational energy of 63.4 kJ/mol.

VI. DISCUSSION

In summary, we have described a new experimental
paratus that combines supersonic molecular beams, ultra
vacuum surface science analytical tools, and optical pump
with a narrow bandwidth infrared laser to measu
eigenstate-resolved sticking probabilities for dissociat
chemisorption. A state-resolved measurement of meth
dissociation on Ni~100! demonstrates our ability to perform
these measurements. This combination of experimental t
provides the highest possible level of control over the int
nal quantum states of the reagents, and also a high leve
control over the reagent’s translational degrees of freed
In addition, the temperature and chemical composition of
surface under study may be specified. The apparatus m
feasible a new generation of highly detailed experiments
can unambiguously reveal the key features that dominate
dynamics of gas-surface reactivity.
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