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A molecular beam apparatus for eigenstate-resolved studies
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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 (@OONi © 2000
American Institute of Physic§S0034-6748)0)00701-7

I. INTRODUCTION distribution present in the thermal sample. In all but the

sparsest of systems ¢H such averaging prevents an unam-
Measuring the reactivity of molecules in selected quaniguous identification of the most reactive coordindtés.

tum states has been a goal of surface scientists for many A number of research groups have coupled a supersonic

years}'z Such studies provide highly detailed data that tesiyolecular beam source with an ultrahigh vacuum surface

theories, reveal the origin of activation barriers t0 gas-gnalysis chamber to eliminate much of the thermal averaging

surface reactivity, and identify the most reactive species in @,or translational degrees of freedom for the incident

thermal distribution of molecules. Despite many attemptsmoleculel.o‘lz(:ooling during the supersonic expansion gen-

quantum-state-resolved results for neutral molecules with @rally results in a significant narrowing of the translational

weII.—Idglfln?d translatllo g‘f’" tenergyfhave Onlté%e;emlﬁ.beiom%nergy and rotational state distribution of molecules incident
avaliable for several diatom-surlace sys ur direc on the surface, but generally does little to alter the thermal
measurements of state-resolved sticking probabilities foaistribution of vibrational states of molecules in the

methane dissociation on (00 are the first such results for | 1314 A\ 4 qditional advantage of the beam-surface ap-

a polyatomic molecule in a beam-surface study, and the)()roach is that it provides independent control over the

represent an |mpor'Fant step tOW"?“d s'tudymg mcreasmgl%hemical composition, structure, and temperature of the sur-
complex system3 This report describes in detail the experi- face, all of which may influence reactivity

mental apparatus we have used to make those measurements. . : :
We have recently built and characterized an experimen-

The energy of a gas-phase reagent can play a major roleI h ds th ility of ional
in direct dissociative chemisorption, where incident mol-1& apparatus that extends the versatility of a conventiona

ecules dissociate and the resulting molecular fragmentSUPersonic molecular beam-surface machine by adding
chemisorb upon impact with a surfabédentifying the mo- e|genst§te-selgct|ve mfra_red ex0|t_at|on of molecul_es in the
lecular motions most efficient at promoting reactivity reveals?®am with @ high resolution, continuous waiesv), single-

the nature of the reaction coordinate in the region of thgnode infrared laser. Infrared excitation prepares a significant
transition state and provides crucial insight into thePOPUlation of gas phase reagent molecules in a single rota-
molecular-level mechanism for the reaction. |dentifyingt|0na| and vibrational quantum state while the supersonic
those coordinates, though, presents a formidable eXperimemolecular beam controls the molecules’ translational energy
tal challenge. The potential energy surface governing th@nd angle of incidence on the surface. Therefore, our ap-
process is characterized by many degrees of freedom th&foach specifies all energetic degrees of freedom in the inci-
include the translational, rotational, and vibrational motiondent molecule as well as the character of its vibrational ex-
of the incident molecule and its orientation and angle ofcitation. Detecting the surface-bound reaction products with
incidence on the surface. Polyatomic reagents have marfuger electron spectroscopy offers a sensitive and direct
(3N-6) vibrational modes, and a particular eigenstate of theorobe of the state-selected molecules’ reactivity.

molecule may involve simultaneous excitation along two or ~ The properties of the infrared light we generate, the su-
more of these coordinates, further increasing the number gfersonic molecular beam, and the molecules we study allow
unigue internal motions available to the incident moleculeus to excite single quantum states selectively. After the ini-

Experiments using thermal samples of molecules provide retial stages of the expansion, the molecules in the beam suffer
action probabilities averaged over the entire internal stateery few collisions, and the natural lifetime for radiative de-
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FIG. 1. Molecular beam-surface
analysis chamber showing the four
vacuum chambers, the source, first dif-
ferential pumping stagé-DC), second
differential pumping stagéSDC), and
main surface analysis chamber. The
drawing is to scale.

cay of vibrational eigenstates exceeds 10'fi§ These two tecting the adsorbed reaction products, this feature mini-
factors result in very sharp absorption profiles for the mol-mizes interference due to adsorption of less reactive, but
ecules in the beam. Rotational cooling in the beam greatlynore abundant molecules that are not excited by the laser.
reduces rotational congestion in the absorption spectrum, and The remainder of this report details our experimental
in diatomic and small polyatomic molecules, the density ofapparatus and its performance. We first describe our beam-
vibrational states is sufficiently low that the transitions wesurface apparatus, including the characterization of our mo-
excite are well resolved. In the absence of overlapping tranlecular beam, which controls the translational energy of mol-
sitions, our high-resolution laser excites molecules to acules incident on the surface. Next, we document the optical
single rovibrational eigenstate with a constant and well-system that creates the ensemble of state-selected molecules
defined vibrational character. Intramolecular vibrational re-and explain how we determine the flux of state-selected mol-
distribution (IVR), in which the vibrational character of the ecules incident on the surface. We then outline our technique
prepared state evolves in time, can only occur when two ofor detecting the reaction products and conclude with an ex-
more eigenstates are coherently excited by the laser radiample of a eigenstate-resolved measurement of methane dis-
tion. Since we excite single eigenstates, the states we prepaseciation on Ni100).
do not exhibit IVR.

In addition to being selective, our approach efficiently
excites many molecules to the target quantum state. The high MOLECULAR BEAM APPARATUS
spectral brightness of the laser source, coupled with the shapg Chamber desian
absorption profile for molecules in the molecular beam, re- " 9
sults in high excitation efficiencies that, under favorable con-  The design of our triply differentially pumped super-
ditions, can approach saturation of the optical transitionsonic molecular beam-surface analysis chamber is based on
Since the cw laser irradiates molecules continuously, thishat of other groupd® but includes additional features to
high excitation efficiency applies to the entire flux of mol- permit the excitation and detection of state-selected mol-
ecules incident on the surface. For experiments such as oumsgules in the beam. Figure 1 depicts the key features of our
where we probe dissociative chemisorption directly by de-apparatus, and Fig. 2 provides critical dimensions along the

SOURCE FC SDC MAIN CHAMBER

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.

McCabe, Juurlink, and Utz

Source First differential Second differential Main
chamber pumping stage pumping stage chamber
Mechanical Alcatel 2063 CP/ Alcatel 2033 CP Alcatel 2033 CP Alcatel 2033 CP
roughing Edwards EH500 (shared with FD¢
pump Roots blower
Diffusion CvC Varian Varian Varian
pump PVMS-1000 VHS-6 VHS-6 VHS-10
Diffusion DC-705 DC-705 DC-705 Santovac-5
pump fluid
Trap None Water-cooled Liquid N, Liquid N,
baffle
Gate valve None 6 in. manual 6 in. pneumatic 10 in. pneumatic
Approximate 5300 L/S 1000 L/s 1000 L/s 2600 L/s
pumping speed
Pressure gauge Tubulated B—A, Tubulated B—A Tubulated B—A, Nude B-A,
W filament ThO, filament ThO, filament ThO, filament
Pressure Varian 842 Varian 842 Varian 844 Varian 845
controller
Base pressure %1078 Torr 3x 1078 Torr 5x 10 ° Torr 8x 10 " Torr
Pressure with 4.5x10 4 Torr 2.5x10 5 Torr 9.1x 10 " Torr 1.7x 10" Torr

beam on

molecular beamline. Table | details the vacuum hardwareapphire window in the first stage admits infrared light into
and operating pressures for each of the four chambers.  the chamber. The cell permits up to ten passes of the laser
The chamber is constructed in three sections: the sourcéght through the molecular beam.
the first differential pumping stage, and the second differen-  The first differential stage also houses an electrome-
tial pumping stage/main chamber. Mating surfaces joiningchanical shuttefVincent Associates VS25S1T.1A timer of
the sections are precision machined to be flat and perpemur own design allows for precisely timed doses ranging
dicular to the beamline. Locating steps on the mating flangefom 10 ms to 999 min. A machined skimmer with a clear
and on the collimating orifices are machined to a tolerance oéperture of 4.24 mm is located on the wall separating the first
25 um and centered to within 2am of the beamline. This and second differential pumping stages and further colli-
design ensures that the collimating orifices separating theates the beam.
four chambers remain precisely aligned, even after repeated A 152.4 mm diameter chopping wheel mounted on the
separation and assembly of the chamber. shaft of a Globe Motor Model 75A1004-2 ac synchronous
Molecules of interest expand into the source chambethree-phase motor intercepts the beam after it enters the sec-
from a 25 um orifice in an Inconel 600 nozzle. Resistive ond differential pumping stage. A home-built motor driver,
heating allows the nozzle temperature to be varied fronwhose drive signal frequency is derived from a highly stable
room temperature to 850 K with a stability ¢f0.5 K. Back-  quartz crystal oscillator, powers the motor. The chopping
ing pressures for the methane/hydrogen mixtures in our cumwheel has four slots located 90° apart. Two 5.08 mm wide
rent studies are typically 370 kPa. Reagent gases are handlshbts are centered at 0° and 180° on the wheel, and two 1.27
in a bakeable stainless steel manifold evacuated by a liquidnm wide slots are centered at 90° and 270°. At its highest
nitrogen trapped diffusion pump. Seeding techniques varyate of revolution(400 Hz, the small slots in the wheel
the translational energy of the methane molecules over provide a gating function of 7.2s duration. For experiments
chemically significant range from 5 to 100 kJ/mole. The su-with an unmodulated beam, a rack and gear mechanism po-
personic beam exits the source chamber via a 1.04 mm dsitions the chopper wheel so the molecular beam passes un-
ameter skimmerfBeam Dynamics, Model )llocated 9.40 impeded through the large slot.
mm downstream from the nozzle orifice. A quadrupole mass spectrome{€yMS) housed in the
After passing through the skimmer, the molecular beammain chamber is centered on the molecular beam axis. This
enters the first differential pumping chamber and passe@MS, in conjunction with a multichannel scaléEG&G
through an optical multipass c¥lwhere we excite a fraction MCS-Plug allows us to obtain time-of-flight spectra and
of the molecules with infrared light. The cell’s orthogonal measure directly the translational energy of the molecules
excitation geometry collapses the inhomogeneous Doppleincident on the surface. An integrated light emitting diode
broadened absorption profile and maximizes the number diLED)/photodiode sensdiQT Optoelectronics H22LOBIn
molecules in the beam that are resonant with the infrarethe second differential chamber is positioned so that the large
light. We use four uncoated Au mirrors, each 5xfin5 cm, chopper wheel slot is centered over the sensor at the same
affixed to kinematic mounts and arranged in a diamond pattime that the small slot is centered on the molecular beam.
tern. Dowel pins and precision locating holes reproduciblyThe photosensor generates a start pulse whenever the leading
position the multipass cell assembly on the face of the chamedgeof the large slot passes the sensor. Since the edges of
ber wall separating the source and first differential stages. Ahe large and small slots differ in their distance from the slot
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TABLE II. Molecular beam size. per crystal support. Sapphire spacers electrically isolate the
, , nickel crystal and its support from the manipulator, but pro-
Beam size at Beam size at . . .
Beam valve aperture size Ni(100) crystal QMS ionizer  Vide thermal contact with the end of the cold finger assem-

bly. The cold finger and crystal support are mounted on a
,\SAZ;'Li'algngm g'gg mnmq ‘1"172 mm manipulator(McAllister Technical Services MA2006with
Large 7.67 mm 11.0 mm 170mm  15.24 cm of verticalz) translation and-1.27 cm of motion
in the x andy directions. A doubly differentially pumped
rotary feedthrougt{McAllister DPRPF provides 360° of ro-

center, the edge of the large slot passes the sensor before figéion about an axis passing through the face of the nickel
edge of the small slot passes the molecular beam. For a typ#ystal. A mechanical pump evacuates the outer seal of the
cal chopper speed of 300 Hz, this effect causes the electronf@tary feedthrough while a 20 L/s ion puniparian 911-
start pulse to precede the leading edge of the gas pulse. Wa930 evacuates the inner seal. Rotating the sample relative
calculate a time shift of 14.5:s based on the tangential to the beam axis varies the angle of incidence of molecules
velocity of the slot at the molecular beam and the differencdmpinging on the surface. Addition of liquid nitrogen to the
in edge-to-center distances for the large and small slots. cryostat cools the crystal to 78 K, or dry ice pellets in the

The second stage also houses a room-temperature pgold finger cool the crystal to 196 K. A home-built
rolectric detector with an integral source follow@&itec 406-  proportional-integral-derivativéP1D) temperature controller
0). The detector is mounted on a linear motion feedthroughiegulates current through a thoriated tungsten filament
and can be translated into the beam path to monitor absorgrounted behind the crystal and controls the surface tempera-
tion of infrared light, or retracted to allow the molecular ture to within+0.5 K. Electron bombardment heating with a
beam to pass through the second stage. Its use will be di€00 V positive bias on the crystal raises the crystal tempera-
cussed further in Sec. Ill. ture to high temperature@p to 1100 K for cleaning and

A sliding beam valve isolates the second differentialannealing. The rear filament can also be used to heat the
chamber from the ultrahigh vacuum surface analysis chamnickel crystal radiatively. A chromel-constantdiiype E)
ber. The valve contains three orifices and an O-ring sealinghermocouple spot welded to the edge of the crystal mea-
mechanism. Translating the beam valve with a linear motiorsures the crystal temperature. An Analog Devices 2B50A
feedthrough allows us to define the beam’s size or isolate thhermocouple signal conditioner provides an electronic ice-
molecular beam source and surface analysis chambers. Takgeint reference, amplifies the thermocouple signal, and elec-
Il summarizes the molecular beam size with each of the thregically isolates the crystal from our data acquisition elec-
apertures, both at the sample surface and at the entrancettonics. Calibration of the thermocouple and detection
the mass spectrometer ionizer assembly. The smallest apestectronics with liquid nitrogen, an ice bath, and boiling
ture produces a beam image that passes freely through tlieionized water confirms that temperature readings are accu-
guadrupole mass spectrometer’s ionizer assembly and is besite to better tha 1 K over this temperature range.
suited for time-of-flight measurements of the molecular ~ We clean the nickel surface with a combination of ion
beam. The medium aperture produces a beam image that $puttering, oxidation, reduction, and annealing. An ion sput-
slightly smaller than the nickel crystal diameter. It ensureger gun (Phi 04-19), whose axis lies 68° off the surface
that molecules in the beam impinge only on the well-normal, produces 500 eV argon ions. We adjust the back-
characterized face of the crystal and not on the crystal edgground pressure of argon in the chamber to provide an ion
or the support assembly. When the large aperture is used, tloeirrent density of 2.A/cm? at the crystal surface. Argon ion
skimmer separating the first and second differential chamsputtering for 3 min is generally sufficient to remove sulfur
bers becomes the limiting orifice. The beam slightly overfillscontamination from the nickel surface. Annealing the crystal
the crystal, ensuring that the entire crystal face is uniformlyfor 15 min at 1100 K restores surface order. We then expose
exposed to the beam. the crystal at room temperature tx1.0™’ Torr of O, for 50

After passing through one of the beam valve aperturess, followed by annealing at 875 K to oxidize and remove
the molecular beam enters the main surface analysis charoarbon contamination. Reduction in<1.0™ © Torr of H, for
ber. This chamber houses the surface under study, an ion gdnmin at 1000 K removes surface-bound oxygen. These
for sample cleaning, an Auger electron spectrometer for verieycles are repeated as necessary to produce a clean surface as
fying surface cleanliness and quantifying reaction productsgetermined by Auger electron spectroscopy.
and a mass spectrometer for residual gas analysis, molecular An electron gun-hemispherical electron energy analyzer
beam characterization, and temperature programmed desomgembination (VG Microtech LEG-63/VG-100AX, makes
tion measurements. The main chamber also has two bakéwuger electron spectroscopy measurements. The included
able, variable leak valve@/arian 951-510pto admit gases angle between the electron gun and the electron energy ana-
required for crystal cleaning, dosing, or molecular beam fludyzer is 60°, and we position the crystal so that its surface
calibration. A more detailed description of the chamber'snormal is oriented toward the electron energy analyzer.
contents follows. Three Helmholtz coils null magnetic fields in the vicinity of

A 1 cm diameter nickel single crystal oriented to within the sample. A channel electron multiplier/preamplifier/
0.1° of the(100 face(FOM Surface Preparation Laboratpry discriminator combination counts electrons passing through
is mounted on the end of a cold fing@cAllister Technical the hemispherical analyzer. Setting the electron gun emission
Services LN2-Hatby means of a custom-built OFHC cop- to 10 pA yields a 20 nA electron beam with a 1-mm-
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ML L I AL they have very narrow translational energy distributions
(AE/E of less than 5% after deconvolution of the beam
modulation functioi This narrow distribution results in our
experimentally determined sticking probabilities being aver-
I ] aged over a very narrow range of translational energies.
1or ] Many of the activated dissociative chemisorption reac-
tions we study have reaction probabilities ranging from310

i , ] to 10 6. These low reaction probabilities preclude our using
51 4 the method of King and Weft& for measuring reaction prob-

[ 1 abilities. Instead, we obtain absolute reaction probabilities by
dividing the surface coverage of reaction products by the
ok integrated flux of r_eagents impinging on th_e surface during

PSR PSRV SRRV RS ES R the dose. To obtain the flux of reagents in the molecular
0 50 100 150 200 250 300
A ) beam, we use our quadrupole mass spectrometer to measure
ight Time, psec . .

the steady-state partial pressure of the reagent while the
FIG. 3. Example of a time-of-flight spectrum for 2% Gk H, expanding beam is running. We then multiply that pressure by the ex-
from a 400 K no_zzl_e source. The points are the expel_'imentally me_asuregerimenta”y determined pumping speed for that species. We
gata and the solid Ilne_ls a fit to the data_. The translational energy is 63. etermine the flux in this way for each gas mixture, nozzle

J/mol and the translational temperature is 10 K. .

temperature, and backing pressure that we use.

To measure the steady-state partial pressure, we first di-
the molecular beam onto the inert rear surface of our
crystal mount and tune the QMS to monitor the species of
interest. We record the ion count rate and close the beam
valve to isolate the main chamber. We then leak in the pure

4 d i : lecular b s of interest, with the mass spectrometer running, until we
programmed - desorption - measurements, molecuiar bealfy»in 4 jon count rate identical to that with the molecular
characterization, and beam flux measurement. We hay

dified th i ter t it oul tina d leam on. We turn off the mass spectrometer, record the pres-
{not_l N ” € maAS;r?.?eC g”?"'e ?fr. ?\Ap%rnlwgggsse-coun :r;g /es'ure of the pure gas with the ionization gauge, and correct for
ection otions. 1ps Scientific Viodel Preamplilier’ o ative ionization efficiencies to obtain the steady-state par-
discriminator converts detector pulses into TTL pulses for,

our prescaler and computer-based counter bard tial pressure,
urp pu u : We also use our mass spectrometer to measure the

pumping speed for the reagent. We admit a continuous mo-

B. Molecular beam characterization lecular beam to the chamber and monitor the partial pressure

Time-of-flight (TOF) measurements characterize the dis-Of the reagent with the QMS. We then interrupt the molecu-
tribution of velocities in our supersonic molecular besim. lar beam with the beam shutter and follow the decay in the
Figure 2 shows that the distance between the chopper and tR@rtial pressure of the species with our mass spectrometer
center of the mass spectrometer ionizer is 50.01 cm. wand multichannel scaler. Fitting the decay to a single expo-
record time-of-flight spectra with our multichannel scaler us-n€ntial decay yields a time constant for pumping the reagent.
ing a 2 us dwell time per channel. We sum 10000 or moreWe multiply the reciprocal of this time constant by the ex-
passes to obtain a high signal-to-noise ratio and operate ofefimentally determined volume of our cham(g$.4 L) to
mass spectrometer with an electron energy of 70 eV, an ioR@lculate the pumping speed. Our measured value of 2400
energy of 15 eV, and an emission current of 1 mA. Figure 3-/S fc_)r CH, is consistent with our prephcuons based on the
shows a typical spectrum for a 2% methane in hydrogen gagPecified pumping speed of the diffusion pump and the con-
mixture expanding from a 400 K nozzle source. We correcfluctance of the gate valve and liquid nitrogen cold trap.
the flight-time spectrum for the mass-dependent ion flighfluxes measured for our beams in this way range from
time and the 14.5us lead time associated with our (2:5t010.7)<10* CH, moleculesien? s) at the surface, de-
photosensor-generated start pulse to obtain a true flight tim@ending on the gas mixture and nozzle temperature.
from chopper to ionizer. A nonlinear least-squares algorithm
fits the flight time distribution to Eq1) of Ref. 20, with the "oy a| EXCITATION AND INTERNAL ENERGY
modification that we numerically convolute that flight time CONTROL
distribution, which applies to a delta function in chopping,
with the modulation function for our chopper wheel at the Infrared light from a high resolution, tunable laser
appropriate chopper speed. We have tested our analysis prorosses the molecular beam at a right angle and prepares an
cedure on an Ar expansion from a room temperature nozzlensemble of excited molecules whose gas-surface reactivity
and find that the argon achieves over 99% of the translationahay be studied® Two broadening mechanisms affect our
energy predicted for an ideal expansion. The solid line passability to excite a known fraction of the molecules impinging
ing through the data in Fig. 3 is the result of such a fit for aon the crystal surfac¥.Doppler broadening results in a shift
seeded beam of methane in hydrogen. We find that our mettin a molecule’s absorption frequency that is proportional to
ane beams are also nearly ideal in their expansion and th#s velocity component along the laser propagation direction.

15x10° | g

Counts

diameter spot at the crystal and results in a 1.5 MHz counf, 4
rate at the 848 eV Ni LMM peak. Section V details our use
of the spectrometer to quantify reaction products.

A quadrupole mass spectrometefTI-1000) located on
the beam axis performs residual gas analysis, temperatu
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We use an orthogonal excitation geometry so that the mol-
ecules’ velocity along the flow axis does not contribute to Krt
Doppler broadening of the infrared transition. Still, the an-

gular divergence of the molecular beam results in a small
amount of Doppler broadening transverse to the molecular
beam flow axis. This broadening is dramatically reduced

relative to a room temperature sample, but it is significant -

compared to the 1 MHz bandwidth of our infrared laser.

Doppler broadening is an inhomogeneous broadening 6 ¢

mechanism; if we tuned our laser through an absorption pro- = 0 (‘:’;’j:;‘n‘ggr
file dominated by Doppler broadening, different velocity (D50

subsets of molecules in the beam would be excited at each 1MC
wavelength. A second broadening mechanism also affects A-meter ﬁw" P

the absorbers in our experiment. Molecules in the molecular FoL

beam travel at a high speed and pass through the laser exci- @ 4 c2 -
tation volume in a short time. The finite time each spends in _@—r} .

the laser radiation field results in a homogeneous broadening Ni(100)

of its absorption profile due to transit-time broadening. Dop- _ _ _ _
pler and transit-time broadening play an important role in oufF!G- 4. c‘?_p“cfi' 'ayOLIJt- '-'ghtt ff?m G?C*gy?\;‘_’” '0”( 'afzr (K{ ex‘f't)ses g_‘e

. ain medium In a color center lasl . Irrors (solia rectanglesreadl-
experiments. When we tun.e our I.aser to the center Qf th ect the beam, while beam splittefepen rectanglgstypically reflect
Doppler-broadened absorption profile, the laser can excite allos—29 of the light to laser diagnostic equipment. A wave méteneted,
molecules whose transverse velocities fall within a narrowspectrum analyzetSA), and vacuum-jacketed Fabry—Perdtlen (FP)
range that is determined by the homogeneously broadenéﬁaractenze the infrared laser output. A removable mifiRv) directs the _
. . .. . . infrared laser into the wave meter. D1 monitors the laser power at the dither
linewidth. Under the. .condltlons of our eXp_e”ment* this ran(%]efrequency of the intracavitytalon, D2 monitors transmission through a
of transverse velocities maps onto a spatially resolved strip@om-temperature gas caGC), and D5 monitors laser power. Choppers
on our Ni100) crystal surface. We plan to discuss this ap-(C1 and C2modulate the beam for phase-sensitive detection. C2 intercepts

s . . . : e laser for absorption measurements in the molecular beam, but is re-
plication of broadening mechanisms in laser-assisted Surfaér%oved when we pump molecules for surface reactivity measurements. A

chemistry in a subsequent pUblicati@fFor now, it is suffi-  periscopep, directs the beam into the molecular beam chamber and rotates
cient to note that all molecules in the correct ground rota+the laser's polarization from horizontal to vertical. The light enters the mul-

tional and vibrational state and impinging on the crystal cenliPass cell(MC), and a pyroelectric bolometer in the second stége)
ter can be excited by the infrared laser. monitors absorption in the molecular beam.
The remainder of this section describes the experimental
hardware we use to excite molecules in the beam and ex- .
plains how we quantify the flux of vibrationally excited mol- mode output has a spectral bandwidth of less than 1 MHz

— 78 . . . .
ecules impinging on the KL0O) surface. The laser system (Av/v=10"°). For the studies of5 excitation in methane

that generates infrared light and the diagnostic hardware ngscussed in Sec. V, we generate about 3 mW of infrared

use to characterize its operation are described in Sec. Il I!ght E_lt a -Wavelength _Of 3'29L_m‘ A portion of the mfr_a.tred_

In order to extract absolute, state-resolved reaction probabil ight is directed to dlagqostlc gnd_frequency stabilization
ties from our data, we must be sure that our optical pumpiné;)ardware, and the remainder is dlrec_ted_ to the molecular
scheme excites a constant and reproducible fraction of mo Deam chamb.er for state-selective excitation of the reagent
ecules in the molecular beam for the entire duration of ouMolecules. Figure 4 shows the key features of the optical
measurement. We use several tools to verify and quantifgyStem- _ _

infrared absorption by molecules in the molecular beam, and ~ Piagnostic equipment monitors laser performance and
these tools are described in Sec. IlIB. Additional 0|0tica|3|mplllf.|es tun-mg the laser into resopance with the absorption
hardware and a computer-controlled feedback system are rff@nsition of interest. A custom-built 7.5 GHz free spectral
quired to stabilize the laser’s output wavelength and mainfange spectrum analyzer_monltors the laser mode structure
tain a constant level of excitation throughout our measure@nd allows us to verify single mode output. A wavemeter
ment. Our system for actively stabilizing the laser output(Burleigh WA-20IR reads the vacuum wavenumber of the
frequency is described in Sec. Ill C. We describe our procelight to the nearest 0.01 cm and guides our tuning of the
dure for determining the absolute flux of state-selected mollaser. It also allows us to verify the identity of the transition

ecules |mp|ng|ng on the moo) surface in Sec. I D. we excite. A 150 MHz free SpeCtral range Fabl’y—Pétat e
lon (Burleigh CFT-500IR is temperature stabilized and

housed in a vacuum jacket. It provides a high-resolution di-
An infrared laser provides quantum state selectivity inagnostic of laser mode structure and also serves as a refer-

our experiments. A krypton ion lasé€oherent Innova 400- ence cavity for our frequency stabilization scheme. Commer-

K3) operating on the 647.1 nm line excites a color centercially available (Burleigh RC-912 and home-built high

laser(Burleigh FCL-20. The color center laser is a continu- voltage amplifiers and ramp generaférdrive tuning ele-

ous wave(cw) source of highly monochromatic infrared ments in the spectrum analyzer, Fabry—Pétalom, and the

light continuously tunable from 2.3 to 3.8m. Its single color center laser. A surface-absorbing calorimeter and read-

A. Infrared laser and diagnostic hardware
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out unit (Scientech Models 36-0001 and 365, respectively T ' R
measure laser power. a)

B. Detecting infrared excitation _ ow

A small glass cell filled with a low pressure of the re-
agent gad(typically 1 Torr for methanghelps us quickly
locate infrared transitions. An optical choppBalo Alto Re-
search Model 300modulates the portion of the laser light J I ] ‘
that is directed through the cell, and a PbSe detector, custom- 9 [ ' ' '
built preamplifier, and lock-in amplifie€SRS Model 53D v
quantify transmission. The magnitude of the transmission 503849 303850 303851
signal near an absorption feature changes significantly if the Infrared Laser Vacuum Wavenumber (cm™)
color center laser suddenly shifts to a different longitudinal
mode. L is a convenient diagnostic for identiying mode i, 5, Asomn ST ele APl e e
hopg. As we tune the _outpgt of _the. color center laser, the,, throﬁgh Fabwp_Pemt referendalon. 19
gradient of the absorption signal indicates whether the laser
is being tuned toward or away from the absorption maxi-
mum.

While the low-pressure absorption cell is helpful for lo-
cating infrared transitions, observing absorption in the cel
does not ensure optical resonance with narrow absorptio
profile for molecules in the molecular beam. To ensure tha
we are exciting molecules in the molecular beam, we use a The narrow bandwidth of the laser system and the nar-
room-temperature pyroelectric detector inside the second diffow absorption profile of the molecules in the beam permit
ferential pumping chamber to measure infrared absorptioselective and efficient excitation of molecules in the beam,
directly. When we wish to measure or verify absorption, webut they also present experimental challenges. Without ac-
translate the detector into the beam, where molecules intive stabilization, the frequency of the infrared light will
pinge on its surface. quickly drift out of resonance with the sharp absorption tran-

The pyroelectric detector responds to temperaturesition in the molecular beam, resulting in no excitation at all.
changesand we exploit this feature to measure infrared ab-n order to maintain resonance with the absorption transition,
sorption by molecules in the molecular beam. An unmoduwe actively stabilize two tuning elements in the color center
lated molecular beam impinging on the detector surface edaser. The first, an intracavitytaon, suppresses spurious
tablishes a steady-state temperature that results in miniméngitudinal modes in the laser cavity and helps maintain
detector signal. To detect infrared absorption, we modulatsingle mode output. Its spacing can drift, resulting in mode
the infrared light at 4.1 Hz with a mechanical chopfldMS  and power instability. The second, the laser cavity end mir-
221). If the light is not resonant with an infrared absorption ror, determines cavity length and sets the output frequency of
transition, the laser deposits no additional energy into thehe laser. Temperature and pressure fluctuations can alter the
molecular beam. If molecules in the beam absorb light, aavity’s optical path length and lead to output frequency
fraction of them can transfer their newly acquired internaldrift. A computer-controlled servo loop continuously adjusts
energy to the detector, raise its temperature, and producel®th of these tuning elements to maintain stable output fre-
detector response. A lock-in amplifiéBRS 530 monitors  quency, mode structure, and povier.
detector response at the laser modulation frequency and pro- We lock the intracavity &lon to its transmission maxi-
vides an output proportional to the absorption signal. Scanmum. A simple op-amp circuit sums the output of a 12-bit
ning the laser while monitoring the lock-in amplifier output computer-controlled D/A converter and a small sinusoidal
results in an absorption spectrum of molecules in the beandither voltage and drives the external input of thele@n’s
Figures %a) and 3b) show signals from our low pressure piezoelectric drivekBurleigh RC-9). A PbSe photoconduc-
absorption cell and the pyroelectric detector, respectively, asve detector with a home-built preamplifier monitors light
the laser is scanned through an absorption resonance with toeitput of the laser, and a lock-in amplifi¢btanford Re-

R(1) transition to thev, vibrational state in methane. Dop- search Systems 5Bfneasures the derivative signal resulting
pler broadening dominates the linewidth in room temperaturérom our modulation of the'talon spacing. A LabView-
cell, while both transit time and Doppler broadening contrib-based computer program reads the lock-in amplifier output
ute to the linewidth observed in the beam. and updates the D/A converter output to keep thaloa

The 2 mm active area of the Eltec detector intercepts &entered at the zero crossing of the derivative signal, at
solid angle of the molecular beam centered on the beam axtbe peak of its transmission
and smaller than that of the medium beam valve hole. Thus, In order to measure low reaction probabilities, many of
the detector measures infrared absorption only for moleculesur experiments require the infrared laser to remain in reso-
that would impinge on the NLOO) crystal were the detector nance with the reagent’'s absorption feature for an hour or
removed from the beam path. Conversely, when we measutenger. Verifying infrared absorption with our pyroelectric

e

Signal, Arbitrary Units

absorption, we can be confident that upon translating the
detector out of the beam path, a flux of state-selected mol-
Iecules will impinge on the surface under study.

?. Laser frequency stabilization
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[u]
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] to the selected excited statg’(J’), we first calculate the

o . A fraction of molecules in the molecular beam that are in the
] (v",J") quantum state. Next, we calculate the fraction of
those molecules that are excited by the infrared light. Finally,
we multiply the product of those two fractions by the total
flux of reagent molecules to obtain the absolute flux of state-
selected molecules impinging on the surface. Section IIB
describes our procedure for measuring the total flux, and this
section describes how we determine the fraction of mol-
ecules excited.

We measure the fraction of ground stat€’,g"”) mol-
ecules excited by infrared light, and then corroborate our
bt L measurement with two independent calculations of excitation

0 10 Xime (ﬁ%nutes)‘“’ 50 60 efficiency. For our measurement, we rely on the nonlinear
increase in infrared absorption as a function of laser power.

FIG. 6. Performance of the frequency stabilization system. The pyroelectrid=itting this dependence to its known functional form results
detector signgl_ is shown as a function of time while the system is locked tqn an absolute measure of excitation efficiency. We calculate
the RL) transition tovs, v=1. absolute excitation efficiencies using literature values for the

) infrared transition moment and our measured laser beam
detector blocks the molecular beam from entering the ultrapswer, bandwidth, and spot size. Finally, we use the known

high vacuum chamber and precludes our monitoring absorsyroelectric detector and preamplifier sensitivity to calculate
tion during a dose. Instead, we lock the laser frequency 10 ghe amount of energy transferred to the detector by the laser-
vacuum jacketed and temperature stabilized Fabry—Perel ited molecules. The energy accommodation coefficient
etalon that we use as a frequency reference. We tune they yransferring a high-energy vibrational quantum in the in-
laser into resonance with the absorption transition of interestijent molecule to the room temperature detector is not
and then adjust the Fabry-Perot cavity length to produce gnown. In the absence of a quantitative measure of energy

transmission fringe at the frequency of the transition. Weyccommodation, this final approach provides a relative esti-
then apply a small<1 MHz) dither to the output frequency e of excitation efficiency.

using the cavity end mirror's piezoelectric tuning element o g transitions we excite, the number of photons
and monitor the derivative signal for transmission throughcyossing the molecular beam exceeds the number of potential
the Fabry—Perot cavity with a lock-in amplifier. A computer- apsorhers in the beam by a factor of 20 or more. Under these
controlled servo loop analogous to that used to track thegngitions, optical excitation can deplete the population in

P3 [23
(=] (=]
TTT T
I 1

Pyroelectric Detector Signal, mV
N
T
1

laser’s intracavity &lon monitors the lock-in amplifier out-  he transition ground state sufficiently to cause absorption to
put and tunes the cavity end mirror to maintain optimumgeyiate from a linear function of incident laser power. Equa-
transmission through the Fabry—Perot reference cavity. Figgqo, (1) predicts the fractiont,, of the molecules in\(",J")
ure 5c) shows the derivative of the Fabry—Perot transmis-gycited to ¢',3') by the infrared Iight'L.3
sion signal for a typical scan. Note that the Fabry—Perot
cavity length has been adjusted so that the zero crossing of
one of the transmission fringes corresponds to the maximum 9 9:+0
of the infrared absorption signal. f2_g +g [1—6X[{—p821( g t“ @
1 2 1
This procedure results in excellent long-term stability.
Figure 6 is a plot of methane absorption signal for tH&)R .
transition to thev; C—H stretching state, measured with our H_erg,gl andg, are theldggeng_rac_:lesdof th_e grouhnd and ex:
pyroelectric detector, as a function of time. The rms fluctua-;gi fgafjeesrgcreépe?;'vtﬁg'Eiézte'ﬁ;"%n coeer}zge?: ;O? gﬁ:i'
tions in the absorption signal, which arise from frequencyIated e%issioz’ efrlldis the time that the molecule spends in
and amplitude drift as well as nozzle backing pressure fluc- LT L Pena:
tuations, are less than 0.3% of the absorption signal over € c?herenlt ra?latl_on Eeld. l? oulr exg)erlment?l th(:]transr:t h
period of 60 min. In addition, the excitation efficiency de- Ilme or molecu esl In t elfmho elcu ar ‘3‘?‘”‘. o . yt rougf t le
creases by only 1% during the same time interval. This per-ase.r excitation volume. . .t e laser radiation is not perfectly
formance ensures that flux of vibrationally excited moleculescon'mated’t must be modlflgd to account fqr the cgrvature of
remains constant during our measurements of their reacti he constant phase fronts in the laser radiation field. Thus,
ity. depends on the kinetic energy of the absorbers in the beam
and on the extent of collimation of the laser be¥m.

D. Quantifying excitation efficiency _Since all quantities in Eq1) are known, or can be_ ex-

' perimentally measured, we can calculégefor a given in-

To quantify reaction probabilities for state-selected mol-frared transition. Herzberg gives degeneracies for a spherical
ecules, we must know the absolute flux of state selected motep molecul® and we calculateB,; from the squared,
ecules impinging on the surface. We obtain that quantity inveighted transition moment$i,, tabulated in thedITRAN
three steps. Since the infrared transition excites moleculesatabasé’ Equation(2) givesB,; in m¥/(J €) whenfi,, is in
from a single rotational and vibrational ground staté&,(") D2 and Planck’s constanh, has units ofJ 9:
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83 200 T T T
T %mux 1074, 2 E
150
For theR(1) transition that we excite in Fig. $3%;,=4.92 I
X 10 3D? and B,;=5.6x 10**m%(J &). The radiation den-
sity, in units of J/MHz), is given by Eq(3), and depends on
the laser powerP, the laser beam diametet, and the laser
bandwidth,Av:

B 4P
P rcd?Ay ®)

100}

sof

For typical experimental conditions, we calculate a radiation

density of 7.0¢10" *2J(m*Hz) based on 2 mW of laser

power with an optical bandwidth of 1 MHz in a 1.1 mm

diameter spot. For a perfectly collimated lagegs the beam

diameter divided by the molecular velocity. A beam of pure :

methane expanding from a room temperature nozzle has a 100f

velocity of about 1000 m/s, so=1.1 us for the limiting case

of a collimated laser beam. For a diverging or converging

laser beam, that quantity is modified by the multiplicative T ST e o0

factor 1] 1+ (7w?/R\)?], whereR s the radius of curvature Laser Power Detector Signal (mV)

for the constant phase fronts of the laser radiatiens the

laser beam waist at the molecular beam crossing)\asdhe FIG. 7. Saturation behavior of the infrared absorption signal and theoretical
6 - _ _fits to the data(®): 100% CH, expanded from 291 K nozzlg¢D): 100%

wa\_/elengthl. We estimate th‘f"R 0.2m, bas.ed on the lo CH, expanded from 751 K nozzlé/\): 25% CH, expanded from 289 K

cation of the focal_ spot r(_alatlve to the multipass ceI_I,. SO Bnozzle:(A): 25% CH, expanded from 401 K nozzle.

more accurate estimate yieltls 0.45us. For the transition

depicted in Fig. 5g; andg, are 3 and 5, respectively, so a

single laser-molecular beam crossing excites 23% oWthe  gigna we would measure if saturation were complete. We

=0,J"=1 population tovs, v'=1,J'=2. Additional laser- o 4 a5 an adjustable parameter in our fit of data for the
beam crossings in the multipass cell increase the experimen-

tally realized excitation efficiency beyond this calculated """ methane beam expanding from a nozzle source at 291

value, althouglf, for subsequent passes is reduced sharpl3|/<' That beam is the slowest of those we study, and, since it

by divergence of the laser beam. While the exact values of?0St nearly reaches saturation, it best constrains\thpa-

the laser spot size arRlmay vary slightly from these values fameterA, varies linearly with transit time, so we adjust its

depending on the details of our optical layout, this calculavalue for differences in transit time and use it as a con-

tion shows that we can excite a significant fraction of groundstrained parameter in our fits to other saturation data sets.

state molecules under typical experimental conditions. Figure 1b) shows the fits extrapolated to their asymptotic
Equation(1) also gives the expected functional depen-jimit. The ratio of the maximum measured absorption signal

dence for absorption as a function of laser power. When the, Yimax gives the fractional extent to which we saturate the

laser is tuned to the peak of a given transition, level degengansition, f,,. The product of s, .and the degeneracy factor
eracies andB,; become constants, as do the transit time an ,1(g1+gs) is f,, the fraction of ¢”,3”) molecules excited

laser spot size, as long as the expansion conditions for th y o ;1

. - .from (v",J") to (v',J").
molecular beam and focusing conditions for the laser remain .
unchanged. The only remaining parameter in EXY), the When we vary the speed. of mole'cules |n.th.e molecular
radiation density, is linearly dependent on laser powelP®aM, Eq(l) predicts thaf, will vary with transit time. We
through Eq.(3). A measurement of absorption signal as atest the consistency of our data by measuring the transit-time
function of laser power should follow the functional form of dependence of our excitation fractions. We keep the maxi-
Eqg. (1), asymptotically approaching the signal correspondingnum laser power, laser focal properties, and optical transi-
to f,..=0,/(9:+0,) at high laser power. Figure& shows  tion constant, but vary the speed of the methane molecules in
the results of a series of such measurements. Absorption iae molecular beam by varying the nozzle source tempera-
measured as mV of signal from our pyroelectric detectorkyre and seeding conditions. We analyze each power-
preamplifier combination, and laser power is reported as MVjgpendence curve as described above and obtain a value of
of signal from a PbSe photoconductive detector and preamgr2 for each set of beam conditions. Figure 8 shows these

I|f|er..The solid lines passing through the data are fits to th(?/alues off, plotted versus transit time. We fit these data to
functional form: )
the functional form:

Y=Ymall—exp—A(P—Ay], (4)

where A, accounts for small voltage offsets in our laser
power measurement electronics angl, is the pyroelectric y="T,.[1—exp —Ast)]. (5)

Pyroelectric Detector Signal (mV)

200F

150F
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06T BN SRR RO LR RRERS R 7 0.35 ecules impinge on the detector each sectirehergy accom-

; / 0.30 modation were completeour detector signal indicates that
0.51 e = ] we excite 0.4% of all methane molecules in the beam. This
045_”' / — ’ 1025 estimate should be viewed as a very conservative lower

ek N - 10.20 bound on the fraction of molecules excited, since energy
“o3f * 25% Gy ] forc accommodation is unlikely to be complete. Faubel and

; - B q 013 Schlemmer reported excellent agreement between experi-
0-2:— - = o 3010 ment and predictions of energy accommodation of a methane
o1b / el ] 005 beam on a simillar room temper.atu.re detector by entirely ne-

‘ , ] glecting the vibrational contribution to methane’'s heat
0.0 8-l ‘2""""‘4""'""G""""'é"'-'-'--;00.00 cap_acityz.9 Their result is in accord with the general obser-

Transit time, ps vation that vibrational energy is typically much less easily

transferred upon collision than is rotational or translational
FIG. 8. Extent of saturation as a function of transit time. The right-hand sideenergy. Thus, we expect that accommodation of the high-
axis shows total excitation probability, assuming complete rotational relax~frequency C—H Stretching guantum on the lithium tantalate
ation into the lowest levels allowed by nuclear spin symmetries. Transit . . . .
times and the corresponding excitation probabilities are shown for three gad€tector surface is rather inefficient. We note that an accom-
mixtures expanding from a 400 K nozzle. modation coefficient of 0.016 for vibrational energy would

bring our estimation of excitation efficiency from our pyro-
We constrainf,..=5/8 for theR(1) transition and treaf, electric detector into quantitative agreement with the results
as an adjustable parameter. The solid line passing througtfmmarized in Fig. 8.

the data is the result of our fit.
In order to calculate the total fraction of the beam ex-1V. REACTION PRODUCT DETECTION

cited, we”ne”ed only multiply, by the fractional population We obtain absolute sticking probabilities by dividing the
of the (v",J") ground state. The ground vibrational state n,nper of reaction products, as determined by Auger elec-

population exceeds 96% at a nozzle temperature of 400 Kyqn gpectroscopy, by the integrated flux of reactants imping-

Nuclear spin statistics in methane restrict the rotational "€ng on the surface. For our studies of methane dissociation,

laxation of methane in a supersonic molecular beam. If rotage po|d the surface temperature at 475 K during the dose to
tional relaxation were complete, 9/16 of the population, omote the rapid recombinative desorption of the hydrogen
would relax intoJ”=1. In that case, the total fraction of all ¢4 jer gas in our molecular beam. At that surface tempera-
methane molecules in the beam that we excite for B R e molecularly adsorbed GHiesorbs very rapidly, the
transition Is methyl reaction product dehydrogenates and hydrogen atoms
foxe=Ty—of2(9/16)~(9/16)f,. (6) recombinatively desorb, but the carbon atom remains bound
to the surface. Therefore, surface-bound carbon is a quanti-
tative signature of methane’s dissociative chemisorption. We
adjust the molecular beam dose time to produce 0.08-0.10
RAL of carbon on the surface and verify that adsorption is a

Figure 8 showd . values on the right-hand side axis and
illustrates how we obtain overall excitation fractions for sev-
eral seeded molecular beams based on their measured velo
ties and calculated transit times. Our ability to measure in

frared ab tion f ietv of rovibrational t i Tinear function of exposure up to that coverage.
rared absorption for a variely ol rovibrational transiions To calculate absolute reaction probabilities, we require
allows us to determine experimentally the extent of rota-

tional relaxation in th lecular b | h absolute coverage measurements of the surface—bound reac-
lonal refaxation In the molecular beam. In cases WNere rog, products. We use the integrated Auger electron peak for
tational relaxation is not complete, we simply modify Eg).

. . the Ni LMM line as an internal standard and the ratio of the
to reflect the_ proper g_roqnd state fractl_onal_populatlon. Wei:arbon KLL to the Ni LMM peak integrals as a relative
luste the frta(t:tlonal :axi;tail_ork]_ measubreg_lT this way 1o calcUi,easyre of carbon coverage. The known, self-limiting satu-
ate our state-resoived sticking probabilities. ration coverage of ethylene on (MDO calibrates our AES

| tQur room terfnpetr_atu:g pyrogtle:%trlc ife_t(_ecr%%r [Zr)]rO\(/deeS easurements. Figure 9 shows the C/Ni ratios calculated for
relative means of estimating excitation efficieritythe de- a series of ethylene doses as a function of dose time. The

lteqtorfhas a resp?nﬁlv[tyf of SS?OhV/\_II_\Ihat the 4'1, HZ mc:1du'plateau at a C/Ni ratio of 0.12 corresponds to the 0.50 ML
ation frequency of the infrared light. The responsivity, whenga,ration coverage reported by Klimk al3® We calibrate

.COL:pled V\{'th the 208 gf"";glgf; \C;;J\/rvpra??pllfler, '%{leldsthan our C/Ni ratios to this limiting coverage and report the cor-
gslrutmen _t_rest)ons_e 0 h ' b en exci mg q fe responding fractional coverages on the right-hand side axis
(1) transition tov; in a pure methane beam expande rom Fig. 9. Based on carbon measurements at low coverages,

a room temperature nozzle source, we observe a detectw . . oo
. L e estimate our detection limit for carbon on(N)O) to be
signal of 200 mV. This signal corresponds tx 30’ W of 0.005 ML (200

power deposited at the detector by the laser-excited methane

molecules and would arise if¥610'? vibrationally excited
V. APPLICATION TO METHANE DISSOCIATIVE

molecules deposited all of their internal energy at the detec: .
tor each second. Given the flux of the pure methane bearnC,HE'VHS'ORPTIO'\I ON Ni(100)
the location of the pyroelectric detector along the beamline, We illustrate the use of our apparatus with a state-

and the 2 mm diameter detector area,x11®'°CH, mol- resolved measurement of methane dissociation dadg).
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Qg frTT T I IIITT I ITTTY 0.5 is much less than the first term in E), so it contributes
" oo ° minimally to the state-resolved sticking probability. For the
010F o 1oa conditions of our experiment, we measug§s®" °=8.4
= 3 i 8 X104, S of=1 7x 1074, and fo=0.12 and estimate
Jooef 8 ] § Sy "=7x1077 from the model of Holmblacet al*® We
5 ¢° 708 o  therefore calculats;? to be 5.8<10°° for the v3 v=1,J
= 0. 1 3 =2 eigenstate at a translational energy of 63.4 kJ/mol.
1) E o joz g
0.04 E_: _f o
Fo ] = VI. DISCUSSION
0.02 Fo ER
ce 3 In summary, we have described a new experimental ap-
0.00 'f.....- 0.0 paratus that combines supersonic molecular beams, ultrahigh
0 20 40 60 80 100 vacuum surface science analytical tools, and optical pumping
Dose time, sec with a narrow bandwidth infrared laser to measure

FG. 9. A CINi rati function of ethviene dose fime. Th eigenstate-resolved sticking probabilities for dissociative

. 9. Auger I ratio as a runction ofr etnylene dose time. e corre- . . _

sponding carbon coverage, expressed in ML relative to the Ni surface atorﬁhemlsor_ptlon' A, state-resolved measurem,ent of methane

density, appears on the right-hand side axis. dissociation on Nil0O demonstrates our ability to perform
these measurements. This combination of experimental tools

We begin by cleaning the Ki00) crystal and verifying its provides the highest possible level of control over the inter-

; . . . ) | f th I high level of
cleanliness with AES. The time-of-flight measurement |IIus-na quantum states of t ,e reagent;, and aiso a high level o
—control over the reagent’s translational degrees of freedom.

trated in Fig. 3 verifies that our 2% mixture of methane in . . .

. In addition, the temperature and chemical composition of the
hydrogen has a mean translational energy of 63.4 I(‘J/mOIgurface under study may be specified. The apparatus makes
when expanded from a 400 K nozzle source. We tune ou y may P ) PP

infrared laser into resonance with the peak of the methan]éeaSIbIe a new generation of highly detailed experiments that

o Ccan unambiguously reveal the key features that dominate the
transition from (=0, J"=1) 10 (v'(v5)=1, J'=2), the dynamics ofggas-sﬁrface reactivity
R(1) transition at 3038.4985 cmh. We use the pyroelectric y Y
detector in the beam path to locate the center of the transi-
tion, as illustrated in Fig. 5, adjust the Fabry—Petal@n to  ACKNOWLEDGMENT
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