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Abstract. The experimental apparatus for investigating the gas-surface interaction has been newly devel-
oped. The coherent length of the helium, the energy resolution and the angular spread of the beam in the
apparatus were established as ω = 16 nm, ∆E/E = 2.4% and ∆θ = 0.5◦, respectively, through the mea-
surements of the time-of-flight of He beam and of the angular intensity distributions of He scattered from
LiF(001). The angular intensity distributions of Ar, N2 and CO scattered from the LiF(001) surface along
the [100] azimuthal direction were then measured as a function of incident translational energy. The effects
of the molecular structural anisotropy and center-of-mass position on the gas-surface inelastic collision at
the corrugated surface are discussed with predictions based on a recently developed simple classical theory
of the ellipsoid-washboard model.

PACS. 68.49.Bc Atom scattering from surfaces (diffraction and energy transfer) – 68.49.Df Molecule scat-
tering from surfaces (energy transfer, resonances, trapping) – 34.50.Dy Interactions of atoms and molecules
with surfaces; photon and electron emission; neutralization of ions – 68.49.-h Surface characterization by
particle-surface scattering

1 Introduction

The gas-surface collision is the initial step of all of
the chemical reactions on a surface. During collision
processes, the kinetic energy of reactant gas molecules is
dissipated into such channels as phonon creation and/or
electronic excitation in solid, internal mode excitation of
gas molecules, and so on. The energy dissipative inelastic
collision process depends on the energy state of the incom-
ing molecule, the surface temperature and the potential
energy surface of the molecule interacting with the sur-
face. As inelastic collision processes play important roles
especially in the case of heavy gas molecules, their col-
lision dynamics on a wide variety of well-defined single-
crystal surfaces have been extensively investigated pre-
dominantly by the supersonic molecular beam scattering
technique [1–6].

For the collision of a heavy rare gas atom with a sur-
face, its energy dissipation process is qualitatively well
described by a simple classical collision model such as the
hard-cube model [7], despite its simplicity, where the pro-
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cess is described only by surface temperature, incident
translational energy, incident angle and mass ratio be-
tween gas and surface. Even on the corrugated surface, the
scattering processes such as rainbow scattering [8] have
been qualitatively described with the concept of the cube
model by introducing the structural surface corrugation
in the model [9,10].

On the other hand, for a linear and/or polyatomic
molecule, due to their internal modes, several inelastic
collision processes take place such as chattering colli-
sion [11–15], rotational rainbow [8,16–19] and rotational
trapping [18–22]. The precise semi-classical theory dealing
with gas-surface collision for heavy polyatomic molecule
is recently developed [23,24] and is successful in describ-
ing the scattering phenomena such as scattering of C2H2,
CH4 and O2 from relatively flat surfaces [25–28]. We have
also recently developed a simple classical theory of the
ellipsoid-washboard model [29], which simplifies the in-
elastic collision of such complicated gas-surface scattering
system.

In this article, we will report on the effects of the
molecular structure on the gas-surface collision by pre-
cisely measuring the angular intensity distributions of He,
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Fig. 1. Schematic diagram of experimental apparatus:
(1) molecular beam source chamber; (2) chopper chamber;
(3) scattering chamber; (4) time-of-flight chamber, and (5) de-
tector chamber. Also, (a) He/Ne laser, (b) closed-cycle helium
refrigerator, (c) heater, (d) chopper, (e) RAIRS detector, (f)
sample, (g) LEED/AES, (h) port for detector units in time-of-
flight measurement, (i) RAIRS source and (j) quadrupole mass
spectrometer. The ion gun and oxygen source are slanted by
45◦ below the scattering plane facing the sample. The aperture
diameters are also shown with distance along the beam.

Ar, CO and N2 scattered from LiF(001) and by compar-
ing the results with predictions based on the ellipsoid-
washboard model [29]. Section 2 describes the newly de-
veloped experimental apparatus and method in detail,
Section 3 gives the experimental results together with the
analysis and discussion and Section 4 is our conclusion.

2 Experiment

2.1 Apparatus

The experimental apparatus used in this work is shown
schematically in Figure 1. It was designed based on a
similar apparatus which was previously reported in else-
where [30,31]. There are mainly five major advantages in
the new design; (1) narrow energy spread of the low energy
He beam owing to the closed-cycle refrigerator attached
to the beam nozzle; (2) wide range attainable surface tem-
perature owing to the good thermal contact of the sam-
ple holder with the rod for liquid nitrogen; (3) enough
space for the set-up of the reflection absorption infrared
spectroscopy (RAIRS) system which enables us to mea-
sure the change of the surface condition simultaneously
with the measurement of He atom scattering; (4) easy as-
semble system of the detector chamber with differential
pumping stage for conducting the scattering experiment

with different total scattering angle (incident plus scatter-
ing angles) and for the measurement of the time-of-flight
spectra of the incident beam; (5) effective heating system
of the gas-line [32] in the beam source for the beam of
liquid molecule such as H2O. Details of the apparatus are
quantitatively described below.

The apparatus consists of five stainless-steel cham-
bers: (1) molecular beam source chamber, (2) chopper
chamber, (3) scattering chamber, (4) time-of-flight cham-
ber, and (5) detector chamber. Each chamber is indepen-
dently pumped to ultrahigh vacuum. The internal walls of
chambers 3, 4 and 5 are polished by electrochemical buffer-
ing to achieve a base pressure of less than 10−10 Torr.
Chambers 2, 3, and 4 are connected through bellow-
nipples and gate valves for their alignment and mainte-
nance. The translational and angular alignments of each
chamber with respect to the molecular beam are estab-
lished by individual adjustable mounts.

Chamber 1 consists of a beam source and a skimmer.
It is evacuated by a diffusion pump with a pumping speed
of 2000 l/s (for N2). A supersonic molecular beam is gen-
erated by free-jet expansion from a pinhole of a cylindri-
cal nozzle and skimmed by a conical skimmer into cham-
ber 2. The diameter of the nozzle pinhole is set to 0.05
and 0.02 mm for the molecular beam source and He beam
source, respectively. The nozzle is mounted on an X-Y -Z
manipulator stage to adjust the position of the nozzle with
respect to the skimmer. Nozzle-skimmer distance is ad-
justable from 0 to 50 mm. Stagnation pressure in the noz-
zle is controlled by a commercial gas regulator from 1 to
100 atm. A He–Ne laser used for the adjustment of the
beam alignment is mounted directly at the back of the
nozzle (Fig. 1a) with 5-axis manipulator stages (X-, Y -
and Z-stages and 2 tilt stages). Nozzle temperature for
the He beam is controlled continuously from 60 to 500 K
by a closed-cycle helium refrigerator (Fig. 1b) and a re-
sistive heater (Fig. 1c) within a temperature fluctuation
of ±0.1 K. For the molecular beam, temperature is con-
trolled continuously only by the resistive heater from 300
to 900 K with the same resolution. Nozzle temperature
is monitored by a type K (chromel/alumel) thermocou-
ple spot-welded at the edge of the nozzle near the pin-
hole. The entire beam source unit (nozzle, manipulator,
refrigerator and temperature control unit) is mounted on
a square flange, as shown in Figure 1, for easy disassembly
and maintenance.

Chamber 2 consists of a rotating disk chopper and a
collimator. It is evacuated by a turbo-molecular pump
with a pumping speed of 1500 l/s (for N2). The BeCu
chopper disk has four slots with two stage slits having
widths of 0.7◦ and 45◦. Chopper rotating frequency is con-
trolled from 0 to 150 Hz which leads to a beam frequency
of 0 to 600 Hz. The chopper unit is mounted on a movable
stage for easy selection of continuous or pulsed operation
by only adjusting one of the two slit widths as shown in
Figure 1d. Chopper position can be monitored from the
top view port. The temperature of the chopper motor is
maintained below room temperature by a cold water flow
placed in contact with the motor through stainless-steel
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tube. The temperature of the motor is monitored by a
type K thermocouple attached to the motor.

Chamber 3 is evacuated by a tandem-type turbo-
molecular pump unit with pumping speeds of 520 and
250 l/s (for N2), an ion pump with a pumping speed of
300 l/s (for N2), and a titanium sublimation pump. The
chamber is equipped with a 6-axis manipulator used for
sample alignment (Fig. 1f) for molecular beam scatter-
ing or diffraction measurements. Sample position, crystal
axis orientation, and tilt angle are set by the manipulator.
The stages of the manipulator are mounted on a differ-
entially pumped rotatable platform so that the incident
and reflected angles of the molecular beam can be rotated
without disturbing the alignment of the sample. Polar an-
gle is varied by a stepper motor under computer control.
The sample holder made of oxygen-free high-conductivity
copper is attached to a liquid-nitrogen (LN2) tank rod
connected to the top flange of the manipulator. The sam-
ple is clamped by tantalum clips to obtain a good thermal
contact with the sample holder. Sample temperature is
maintained in the 91–1500 K range by electron bombard-
ment heating and LN2 cooling at a resolution of ±0.1◦.
Sample temperature is measured by a type K and/or a
type C (W5%Re–W26%Re) thermocouple attached (or
spot welded) to the edge of a sample. A homemade ion
gun, a low energy electron diffraction and Auger electron
spectroscopy (LEED/AES) system and a RAIRS system
are also equipped in this chamber at the port shown in
Figures 1e, 1g and 1i, and their bottom ports.

Chamber 4 provides a stage for differential pump-
ing before the molecular beam enter the detector cham-
ber. The chamber is evacuated by a tandem-type turbo-
molecular pump with pumping speeds of 550 l/s and
250 l/s (for N2). Scattered molecules from chamber 3 pass
through two apertures in chamber 4 before entering cham-
ber 5.

Chamber 5 is evacuated by a tandem-type turbo-
molecular pump with pumping speeds of 600 l/s and
250 l/s (for N2). It consists of a quadrupole mass spec-
trometer (ULVAC MSQ-400) and a tilt stage as shown in
Figure 1j.

The detector units of chambers 4 and 5 can be attached
at the port downstream of the molecular beam shown in
Figure 1h for the time-of-flight measurements of the inci-
dent molecular beam.

2.2 Method

The distribution of incident translational energy is mea-
sured by a time-of-flight (TOF) technique. In conducting
TOF measurement, the molecular beam is modulated in
time using a mechanical chopper placed in chamber 2. The
chopper with four slits of equal width is rotated at 150 Hz,
where a time resolution of 13 µs is obtained. The signal is
recorded by a multichannel analyzer with 2100 channels
with 1 µs resolution. The start signal for the measure-
ment is provided by a photocoupler, which is triggered
by the moving slit of the chopper. All the measured TOF
distributions are fitted with a Shifted-Maxwell-Boltzmann

distribution, except for the low-energy He beam spectra.
The measured TOF signal h(t) is explicitly expressed as

h(t) =
∫ ∞

−∞
s(t − λ)f(λ)dλ, (1)

where

f(t)dt = at−4 exp
(
−m(l/t − vd)2

2kBTg

)
dt.

Also, s(t) is the gate function for beam modulation which
is described in Appendix A.1, t the flight time, l the flight
path length of 838.5 mm, m the mass of the incident
molecule and kB the Boltzmann constant; a (intensity),
vd (drift speed) and Tg (beam temperature) are the pa-
rameters for analytical fitting. In all TOF measurements,
uncertainty in time due to the experimental set-up [33] is
properly corrected as described in Appendix A.2.

The angular intensity distribution measurement is car-
ried out for scattered molecules from the surface by ro-
tating the sample along the axis perpendicular to the
beam line with an accuracy of ±0.1◦. Throughout the
present work, both incident and scattering angles are de-
fined with respect to the surface normal direction. The
sum of incident and scattering angles has been fixed at
90◦. The angular intensity distribution obtained using a
similar experimental apparatus and the same method [13,
34–36] has been used for verifying recent theoretical calcu-
lations [26–28], although the geometrical constraint causes
the change in the incident angle in the measurement.

2.3 Fundamental properties of beam

2.3.1 He beam

The incident translational energy of He is controlled
by regulating the nozzle temperature Tn and is deter-
mined by the time-of-flight measurement. The normalized
time-of-flight spectra of low-energy He with a purity of
>99.99995% are shown in Figure 2. Under our experimen-
tal condition, the intensity of the beam depends on nozzle-
skimmer distance, the nozzle pinhole diameter Nφ, and
stagnation pressure inside the nozzle P0 as reported pre-
viously [33], while the shape of the time-of-flight spectra
is found to be completely independent of nozzle-skimmer
distance. Nozzle-skimmer distance in the experiment is,
therefore, selected as the position for obtaining the high-
est beam intensity at the detector. The derived properties
of the beam, the translational energy Ei of He estimated
from the most probable velocity (drift speed) vd, the corre-
sponding wavelength λ, the energy spread ∆E/E and the
Mach number M are shown in Table 1 together with Tn.
Although not shown here, Ei is found to be independent
of P0, while ∆E/E decreases with an increase in P0 as re-
ported [33]. The coherent length ω of the He beam can be
estimated from ∆E/E, the wavelength λ of He and the ge-
ometrical conditions of the apparatus [31,37–39]. The es-
timated ω under our experimental set-up is about 16 nm,
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Fig. 2. Time-of-flight distributions of incident He. The flight
pass length L and the nozzle pinhole diameter Nφ are 838.5 mm
and 20 µm, respectively. The incident translational energies Ei

derived from the spectra are a: Ei = 53, b: Ei = 42, c: Ei = 31,
d: Ei = 20 and e: Ei = 11 meV. The beam properties are
summarized in Table 1.

Table 1. Characteristics of low-energy incident He beams. The
nozzle temperature Tn, most probable velocity of the beam
(drift speed) vd, incident translational energy Ei, wavelength
λ, ∆E/E and Mach number M are listed.

Tn [K] vd [m/s] Ei [meV] λ[nm] ∆E/E [%] M

60 717 11 0.14 2.4 151

100 986 20 0.10 3.8 95

150 1226 31 0.081 5.7 63

200 1420 42 0.079 8.4 43

250 1594 53 0.062 11.8 31

which indicates that the apparatus is capable of provid-
ing structural information from the atomic scale to the
dimensions of self-assembled nanostructures without any
destruction by measurement using low-energy He atoms.

2.4 Supersonic molecular beams

The typical time-of-flight spectra of the Ar, CO and N2

seeded in He are shown in Figure 3. The analytically fitted
curves are also shown in the figure. In the present study,
the molecular beam flux of Ar, CO and N2 was kept at
(3.7 ± 0.2) × 1015 molecules/(cm2s) by adjusting stagna-
tion pressure [40]. In each case, the peak position is shifted
to faster in TOF with increasing Tn. The most probable
energy (incident kinetic energy) Ei and the beam temper-
ature Tg derived from Figure 3 are plotted as functions of
nozzle temperature in Figures 4a and 4b, respectively. In
all cases, Ei and Tg increase with nozzle temperature Tn.
The results of the calculation using

Ei|Tn

Tg
=

(
ma

∑
j Xj∑

j mjXj

)∫ Tn

Tg

(∑
j XjCpj

)
(∑

j Xj

) dT (2)

are also shown in Figure 4a, where Xj is the mixing ratio
of particle j, m the mass of the gas, a the target particle,

Fig. 3. Typical incident beam time-of-flight distributions of
Ar, CO and N2. The nozzle temperatures from right to left
are Tn = 300, 500, 700 and 900 K. The corresponding incident
translational energies derived from the spectra are described
in Table 2.

Fig. 4. (a) Incident kinetic energy Ei, (b) beam temperature
Tg. Incident translational energies and beam temperatures of
Ar, CO and N2 derived from measured time-of-flight spectra.
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Table 2. Characteristics of incident Ar, CO and N2 beams.
The nozzle temperature Tn, most probable velocity of the beam
(drift speed) vd, gas temperature Tg, incident translational en-
ergy Ei, ∆E/E and hydrodynamic speed ratio S are listed.

Tn [K] vd [m/s] Tg [K] Ei [meV] ∆E/E [%] S

Ar 300 1228 10.3 314 17.7 18.9

500 1585 29.1 524 23.1 14.4

700 1841 53.0 707 26.9 12.4

900 2065 77.2 890 28.8 11.6

CO 300 1377 9.85 277 18.6 18.1

500 1790 29.6 469 25.2 13.5

700 2126 59.7 661 29.6 11.3

900 2315 83.3 783 32.2 10.4

N2 300 1371 9.4 275 18.5 18.4

500 1796 28.9 471 24.7 13.8

700 2067 51.9 625 28.6 11.8

900 2312 78.9 781 31.2 10.7

Tn the nozzle temperature and Tg the beam tempera-
ture. The isobaric specific heats Cp of Ar, CO, N2 and
He (gas for seeding) are assumed to be (5/2)kb, (7/2)kb,
(7/2)kb and (5/2)kb, respectively [41], at which we ne-
glect the temperature dependence of Cp. Note that the
equation (2) includes the beam temperature Tg which is
derived from the analysis of the experimentally obtained
time-of-flight spectra. Although in the case of ideal ex-
pansion (i.e. Tg = 0) the calculated results slightly devi-
ate from the experimental results in Figure 4, the devia-
tions become small by using experimentally obtained Tg

in equation (2) as shown by the lines in Figure 4. The de-
rived drift speed vd, beam temperature Tg, incident trans-
lational energy Ei, ∆E/E and hydrodynamic speed ratio
S are listed in Table 2 together with the nozzle temper-
ature Tn (only typical conditions are listed). From the
values in the table, it is confirmed that beam property
significantly depends on Tn but not on the type of gas
species.

2.5 Sample preparation

A LiF(001) sample 10 × 10 mm2 was cleaved in air from
a single crystalline rod and placed in the vacuum cham-
ber in 10 min. The cleavage in air results in a clean and
atomically flat surface with large terraces [42–45] so that
scattering experiments could be performed immediately
without any further treatment. The annealing of the crys-
tal in ultrahigh vacuum (UHV) reduces the number of
active sites for water adsorption [46,47] which takes place
only when the crystal is cooled below 200 K [46]. The crys-
tal used in this work was annealed several hours at 650 K
in UHV. Surface cleanliness was confirmed from the sharp
diffraction profile of He. He atom diffraction measurement
was also employed to determine the incident azimuthal di-
rections, namely [100] and [110].

Under our experimental conditions, no morphological
change was confirmed from the He diffraction profiles of

Fig. 5. He diffraction profiles of LiF(001). (a) Along the [100]
azimuthal direction, (b) along the [110] azimuthal direction.
The experimental conditions are shown in the figure.

the LiF(001) surface after the irradiation of CO, N2 and
Ar, as in the case of irradiation of alkane molecules [34].

3 Results and discussion

3.1 Diffractive scattering of He from LiF(001)

The angular intensity distributions of He scattered from
LiF(001) along the [100] and [110] azimuthal directions are
shown in Figures 5a and 5b, respectively. The k-vector of
the abscissa axis corresponds to the obtained scattering
angle of 0◦ ≤ θ ≤ 90◦. Since the incident energy of the He
beam is sufficiently small of 63 meV, the elastic scattering
dominates in the distribution and the diffractive scatter-
ing can be observed as shown in Figure 5. The width of the
specular peak is smaller than 0.5◦, which is correspond-
ing to the angular spread estimated from the geometrical
condition of the apparatus shown in Figure 1. From the
wavelength of the incident He beam and the peak position
angles of the diffraction intensity profile, the lattice con-
stant of the LiF(001) surface is derived as 4.02±0.1, which
corresponds to the recent high-precision measurement [48]
of the LiF(001) lattice constant at a surface temperature
of 300 K. The first-order diffraction peaks from the [100]
direction are larger than the zero-order diffraction peak,
indicating the large corrugation amplitude of the potential
energy surface (PES) between He and LiF(001). From the
comparison of the intensity difference among the diffrac-
tion peaks, the corrugation amplitude is confirmed to be
larger for [100] than for [110], as has been previously re-
ported in the literature [49,50].
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Fig. 6. Incident translational-energy dependences of angular
intensity distributions of Ar. The experimental conditions are
shown in the figure.

3.2 Rainbow scattering of Ar from LiF(001)

Figure 6 shows the angular intensity distributions of Ar
scattered from LiF(001) along the [100] direction as a
function of incident kinetic energy Ei. In every case, the
rainbow feature of two intensity maxima due to the sur-
face structural corrugation [8] is observed. The broadening
of the angular intensity distribution is governed not only
by surface structural corrugation but also by the relative
motion of surface atoms with respect to the translational
motion of incoming molecules. Thus, each peak becomes
sharp with the increase in Ei as a result of the suppres-
sion of the relative surface atom motion. Apart from the
relative surface atom motion, with increasing Ei, the two
peaks come closer merging into a single peak and the total
width of the distribution decreases as shown in Figure 6.
This suggests that the corrugation amplitude of the appar-
ent potential energy surface decreases with increasing Ei.
The washboard model [9] analysis for Ar has also quan-
titatively indicated this feature, as shown by the lines in
Figure 6, where the derived corrugation strength param-
eter αm decreases with increasing Ei. This counterintu-
itive lessening of corrugation has also been observed for
CH4 and C2H6 scatterings [13,14,34,51] and has been at-
tributed to a potential surface arising from two substrate
ions of very different sizes [13,34].

From the washboard model analysis shown in Figure 6,
another important parameter of the surface effective mass
M was also derived as 390 amu. The surface effective mass
is larger than the mass of LiF as conventionally deter-
mined in several scattering experiments using theoretical
model analysis [4,10,13–15,26–29,32,34,52–57]. This has

Fig. 7. Incident translational-energy dependences of angular
intensity distributions of (a) CO and (b) N2.

been attributed to the strong binding force among surface
atoms that move as a whole [58].

3.3 Effect of the molecular structural anisotropy

The angular intensity distributions of CO and N2 scat-
tered from LiF(001) along the [100] direction are shown
in Figures 7a and 7b, respectively, as a function of inci-
dent kinetic energy Ei. Contrary to the case of atoms or
spherical molecules, linear molecules such as CO and N2

have a moment of inertia, causing translational-rotational
energy transfer during collision. Therefore the scattering
pattern becomes less sharp as can be seen in the compar-
ison of Figure 7 with the Ar scattering shown in Figure 6
due to the increase in the inelastic collision event such as
rotational mode excitation as a result of anti-symmetric
molecular structure.

By applying the recently developed ellipsoid-
washboard model [29], this feature can qualitatively
be confirmed with its origin. The ellipsoid-washboard
model treats the gas-surface scattering event as a single-
collision event in the plane of incidence between the
hard ellipsoid with mass m, ellipticity e and asymmetric
parameter ε, and the surface cube of the hard repulsive
wall with effective mass M . As the main assumption of
the model, the tangential momentum with respect to
the surface cube (local tangential momentum) of the
molecule colliding with the surface is conserved as in
the case of conventional cube models [7,59–61]. However
the surface cube locates sinusoidally on the surface with
corrugation strength αm as like a washboard model [9].
Thus the global tangential momentum of the molecule
is not conserved. If the molecular structural anisotropy
(ellipticity e of the incident hard ellipsoid) is selected
as 1.0 (i.e. the molecule becomes the point with mass)
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Fig. 8. Calculated results [62] based on the ellipsoid-
washboard model. (a) Dependence on the molecular structural
anisotropy e, (b) dependence on the center-of-mass position
(asymmetric parameter ε).

and the corrugation strength αm is selected as 0 (i.e.
the surface is flat), the model becomes the same as
the original hard-cube model. When the ellipticity e
increases, the peak positions of the rainbow feature
due to the surface structural corrugation approach each
other as shown by the calculated results [62] based on
the ellipsoid-washboard model [29] in Figure 8a, which
indicates smearing of the apparent surface corrugation
(disappearance of the rainbow feature).

The smearing effect is caused by the strong depen-
dence of the angular intensity distribution on the molec-
ular orientation at the collision. For collisions occurring
“end-on” or “side-on”, there is no torque on the molecule
during collision and, hence, no rotational mode excitation
occurs. The angular intensity distribution in this initial
molecular orientation then becomes the same with that
for atoms. On the other hand, for collisions occurring at
the intermediate orientation angles, there is a large torque
during collision and then the rotational mode excitation
takes place. In this case, the peak position of the angu-
lar intensity distribution shifts towards large scattering
angle due to the energy exchange from normal compo-
nent of the incident translational energy to the rotational
mode excitation as well as the phonon creation on the
surface based on the model calculations [29]. Since the ex-

perimentally obtained angular distribution corresponds to
the summation of these every initial orientation case, rain-
bow scattering is smeared out by this summation even on
the structurally corrugated surface due to the molecular
structural anisotropy as shown in Figure 8a.

The rainbow scattering as like Ar scattering in Fig-
ure 6 is therefore considered to be not observable for
the N2 scattering distribution from a corrugated LiF sur-
face, as shown in Figure 7a. The same tendency was
also observed [14,34,64] in the angular intensity distri-
bution of C2H6 from LiF(001), though rainbow scattering
in the mean energy angular distribution is not completely
smeared out [64]. The difference in the angular intensity
distributions between that of CO and N2 will be discussed
below.

3.4 Effect of the center-of-mass position

In contrast to the case of N2 scattering, the CO molecule
shows a rainbow feature in the scattering pattern as shown
in Figure 7b though it has the same molecular mass and
linear structure as those of the N2 molecule. The difference
is considered to be due to the deviation of the center-of-
mass position of CO from the molecular center.

When the center-of-mass shifts from the molecular
center, the collision dynamics separates in two types de-
pending on the initial molecular orientation angle, i.e.
large-mass-end and small-mass-end cases. In the large-
mass-end case, the molecule behaves like a heavy sphere
resulting in scattering with a weak orientation depen-
dence of intensity distribution and a slight translational-
rotational energy transfer, while the molecule behaves
like a long ellipsoid resulting in trapping and/or multiple
collision induced by the translational-rotational energy
transfer due to the large moment of inertia in the small-
mass-end case. Summation of the angular intensity dis-
tributions in every orientation case, therefore, becomes
similar to the distribution of the large-mass-end case be-
cause the scattered intensity for the small-mass-end case
becomes weak as a result of trapping and/or the multi-
ple collision. Therefore, as shown in Figure 7, the rainbow
scattering of CO is not completely smeared out in contrast
to the case of N2.

The effect of the center-of-mass position on the scat-
terings from corrugated surfaces mentioned above can be
qualitatively confirmed by the calculated results based on
the ellipsoid washboard model [29] in Figure 8b. When the
asymmetry parameter ε increases, the total scattered in-
tensity becomes small due to the increasing of the events of
trapping and/or the multiple collision for the small-mass-
end case and the rainbow feature in the large-mass-end
case is observed without smearing as like CO scattering
case in Figure 7b. This tendency also agrees with the re-
ported experimental results of “rotational trapping” in the
CO scattering from Ni(111), i.e., the scattered intensity of
the O-end collision of CO is larger than that of C-end col-
lision due to the more extensive translational-rotational
energy-transfer process for C-end collision [18]. The same
tendency can also be seen in the reported NO scattering
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from Pt(111) (Ref. [65]) and Ni(110) (Ref. [66]). In both
cases, the sticking probability of the N-end collision of
NO is reported to be larger than that of O-end collision.
Consequently, the total scattered intensity from the sur-
face decreases and the distribution width of the main peak
becomes narrower with increasing asymmetry parameter,
as shown in Figure 8b. This tendency of the angular in-
tensity distribution can be identified in the experimental
diatomic and polyatomic molecules scattering from flat
Ag(111) surface as reported in the literature [67].

The effect of the center-of-mass position on the gas-
surface interaction can also be seen in the literatures in the
experimental works dealing with the effect of the molec-
ular orientation on the gas-surface interaction at the flat
surface. Most of such experimental results were well re-
produced by the molecular dynamics simulations using
both the attractive and the repulsive potential with strong
anisotropy depending on the orientation of the molecule
between NO and the surface [11,19,68]. Contrary to the
case of such detailed treatments, several untreated factors
are remained in the simple ellipsoid-washboard model.
However, it gives us a conceptual agreement with angular
intensity distributions of Ar, CO and N2 from LiF(001)
experimentally obtained such that the difference in the
rainbow feature was reproduced as discussed above. To
fully understand the effect of molecular structure on the
gas-surface scattering, it would be useful to compare our
presented results with the calculated results under differ-
ent theory [23,24], or with the results of the trajectory
simulations [11,19,68,69] by utilizing accurate potential
energy surfaces as well as obtaining the another experi-
mental results as a future work.

4 Summary

We have newly developed experimental apparatus for in-
vestigating the gas-surface interaction. By the measure-
ments of the time-of-flight of He beam and of the angular
intensity distributions of He scattered from LiF(001), the
coherent length of the helium, the energy resolution and
the angular spread of the beam in the apparatus were es-
tablished as ω = 16 nm, ∆E/E = 2.4% and ∆θ = 0.5◦,
respectively.

The diffractive scattering of He and the rainbow scat-
tering of Ar, CO and N2 have been measured by the angle-
resolved intensity measurement from LiF(001) along the
[100] azimuthal direction as a function of incident transla-
tional energy. The effects of the molecular structure on the
rainbow scattering were discussed in terms of the molecu-
lar structural anisotropy and center-of-mass position with
predictions based on the recently developed simple clas-
sical theory of the ellipsoid-washboard model. Although
several untreated factors are remained in the model, the
simple ellipsoid-washboard model gives us a conceptual
agreement with angular intensity distributions of Ar, CO
and N2 experimentally obtained such that the difference
in the rainbow feature was reproduced.
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Appendix A: Treatment of time-of-flight
spectra

The detailed treatments of the time-of-flight spectra for
the estimation of fundamental properties of the beam are
described in this section.

A.1 Gate function

The gate function for the beam modulation s(t) discussed
in Section 2.2 is explicitly expressed as
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where r is the radius of the beam spot at the chopper,
R the half length of the chopper gate, and v the angular
velocity of the chopper. The density distribution of the
beam in the spot at the chopper is assumed to be uniform.
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A.2 Correction of time

The correction of uncertainty in time due to the experi-
mental set-up [33] is described here. The main deviation of
time originates from the “start signal” and the “detection
time” as ∆ta and ∆tb, respectively.

∆ta is the difference between the “molecular beam
start time” and the “trigger start time provided by the
photocoupler”. Since the photocoupler is located at the
45◦ rotated position from the beam modulation position
in the chopper disk, the slight geometrical deviation re-
sults in the deviation of the start time signal of the beam
modulation. To correct such a deviation, the time-of-flight
spectra of the He beam under the same energy condition
are measured at several chopper rotation speeds. The peak
position difference of the spectra originates from the ge-
ometric deviation of the photocoupler from beam modu-
lation, while the difference in width originates from the
chopper gate function. From the difference in peak po-
sition, the geometrical deviation is estimated and ∆ta is
corrected at a chopper rotation speed corresponding to
that used in the measurement.

∆tb is the time of flight of the molecule in the detector
after the molecule was ionized at the top of quadrupole
mass spectrometer shown in Figure 1f. After entering the
ionization part, the ionized molecules fly a quadrupole dis-
tance of 200 mm with 13.1 V applied, taking about a few
dozen microseconds depending on intended mass. ∆tb is
corrected by subtracting time.
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