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Active correction of the tilt angle of the surface plane with respect to the rotation
axis during azimuthal scan
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Abstract

A procedure to measure the residual tilt angle τ between a flat surface and the azimuthal rotation axis of the sample
holder is described. When the incidence angle θ and readout of the azimuthal angle ϕ are controlled by motors, an active
compensation mechanism can be implemented to reduce the effect of the tilt angle during azimuthal motion. After this
correction, the effective angle of incidence is kept fixed, and only the small residual oscillation of the scattering plane
remains.
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1. Introduction

The investigation of surface at grazing angle of inci-
dence offers an increased surface sensitivity. This the case
for a broad range of experimental tools using X-rays[1] ,
high energy electrons[2] and ions[3] as well as fast atoms
[5, 4]. In all these techniques the angle of incidence is
only few degrees. It implies a very high mounting ac-
curacy for azimuthal rotation of the surface. For most
diffraction experiments, the problem is resolved with a go-
niometer which is hardly compatible with sample transfer
under UHV conditions. Therefore a strategy to allowing
azimuthal scan of the sample with a positioning accuracy
below one degree is highly desirables. In this work we pro-
pose a method designed for a grazing incidence fast atom
diffraction setup (GIFAD) that solves this issue..

Figure 1: Typical grazing incidence setup where the incident beam
has a fixed direction. If the surface plane is not exactly perpendicular
to the rotation axis, the specular beam follows characteristic orbits
during azimuthal scan.

2. Grazing incidence fast atom diffraction

Grazing incidence fast atom diffraction (GIFAD or FAD)
has recently emerged as a new surface science technique

with exclusive surface sensitivity and high structural res-
olution [6, 7]. In this technique a beam of ∼keV atoms
impinges the surface at incidence angles θ fo about one
degree. When the beam is aligned with a low index crys-
tal direction, diffraction can take place provided that the
surface quality is good enough in terms of flatness and
coherence length. The later quantity is defined here as
the mean distance without crystalline defect. First discov-
ered with single crystal of wide band gap ionic insulator
such as LiF [8, 9], NaCl [10], GIFAD has shown successful
with metal [11, 12], semi-conductors [13, 7] and even single
layers of inorganic compounds [6] and organic molecules
[14, 15]. In this later case, diffraction is not as sharp as for
bulk crystal surface or inorganic layer probably due to the
presence of more structural defects. Fortunately triangu-
lation technique [3] easily reveals the direction where the
absorbed molecules align to each other while the shape of
the azimthual profile gives hints on the detailed molecular
assembly [14]. Actually even faint diffraction is enough to
derive the lattice parameter of the molecular organization
[14]. Also, it has been suggested [16, 17] that azimuthal
scans around channeling directions could reveal the range
Rc of the interaction potential above the surface. This
fundamental parameter can be very useful for quantita-
tive analysis since it governs the length LT ∼ Rc/θ of the
atom trajectory above the surface[16]. At high energies,
selective sputtering of step edges is also sensitive to the
crystallographic direction [18]. In the same way GIFAD
has demonstrated pronounced intensity oscillations during
a layer by layer molecular beam epitaxy growth[19]. Fol-
lowing these oscillation during azimuthal rotation would
allow a better uniformity of the layers. Ideally, these az-
imuthal scans should be performed without changing the
angle of incidence. This turns out to be more difficult
than expected. On one hand it is not straightforward to
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put a goniometer under UHV condition. On the other
hand sample transfer and rotation devices do not always
allow for ultra-precise positioning of the sample. Most of-
ten the surface normal has a residual tilt angle τ of about
one degree with respect to the rotation axis. This is suffi-
cient to prevent straight-forward application of azimuthal
scan. When the control of both the azimuthal and inci-
dence angle is motorized (or simply measured), an on-line
correction can be performed as described below.

3. The orbit of the specular spot

For each azimuthal angle, the plane of incidence is de-
fined as the plane containing both the incident beam and
the surface normal. It also contains the specularly re-
flected beam, so that the location of the specular beam
on the detector indicates the direction of the surface nor-
mal. During an azimuthal scan the specular beam spot
follows the curve that can be described as an orbit. The
general definition of the orbit is not complex, and ray trac-
ing or graphical software offer direct solutions. However,
the general analytic formula derived, for instance from di-
rect matrix multiplications, has a large number of terms
including the exact location of the impact on the surface.
The approach used in this work is much simpler. Here
the beam impacts the surface exactly on its intersection
with the rotation axis. When the target surface is small
enough with a detector far away from the surface, this kind
of ”far field” approximation is fully justified. Accordingly,
the coordinates (x,y) on the detector correspond to the
scattering angles. The parametric equation is then very
simple (eq 1 and 2).

x = −2 sinϕ sin τ(cos θ0 cosϕ sin τ − sin θ0 cos τ)

y = −2 cos τ(cosϕ cos θ0 sin τ − sin θ0 cos τ)
(1)

which for small angle θ0 and τ simplify to

x = −2τ sinϕ(τ cosϕ− θ0)

y = 2θ0 − 2τ cosϕ
(2)

with ϕ the azimuthal angle.
With such simple equations, the vertical axis and hor-

izontal mid axis have well defined extension but the figure
2 shows that the orbits are not simple ellipses.

4. Experimental measure of τ

The tilt angle has to be measured in situ because the
transfer systems can also introduce slight variation of this
value. The simplest reference, that can be measured with
high accuracy is the location of the primary beam on the
detector. To define its position it is just needed to remove
the target from the beam for a fraction of a second. From
eq. 1 the tilt angle τ can be calculated as the ratio of
full extension in y to the full width in x measured at half
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Figure 2: Orbits corresponding to an angle of incidence θ0 =1◦ and
to a tilt angle τ of 1◦, 0.66◦, 0.33◦ and 0.1◦. For each panel, the
horizontal scale is zoomed ∼ ten times compared with the vertical
one. The rightmost panel shows the four orbits plotted at the same
scale.

height. Another option is to measure accurately five values
to fit a parametric curve onto the data points. Intuitively,
in the elliptic case, these five values correspond to the co-
ordinates x, y of the two focal points of the ellipse and the
length of the chord which are linked to useful experimen-
tal parameters : the value of the tilt angle τ , the mean
scattering angle θ0, the mean inclination of the scattering
plane α0 (the position sensitive detector or the camera is
never perfectly aligned), and the direct beam position. As
depicted in fig.4 these values can be determined as simple
ratios between geometric distances measured on the de-
tector. In particular the mean scattering angle θ0 can be
estimated rather accurately from the simple ratio of the
horizontal width at half height of the orbit to its vertical
width. The main problem is that often a new surface has
so many defects that the scattering profile of the helium
atoms can be very diffuse with angular width σθ and σϕ

exceeding one degree. A possible solution is to track the
mean value of the scattering distribution either by moment
analysis or via fit procedure which can usually bring the
accuracy down to σ/10 or even σ/100 if the statistics is
high enough [20]. When the tilt is larger than the angle
of incidence, closed orbit does not exist because the reflec-
tion is not possible in a selected azimuthal range. Even
in this case, the reduced swing of the scattering plane can
be measured by tracking the mean value of the scattering
profile along x (see Fig.6).

5. Test bench with laser pointer

To test the software of the correction procedure while
avoiding possible damage inside the UHV chamber dur-
ing test, a simple system outside vacuum has been built.
A small manipulator holds a laser pointer with its beam
directed onto a polished silicon wafer placed on top of a ro-
tating stepper motor. A second miniature linear stepper
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Figure 3: The plane containing the rotation axis and the surface
normal can be taken as an angular reference for ϕ. Twice per rev-
olution, at angles (b) ϕ0 and (a) ϕ0 +180◦, this plane contains the
primary beam, and coincides with the incidence plane. The effect of
the tilt angle is then maximum with a variation of 4τ between these
two position (top two schemes). At 90◦ from these values, (c) and

(d), the beam momentum k⃗ is almost perpendicular to the reference

plane with only a tiny component k⃗ sin θ0 parallel to the rotation
axis (in dashed blue). In this projected plane, the swing of the spec-
ular beam is again 4τ but the amplitude on the detector will only be
4τ sin θ0, i.e. almost two order of magnitude smaller.

motor is used to control the incidence angle θ. The re-
flected laser beam is imaged onto a screen at a distance L
few meters downstream. Only the specular spot is present
and the impact on the target can be easily centered. The
motors are controlled by an inexpensive micro-controller
”Arduino Mega” board with a 3D printer ”RepRap 1.4”
board capable to host up to five ”Allegro A4988” stepper
motor controllers. The Arduino is connected to the host
PC via an USB-Link through which it receives order and
transmit results. The program is written in C language
inside the open source, integrated Arduino development
environment hosted in a PC and uploaded to the micro-
controller by the USB-Link. Various ratios of tilt angle to
incidence angle have been explored. In these test condi-
tions the full trajectory can be recorded in few seconds.
We found that the curvature radius is so large compared
with the horizontal width that the easiest starting strategy
is to consider the orbit as a quasi ellipse. Both the mean
scattering angle θ0 and the tilt angle τ are determined by
the orbit vertical and horizontal amplitudes at half height.

6. in situ laser reflection

When the studied sample is placed in-between two view-
ports located opposite to each other on the UHV chamber,
shining a laser at the surface and observing the reflected
beam is as easy as on the test bench. A simple screen few
meters away will convert a mm resolution to 1/100 of a de-
gree. A single azimuthal rotation, even partial, is sufficient
to measure the tilt angle and the azimuthal reference. If
the relative positions of the laser and atom beam axis are

Figure 4: Schematic view of the orbit on the detector with the polar
coordinates (θeff ,α), where θeff is the distance to the beam and
α the polar angle. L is the distance from the target surface to the
detector. The small angle approximation is used, i.e. sinθ0 ∼ θ0 and
sinτ ∼ τ . The orbit in dashed red corresponds to the orbit of the
line defined as the intercept of the reference plane with the surface,
i.e. the surface line inside the incidence plane.

Figure 5: Table top test bench used to develop the correction al-
gorithm. The tilt angle between the surface and the rotation axis
cannot be varied continuously but different values have been tested.

known, the azimuthal reference can be transferred to the
atom beam.

7. in situ measurement with atoms

As stated above, the tilt angle can also be measured
with diffuse scattering conditions if statistics is large enough
to allow accurate determination of the centroid of the scat-
tering profile. Such condition is illustrated in the insert of
Fig. 6 recorded at an incidence angle θ0 = 0.7◦. Surpris-
ingly, a tilt angle of 1.1◦ that is almost twice larger than
the angle of incidence could be measured. In this case the
azimuthal scan is impossible without adjusting manually
the incidence angle when it approaches the value near 0
(almost parallel to the surface). Therefore, the angle of
incidence is discontinuous and no orbit can be drawn. As
a consequence, the scattering pattern is not analyzed in
the Cartesian coordinates (kx, ky) but in the polar coor-
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dinates (θeff , α) illustrated in Fig. 4. The smooth os-
cillation of the collision plane follows a sinusoidal curve
indicating an inclination α0 = 0.15◦ of the position sensi-
tive detector with respect to the mean scattering plane, a
tilt angle τ = 1.1◦ and a azimuthal reference ϕ0 = 87◦.

Figure 6: During an azimutal scan, the mean polar angle ⟨α⟩ of the
scattering distribution (ex. in insert) is reported as a function of the
azimuth ϕ follows a smooth sinusoidal curves having a full amplitude
of 4τ . Note that the quasi elliptic shape of the scattering profile is
accidental and has nothing to do with the orbits discussed above.

8. correction of incidence angle

From Eq. 2, the correction to apply to the angle of
incidence during rotation is a simple sinusoidal function
having a full amplitude of 4τ and a phase reference ϕ0.
These parameters are independent of the incidence an-
gle and have to be measured for each new sample surface
before applying any correction. The only practical issue
is the users interface. To avoid possible problems during
sample transfer or large amplitude movement, the default
settings are that motor actions are performed without cor-
rections. When an azimuthal scan is to be programmed,
the azimuthal angle ϕstart is, a priori, at a random posi-
tion with respect to the reference plane. At this position,
the mean scattering angle θ0 defined above, i.e. as the
average incidence during an uncorrected azimuthal scan,
has no particular meaning. At variance, the user should
simply assume that the correction will maintain the effec-
tive angle of incidence θeff = θstart = θ0 + τ cosϕstart at
the moment where the azimuthal scan is decided. It means
that the system should evolve on the quasi perfect straight
line associated with the incidence angle θeff and not along
the correction contour associated with the mean value θ0
of the initial orbit. Care has to be taken to adjust the
phase with the proper sign as illustrated in Fig.7. Note
that the corrected orbit is now almost a perfect line with
less than 10−3 degree vertical amplitude.

9. Conclusion

It should be noticed that the specular angle can be ill-
defined. This occurs, for instance, the case when surface
twist and tilt mosaicity is present [10]. In this case there
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Figure 7: Illustration of the correction. The system was evolving
along the red orbit corresponding here to a tilt angle of 0.33◦ and a
mean angle of incidence θ0 = 1◦. When correction is required by the
user, the system is at the location indicated by a circle corresponding
to an effective scattering angle of 1.2◦. The system is now expected to
evolve along the corrected circle (looking here as a straight segment
at this scale) corresponding to the dashed blue orbit associated with
a mean incidence angle θ0 = 1.2◦.

are several specular beams corresponding to the local sur-
face orientation illuminated by the primary beam so that
correction is not well defined. With a single crystal sur-
face correction is straightforward but is severely limited
by the quality of the mechanical transmission. This in-
cludes the difficult problem of mechanical backlash of the
vacuum transmission because the correction applied to the
angle of incidence has to be reversed at least once per turn.
There is still the possibility of a 180◦ azimuthal scan with-
out backlash. In practice, the presence of two view-ports
allowing optical measurement is certainly a favorable con-
dition to measure the tilt angle rapidly and accurately.
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