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Abstract. A sample manipulator with six degrees of freedom, which is part of a
molecular beam scattering apparatus used to study gas–surface interactions, is
described. Incidence parameters such as the angle of incidence and the azimuthal
angle can be set and particles leaving the surface both in and out the plane of
incidence can be measured (to within 0.1◦ accuracy). The latter is achieved, under
computer control, by a combination of the movement of the manipulator and the
movement of the detector. Cooling of the sample to liquid N2 temperatures and
heating to at least 1600 K is possible. A mathematical relation among the positions
of the manipulator and of the detector, the required incidence angle of the particles
and the final angle of the scattered particles to be measured is derived.

1. Introduction

One of the ways to study molecule–surface interactions
is to aim a beam of molecules at a surface and to
analyse the scattered particles or measure the fraction of
the incident molecules that adsorb at the surface. Several
experimental parameters can be varied to gain information
on the interaction such as the energy (translational and/or
internal) of the incident molecules, the surface temperature,
the orientation of the molecules with respect to the
sample surface, the incidence angle of the molecules,
the crystallographic direction along which the molecules
approach the sample surface and the angles measured with
respect to the surface normal and to the plane of incidence
under which the scattered particles are detected (final or
detection angles).

The molecules leaving the surface can be analysed
using a time-of-flight (TOF) technique. Detection of the
molecules can be achieved with a (differentially pumped)
mass spectrometer or an internal-state-sensitive detection
technique such as resonance-enhanced multiphoton ioniza-
tion (REMPI). Sticking probabilities can be measured by
monitoring the residual gas pressure while exposing the
surface to the molecular beam or by monitoring the spec-
ular He reflectivity while dosing. Desorbing the adsorbed
molecules by ramping the surface temperature (temperature
programmed desorption (TPD)) after exposing the surface
to the molecular beam can also be used to determine the
sticking probability, discriminate between different adsorp-
tion states and give information on desorption energies and
pre-exponential factors.

The above certainty is not a full list of the capabilities
of a molecular beam system but gives an overview of the

possibilities of our system in which the sample manipulator
plays a vital role. In the present paper a sample manipulator
which allows for the options mentioned will be described.
The option of detecting particles scattered out of the plane
of incidence as is allowed by the manipulator is one of
the unique features of our set-up. A coupled movement
in the degrees of freedom of the manipulator and of the
detector has to be performed to set the incidence and the
detection angles. The mathematical relations describing
these couplings and expressing the manipulator and detector
positions as functions of the incidence and detection angles
are derived.

2. The experimental set-up

The experimental set-up consists of two molecular beam
lines connected to an UHV chamber in which a sample
is mounted. A molecular or atomic beam is generated by
the supersonic expansion of a gas from a nozzle in the
beam line. One of the beam lines extends into the UHV
chamber to keep the distance between the nozzle and the
sample as short as possible for a maximum particle flux
at the sample. A drawing of the UHV chamber and this
beam line is shown in figure 1 [1]. The other beam line
was added at a later time and is especially designed for
experiments with oriented nitric oxide (NO) molecules [2].
Both beam lines are differentially pumped.

The sample is mounted on a manipulator in the centre
of the UHV chamber. A differentially pumped quadrupole
mass spectrometer (QMS) [1] and a REMPI detector for
measuring rovibrationally excited molecules [3] can rotate
in a horizontal plane around the sample. Both detectors
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Figure 1. An overview of the experimental set-up. It shows a molecular beam line and the scattering chamber. The
described manipulator is seen connected to the bottom of the scattering chamber. The cover of the UHV chamber can be
rotated.

are connected to the cover of the UHV chamber, which is
rotatable. UHV is maintained while rotating the cover by
doubly differentially pumping the seal between the cover
and rest of the chamber. The seal consists of three spring-
loaded Teflon seals and two pumping stages.

For surface characterization the system is equipped
to perform Auger electron spectroscopy (AES) and low-
energy electron diffraction (LEED). A residual gas analyser
(RGA) is present for monitoring the background pressure
and there is an ion sputter gun for cleaning the sample.
To allow exchange of samples without breaking the UHV,
a sample exchange chamber is also connected to the
scattering chamber.

The former two-axis sample manipulator is replaced by
the three-axis manipulator described. Since no commercial
manipulator that satisfied our demands was available we
developed one ourselves.

3. The design criteria

In a surface scattering or sticking experiment control is
required both over the angle of incidence of the incident
beam, measured with respect to the surface normal, and also
over the azimuthal angle. The azimuthal angle is defined
as the angle between a chosen crystallographic direction on
the surface and the plane of incidence of the particle, which
is the plane through the surface normal and the incidence
trajectory of the particle (see figure 2). One should also
have control over the angles, both in and out of the plane
of incidence, under which scattered particles are detected.
Since our detector can only rotate in one plane it should
be possible to rotate (tilt) the sample such that control of
out-of-plane scattering is also obtained. It is obvious that
the incidence and final angles of the particles referenced to
a frame connected to the sample will not be the same as

the angles describing the sample and the detector position
referenced to a frame connected to the experimental set-up.

It should be possible to face the sample towards the
molecular beam, but also towards the surface analytical
LEED and AES installations, an ion sputter gun and a
sample exchange chamber which are positioned in the
detector plane in an almost full circle around the sample.
The manipulator should be retractable from the beam path
to allow characterization of the incident beam.

Sample positioning should be motor-driven and
computer-controlled. The desired accuracy in the
positioning of the sample is only moderate: for the rotations
±0.1◦ and for the translations±0.1 mm is sufficient. A
360◦ polar rotation (θP ) of the sample manipulator around
a vertical axis of the experimental set-up, a tilt rotation
(θT ) of the sample with respect to the (horizontal) detector
plane (90◦ tilt backwards an 20◦ forwards), a 360◦ spin
rotation (θS) of the sample around the surface normal and a
±15 mmX, Y andZ translation of the sample manipulator
with respect to the centre of the experiment are required.

It should be possible to cool the sample to about liquid
N2 temperature and heat it to about 1200 K. Both radiative
heating and heating by electron bombardment of the sample
are required. The last method gives the option of fast
heating rates of the sample for TPD experiments. To avoid
a large heat load on the sample surroundings the sample
should be thermally isolated at elevated temperatures.
The sample should also be electrically insulated from its
surroundings. In this way it is possible to connect it to
earth potential or to bias it positively or negatively.

Samples should be easily exchanged, preferably without
breaking the vacuum, but rather using the sample exchange
chamber. It should also be possible to perform experiments
with oriented NO. To do so, a strong electrical field is
employed in which the NO molecules orient due the Stark
effect [2]. An orientation electrode in front of the (earthed)
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Figure 2. Incidence and exit vectors describing the incident and scattered particles in terms of the angles θi , φi , θf and φf in
the basis set (n,p, q) and as functions of θD in the basis set (x0,y0, z0). The vector p is defined to be along a high-symmetry
line on the surface, n is the surface normal. The vector x0 points in the direction of the molecular beam line and the vector
z0 points downwards and is perpendicular to the detector plane.

sample should therefore be provided for. The electrode
must be movable so that it can be put into a position
where it does not interfere with other experiments or sample
exchange.

The manipulator should be mounted on an 8 inch outer
diameter flange in the bottom of the experimental set-up.
The space available in the experiment is limited. Only
65 mm is available between one of the beam lines and
the centre of the UHV chamber. Since the demand on
polar rotation is a full 360◦, the top of the manipulator
should not occupy more space than fits in a cylinder with
65 mm radius. Positioning of a beam flag for sticking
probability measurements [4, 5] between the sample and the
beam line in the UHV chamber should be possible. In the
vertical direction no limitations of this order are imposed.
The detector used for REMPI experiments is very close
to the sample in these experiments in order not to lose
intensity and it should not be obstructed by the manipulator.
Incident and scattered/desorbing particles should also not
be obstructed by parts of the manipulator (except for the
orientation electrode).

A last important constraint on the design is UHV
compatibility. In the following sections a description of
the manipulator will be given and the relation among the
manipulator position and the incidence and final angles of
incident and scattered particles will be derived.

4. The implementation of the system

The newly designed sample manipulator is based on a
Fisons Omniax MXY25 and MXZ100 high-precisionX–
Y translation andZ translation stage. It consists, as is
shown in figure 3, of a wide-bore bellowsX–Y stage on
which a 100 mm bellows for theZ movement is mounted.
TheZ movement bellows ends in another flange on which
a Fisons DPRF55 differentially pumped rotational feed-
through is mounted. Through this rotational feed-through
and through theZ bellows there runs a 50 mm diameter
column. One end of this column is a 4.5 inch flange,

which is connected to the rotational feed-through. On the
other side of this flange there is a piece with several ports
allowing for the connection of liquid N2 tubing and several
electrical feed-throughs. At the bottom a Fisons SLMD100
linear translator stage is mounted, closing this end of the
manipulator. The column moves at the top of theX–Y
stage through a bearing allowing both for polar rotation
(θP ) and forZ translation.

On top of the column there is mechanism allowing for
the tilt (θT ) and spin rotation (θS) and a push rod connected
to the linear translation stage moves, through the column,
the tilt rotation of the sample. This part is shown enlarged
on the left-hand side of the figure 3 and photos are shown in
figure 4. A housing is mounted via two small ball bearings
and in between two arms on the column. The push rod
is connected via two rotation centres to the housing and
allows, by moving up or down, for the tilt rotation of
the housing. In the housing the sample holder is put in
a slide bearing allowing for spinning the sample holder
and thus the sample. Spin rotation of the holder is done
by the model B23.1 UHV compatible stepper motor from
Arun Microelectronic Limited (AML). The stepper motor
is mounted on top of the housing. A 10:1 gear connection
reduces the sample holder rotation speed with respect to
the stepper motor rotation speed. The sample holder can
be removed from the housing via a sample exchange rod
to transport it to the sample exchange chamber. In the
back of the housing, in an alumina plate, there are five
connectors into which five pins of the sample holder are
pushed. These allow for electrical connections: two for the
filament for heating the sample, one electrical connection to
the sample and two for a K-type thermocouple. A drawing
of the sample holder in a housing is shown in figure 5. All
the electrical wiring for the manipulator in UHV is also
put through the column and ends in an alumina plate with
connectors.

A piece of Cu–Cr is mounted on the alumina plate in
the housing. A Mo plate mounted at the back of the sample
holder fits loosely into this Cu–Cr piece. On the other side
of the Cu–Cr piece is clamped a set of Cu braids connected
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Figure 3. A drawing of the sample manipulator as it is mounted in the experimental set-up is shown on the right-hand side.
The top of the manipulator allowing for the tilt and spin rotation is shown enlarged on the left-hand side.

to a heat exchanger. Since Cu–Cr has a larger expansion
coefficient than Mo, the sample holder will make thermal
contact when cooling. In this way a cooling connection is
made to the sample. For good thermal heat contact the Cu
braids are electron-beam welded into two Cu blocks. One
is clamped on the Cu–Cr piece, the other one on the liquid
N2 heat exchanger (not shown exactly in figure 3). Flexible
Cu braids are used to allow for the tilt and spin rotation of
the sample.

In the sample holder the sample is clamped onto a
Cu–Cr block with sapphire insulation in between. The
sapphire acts as an electrical insulation for the sample,
but also as a heat diode. At low temperatures it has a
large heat conductivity and at high temperatures a low
one. In this way the sample is thermally insulated at high
temperatures and it can be cooled via the copper block. A
tungsten filament for heating is mounted behind the sample.
When applying electron-beam bombardment heating, all the
electrons should hit the sample in order not to heat the
surroundings. Therefore the heat screen behind the filament
is at the same potential as the filament and a+25 V bias is

applied to the sample. Linear heating rates up to 20 K s−1

have been attained and were limited only by the temperature
controller used [7]. A sample temperature ofTs = 120 K
is attained after cooling for about 1 h [6]. Cooling of the
sample takes of the order of minutes after flashing it from
a low temperature to a temperature of about 800 K. In
a high-temperature version of the sample holder in which
the Cu–Cr block is replaced by a Mo block a temperature
of over 1600 K can be attained (measured with a C-type
thermocouple).

An orientation electrode is mounted on the block in
between the sample holder housing and the stepper motor.
It can be moved in and out of position with the aid of the
sample-exchange rod.

The motors for all except the spin rotation are mounted
outside the vacuum. They are all DC motors and their
positions are given by Hewlett-Packard HEDS-5010/6010
optical increment encoders mounted on the back of the
motors. The controllers for these motors keep track of
the position in encoder steps with respect to a reference
position. If the position is lost somehow, the reference
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Figure 4. The left-hand photograph shows the top of the manipulator slightly tilted and the right-hand photograph is a
close-up of the housing for the sample holder with the sample holder in. A sample is not mounted, which makes the heating
filament visible.

position can easily be found again by reference to optical
marks which can be traced with the aid of Hewlett-
Packard HBCS-1100 optical sensors. The resolution of the
encoders in combination with the gear boxes used and the
reproducibility of the Fisons components is far better than
the accuracy required and will not be evaluated further.
For the spin rotation the accuracy in the position is given
by the steps of the stepper motor and the reduction and
backlash in the gears. Since the steps of the stepper motor
are 1.8◦ and the reduction 10:1, the accuracy of the position,
disregarding the backlash, will be±0.1◦. The backlash
is estimated to be 0.1◦ also, giving an accuracy in the
spin rotation position of±0.2◦. No encoder is used for
the stepper motor. The spin position would be in error
if steps were lost in spinning the sample. Loss of steps
is not expected since the torque of the stepper motor is
rather large. The controller supplied with the stepper motor
keeps track of the spin position in steps with respect to a
reference. The reference can be read by the human eye
using a telescope from a precision scale mounted on front
of the housing of the sample holder.

The three rotational axes of the sample manipulator are
positioned such that theθT axis is perpendicular to theθP
axis and theθS axis perpendicular to theθT axis. Both
the θP axis and theθS axis are designed to go through the
centre of the sample surface. TheθS axis is designed to be
perpendicular to the sample surface. If the thickness of the
sample used is larger or smaller than the value fixed in the
manipulator design or when the back and front surface of

the sample are not parallel this will no longer hold. When
moving the manipulator one should correct for the sample
thickness. If theX–Y plane of the manipulator is not
parallel with theX–Y plane of the experiment (the plane
of the detector), which is the case by approximately 2◦

in our experiment, one should also correct for this when
positioning the sample. TheθT axis is designed to lie
behind the sample surface, which thus will move out of the
centre of the experiment when the sample is being tilted;
the tilt of the sample is coupled to theXYZ coordinates of
the manipulator. One should also correct for this. A linear
translation drives theθT rotation and a relation between the
translation and the angleθT is derived. This is easily done
with the dimensions of the different parts employed in the
tilt movement.

The cover to which the detectors are attached is moved
by a large-torque DC motor and its position is read via
a Sony PL-20 magnetic ruler and read-out unit. The
resolution is far better than the error of 0.1◦ in finding the
maximum intensity of the direct beam, which is a reference
for the alignment.

Calibrations of the different degrees of freedom are
carried out by moving the manipulator positions over
a certain distance or angle and reading the number of
increments or the encoders of the stepper motor. These
calibrations are set in the computer program controlling
the manipulator and also the zero position can be set.
In this way the sample manipulator is easily positioned.
Finding the zero positions is done with the aid of a He–Ne
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Figure 5. The sample holder for easy sample exchange drawn in its housing.

laser directed through the molecular beam and (specularly)
reflecting from the surface and with the aid of specular
helium atom reflectivity. It is estimated that the zero
position can be found in this way with about 0.2◦ and
0.5 mm accuracy for the different degrees of freedom. The
facts that theX–Y plane of the manipulator and of the
detector and that the back and front planes of the sample
are not parallel can also be traced using these reflections.

5. Moving the manipulator and detector

The angles describing the particles incident on and scattered
from the surface (θi , φi , θf andφf ) are not the same as the
angles describing the position of the sample and detector
(θP , θT , θS and θD). To be able to position the sample
and detector for a specified scattering geometry, a relation
between the two sets of angles must be derived. Before we
can do so, both sets of angles have to be defined.

Both the incidence and the exit vector of the incident
and scattered particles, respectively, are described by two
angles. The incidence vector is defined as pointing in the
direction of the nozzle, opposite to the direction of the
incidence particles. The exit vector is defined as pointing
in the direction in which the particles are scattered, in the
direction of the detector. The angle between a vector and
the surface normal is referred to asθ , and the angle between
the projection of a vector on the surface and some reference
direction on the surface is referred to asφ. Figure 2
is a drawing of these vectors and angles. The reference
direction on the surface for the incident particles is a high-
symmetry direction, indicated by the vectorp in figure 2.
For the scattered particles the reference is the plane of
incidence, defined through the surface normaln and the
incidence vectori. The vectorq is defined such that the
vector set (n,p, q) constitutes a right-handed basis set [8]
that is connected to the sample surface.θi andφi are the
angles for the incident particles andθf andφf those for the
scattered particles. With these angles the incidence vector
i and exit vectoru can be described in coordinates refering

to the basis set (n,p, q):

i =
 cosθi
− sinθi cosφi
− sinθi sinφi


(n,p, q)

u =
 cosθf

sinθf cos(φf + φi)
sinθf sin(φf + φi)


(n,p,q)

. (1)

The four angles are defined to be in the ranges

0≤ θi, θf < 90◦ − 180◦ < φi, φf ≤ 180◦. (2)

Particles that have trapped at the surface and desorb
again in a scattering experiment are described by
characteristics (energy, temperature and intensity) that are
dependent only onθf and not onφf . Defining those two
angles in a way other than that described above leads to a
less obvious description of these characteristics in terms of
the scattering angles.

The position of the sample is described in terms of three
angles: the polar rotation angleθP the tilt rotation angleθT
and the spin rotation angleθS . Together with the rotation
angle θD of the detector this gives another four angles
describing the positions of the sample and the detector.
Both the anglesθP and θD are described with respect to
a coordinate system connected to our scattering apparatus.
The basis set (x0,y0, z0) is chosen in such a way that the
vectorx0 points in the direction of the nozzle source and
is thus identical to the incidence vectori. Both the vectors
x0 andy0 are in the detection plane, the plane in which our
detector rotates, andy0 points in such a direction thatθD is
positive for attainable detector positions. The vectorz0 is
chosen to provide a right-handed basis set (x0,y0, z0) and
is pointing down for our set-up. Incidence and exit vectors
are described in this set as

i =
 1

0

0


(x0,y0, z0)

u =
 cosθD

sinθD
0


(x0,y0, z0)

(3)
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Figure 6. Successive rotations of the sample manipulator (see equation (5)).

with the detector angleθD measured with respect to the
vectorx0. In a scattering experiment

0≤ θD ≤ 180◦ (4)

will hold but in practice the interval will be smaller
because the detector cannot reach all positions. For our
experimental set-up 58◦ ≤ θD ≤ 180◦ holds.

The polar rotation angleθP is the rotation of the manip-
ulator around the vectorzm0, of a basis set (xm0,ym0, zm0)
connected to the sample manipulator. With this rotation
we define the transformationRzmo (θP ) to another basis set
(xm1,ym1, zm1), with zm0 of course identical tozm1. These
rotations are shown in figure 6. The tilt axis of the manip-
ulator is through the vectorym1 after the transformation
Rzm0(θP ). Performing a tilt rotation of the sample defines
another rotation transformationRym1(θT ) to the basis set
(xm2,ym2, zm2), with ym1 identical toym2. A spin rotation
leads to the rotation transformationRxm2(θS) to the basis
set (xm3,ym3, zm3). If the sample is mounted in the manip-
ulator in such a way that the surface normaln coincides
with the spin rotation axis, thus ifn = xm3 = xm2 and
the set (xm0,ym0, zm0) connected to the manipulator coin-
cides with the set (x0,y0, z0) connected to the scattering
chamber, then we have defined the transformation

R = Rxm2(=n)(θS)Rym1(θT )Rzm0(=z0)(θP ) (5)

from the basis set (x0,y0, z0) to the basis set (n,p, q) with
these three rotations. The rotation transformations can be
expressed in terms of the well-known rotation matrices [8]

Rzm0(θP ) =
 cosθp sinθP 0

− sinθP cosθP 0

0 0 1



Rym1(θT ) =
 cosθT 0 − sinθT

0 1 0

sinθT 0 cosθT



Rxm2(θS) =
 1 0 0

0 cosθS sinθS
0 − sinθS cosθS

 . (6)

With the aid of the transformationR, the expression
for the incidence vectori and exit vectoru in the basis
set (x0,y0, z0) can be transformed to the expression in
the basis set (n,p, q). By doing so a relation is derived
between the anglesθP , θT , θS andθD on the one hand and
the anglesθi , φi , θf andφf on the other. It turned out to
be easier to work with the inverse transformation:

R−1

( cosθi
− sinθi cosφi
− sinθi sinφi

)
(n,p,q)

=
 1

0

0


(x0,y0,z0)

(7)

R−1

( cosθf
sinθf cos(φf + φi)
sinθf sin(φf + φi)

)
(n,p,q)

=
( cosθD

sinθD
0

)
(x0,y0,z0)

.

(8)
Since the transformationR is made up of multiple rotation
transformations which are orthogonal,R is also orthogonal.
The inverse matrix of the transformation is then easily
found because it is equal to the transpose matrixR−1 =
RT. The easiest way to the solution is now to take the
equations resulting from the second and third components
of equation (7) and the third component of equation (8)
(right-hand sides 0) and, solving these together with the
identity of the expression for the vector dot product ofi and
u in both basis sets (n,p, q) and (x0,y0, z0), one obtains

(i · u)(n,p,q) ≡ (i · u)(x0,y0,z0). (9)

The latter leads to the expression for the detector angle

θD = arccos(cosθf cosθi − sinθi sinθf cosφf ). (10)

Under the constraint of detecting particles out of the
plane of incidence with a constant angle between incident
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and scattered particles [1], thus with a constant detector
angle θD, both the anglesθf and φf have to be varied.
Their relation is then given by

θf = 2 arctan{[− sinθi cosφf + (sin2 θi cos2 φf − cos2 θD
+ cos2 θi)

1/2][cosθD + cosθi ]
−1} (11)

or

φf = ±
[
π − arccos

(
cosθD − cosθf cosθi

sinθi sinθf

)]
. (12)

In the analysis as described it is assumed that the
surface normaln coincides with the vectorxm3, but also
that the polar rotation axis of the manipulator coincides
with the vectorz0 (perpendicular to the scattering plane).
If both assumptions are not true another four rotations
have to be introduced. The assumptions do not hold if
theX–Y plane of the experiment (the detector plane) does
not coincide with theX–Y plane of the manipulator and
if the front and the back plane of the sample are not
parallel. First the vector coordinates expressed in the set
(x0,y0, z0) have to be transformed to a basis set for which
the vectorz coincides with the polar rotation axis of the
manipulatorzm0, which can be done with two rotationsα
andβ. Then the three manipulator rotation transformations
can be performed followed by two rotationsγ and δ to
make the vectorxm3 coincide with the surface normal. The
transformationR is now written as

R = Rz6(δ)Rym3(γ )Rxm2(θS)Rym1(θT )Rzm0(θP )

×Rx1(β)Ry0(α) (13)

and it should be noted that equations (7) and (8) are still
valid for the last expression forR.

Evaluating the second and third components of
equation (7) and the third component of equation (8) (right-
hand sides 0) leads to the expressions

cosθT tanθP − tanθi sinθT tanθP sin(θS + φi)
− tanθi cos(θS + φi)
= A(α, β, γ, δ, θP , θT , θS, θi, φi, θf , φf ) (14)

tanθi sin(θS + φi)− tanθT
= B(α, β, γ, δ, θP , θT , θS, θi, φi, θf , φf ) (15)

tanθT − tanθf sinφf cos(θS + φi)
− tanθf cosφf sin(θS + φi)
= C(α, β, γ, δ, θP , θT , θS, θi, φi, θf , φf ). (16)

Solving these equations gives the solutions for the sample
manipulator angles:

θS = −φi + arctan

(
tanθf sinφf + B(· · ·)+ C(· · ·)

tanθi − tanθf cosφf

)
(17)

θT = arctan[tanθi sin(θS + φi)− B(· · ·)] (18)

θP = arctan

(
tanθi cos(θS + φi)+ A(· · ·)

cosθT − tanθi sinθT sin(θS + φi)
)
. (19)

Finding the solutions is straightforward, but all the
mathematics involved is extremely tedious. We used a
formula-manipulation software package (Waterloo Maple
Software, University of Waterloo) to solve the problem.
In the case ofφf = 0, thus measuring in the plane of
incidence, andA = B = C = 0, it can be seen that

the different equations reduce toθS = −φi , θT = 0,
θP = θi and θD = θi + θf . A = B = C = 0 holds if
α = β = δ = γ = 0◦.

In the case of the anglesα = β = γ = δ = 0◦ (thus
A = B = C = 0) equations (14)–(16) are identical to
the ones found by solving equations (7) and (8) with the
transformation as defined by equation (5). However, the
expressions (14)–(16) are not exact because they could only
be obtained under the assumptions sinα ≈ α, cosα ≈ 1,
sinβ ≈ β, . . . and cosδ ≈ 1 (with α, β, γ andδ expressed
in radians). This assumption is only valid for small angles
α, β, γ andδ, as will be fulfilled in practice. The values of
A, B andC will also be small under these circumstances.

SinceA, B andC are also expressed in the anglesθP ,
θT and θS to be calculated, an iterative process is used to
find the values for these sample-manipulator angles for a
given scattering geometry (θi , φi , θf and φf ) and known
anglesα, β, γ andδ. One starts by takingA = B = C = 0
and calculatingθP , θT and θS . Then A, B and C are
calculated after which a new value forθP , θT and θS can
be obtained. These last two steps are repeated until values
for θP , θT andθS are found within a required accuracy. It
should be pointed out that this iterative process works only
for small values ofA, B andC and thus small anglesα,
β, γ andδ.

Since the tilt rotation axis is designed to lie behind the
sample surface, it will move the centre of the sample surface
out of the centre of the UHV chamber when the sample is
tilted. Keeping the centre of the sample surface in place
during tilting implies a coupling to theXYZ degrees of
freedom of the manipulator. If the thickness of the sample
is different from that required it must also be corrected
for by X–Y–Z movements. The couplings of the different
rotations toX–Y–Z are given by

X = (a + d)(1− cosθT ) cosθP − d cosθP
= [a − (a + d) cosθT ] cosθP (20)

Y = (a + d)(1− cosθT ) sinθP − d sinθP
= [a − (a + d) cosθT ] sinθP (21)

Z = (a + d) sinθT = (a + d) sinθT (22)

with a the distance between the tilt rotation axis and the
sample surface reference plane andd the distance of the
sample surface from this reference plane (d > 0 for a
thicker sample than required).

With the mathematics described it is possible to
determine the manipulator and detector positions for a
given set of experimental anglesθi , φi , θf and φf .
The mathematical procedure is implemented in computer
software.

6. Conclusions

We have given a description of a sample manipulator with
three translational and three rotational degrees of freedom.
Two angles describing the direction of the incident particles
can be set: one with respect to the surface normal and one
with respect to a reference direction on the sample surface.
In combination with a detector, which can be rotated in one
plane, particles leaving the surface both in and out of the
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incidence plane can be detected. A mathematical procedure
for these movements is derived. The accuracy of the
positioning is determined by the accuracy of the calibration
procedure rather than by the resolution and reproducibility
of the manipulator and detector.

The mounted sample can be cooled with liquid N2 and
heated to temperatures of at least 1600 K by radiation
and electron bombardment. At the lowest temperature the
sample can still be set to another position.
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