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Summary 

Magnetic nanostructures of iron can be grown by means of atom-optical deposition. For 
this a supersonic iron beam is required. The beam can be created by seeding a supersonic 
argon expansion. Solid iron is added to the souree and the souree is heated until the vapour 
pressure is high enough. In this report several steps for the realisation of this beam are 
described. The necessary temperature is calculated to be about 1700 K in order to obtain 
a beam with the right properties. Prototypes of a high-temperature souree are designed 
and tested. A well-functioning design is found to be a souree made of boron nitride with a 
tungsten filament tightly wound around it. This souree is surrounded by radiation shields 
and the vacuum chamber is watercooled. With this assembly temperatures of 2000 K can 
be reached without problems. Monitoring the temperature of the souree can best be done 
by means of a tungsten-rhenium thermocouple inside it. The most accurate measurement 
for the gas temperature is by determining the final speed of the beam by time-of-fiight 
measurements. 

The beam intensity and the velocity distribution of several beams have been measured. 
The results for the beam intensity have been found to agree with earlier measurements. 
The velocity distribution has been measured by means of a time-of-fiight setup installed 
for this purpose. With the current setup, the parallel speed ratio of the beam cannot be 
measured with an accuracy of better than about ten percent. For expansions where no 
clustering of argon occurs, measured speed ratios are consequently fifteen to twenty percent 
lower than expected. In order to find out whether this is an error in the measurements or 
this is caused by a disturbance of the expansion, some simple improvements can be made 
to the time-of-fiight s~tup. 
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Chapter 1 

Introduetion 

Properties of magnetic materials strongly depend on the dimensions of the materials. When 
one or more of the dimensions are on the order of nanometers, structures are called nano
structures. N anostructures consisting of thin layers of magnet ie materials are relatively 
easy to fabricate. However, a fast and reproducible fabrication of large, regular arrays of 
magnetic dots and lines of nanometer size is not possible with the techniques currently in 
use. A way by which this last aim is achievable, is by means of atom-optical deposition. In 
this technique a beam of neutral atoms is focused onto a substrate by means of an optical 
standing wave, which acts as an array of mièrolenses. 

The object of the current experiment is a fast and parallel production of arrays of 
dots and lines made of a ferromagnetic material, with structure sizes below 10 nm and an 
arbitrary period down to 20 nm. When certain conditions are fulfilled this is possible by 
means of atom-optical deposition. The basics of this method are illustrated in Fig. 1.1. 
One condition is that the atoms only see that part of the optical standing wave that acts 
as an ideal lens: only the minima in the interaction potential. When atoms are allowed 
to pass through other parts of the light field, deposition will also occur in between the 
structure positions, thus lowering the contrast. In order to avoid this a nanostructure 
transmission grating, with 100 nm-sized apertures, is placed in front of the light field to 
mask the incoming beam. 

Another condition that has to be fulfilled is that the atomie beam is well-collimated 
when moving through the light field. The collimation ratio has to be on the order of w-4 • 

This can easily be achieved by using aperturesin the beam; however, this drastically cuts 
down on beam intensity an hence on deposition rate. A better solution is therefore to use 
transverse laser cooling for the collimation. This requires an atom with an effective two
level ( closed) transition at a convenient wavelength. None of the ferromagnetic satisfies 
this requirement perfectly. However, iron has an almost closed transition at wavelength 
Ào = 372.0 nm. The light needed can be obtained from a frequency-doubled titanium
sapphire (Ti:S) laser. The transition is good enough for transverse laser cooling. Because 
of this the atom that has been chosen for the experiment is iron. 

Since the focal length of the microlenses formed by the standing optical field quadrat
ically depends on the axial velocity of the atoms, the spread in this velocity has to be 
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Figure 1.1: 'Artist's view' of the focusing of atoms to dots on a substrate by a two
dimensional standing light wave {1}. 

as small as possible. Since axiallaser cooling of iron (by means of Zeeman slowing) does 
not work well enough for longitudinal collimation, another salution has to be found. The 
salution used is to create the iron beam by means of a supersonic expansion. The gas used 
is cooled in the expansion so that the parallel velocity spread due to the parallel beam 
temperature is much smaller than the beam velocity. In order to achieve the wanted reso
lution for the structures the axial velocity spread has to be less than 10%. Details about 
the experiment can be found in [1], tagether with relevant publications. 

The current object of the project was to create a supersonic iron beam with the right 
properties. The final speed of the beam has to be between 1000 m s-1 and 2000 m s-1 

in order to have a suitable focal length and interaction length for transverse laser cooling. 
The parallel velocity spread has to be less than 10%. The beam width has to be 1 mm 
at most in order for transverse laser cooling to be feasible. Also the iron intensity of the 
beam has to beat least 1014 atoms s-1 sr-1 in order obtain a deposition rate in the region 
ofnms-1. 

One of the ways to create . a supersonic expansion of iron with these properties is to 
use an expansion of a hot gas that is seeded with iron. In this experiment the creation 
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of the hot seeded beam is done by means of a souree with a small nozzle through which 
argon expands. The source, with solid iron in it, is heated to temperatures in the order of 
1700 K by means of a filament around it. The theory of these supersonic beams is given in 
chapter 2. Inthelast section of chapter 2 also some calculations of how the experimental 
parameters have to ,be chosen in order to fulfill all beam demands are given. 

In this graduation research the first prototypes of the high-temperature souree have 
been designed and tested and some properties of the created beam have been measured. 
In chapter 3 the experimental setup, which has been used for creating beams and for 
measuring the properties of the beams, is described. 

In chapter 4 the first measurements on beams are given. These are measurements of 
the intensity of the beams, mainly at room temperature, in order to check whether earlier 
beam experiments can be reproduced. 

In chapter 5 the design of the high-temperature supersonic souree is discussed. In 
the first section materials that can be used for the souree are described and in the next 
section different methods for temperature measurements are given. In the third section the 
theory of heat transfer by radiation and conduction is given. By means of this theory the 
temperatures of all types of sourees can be calculated. Next, the design of a first souree 
and experimental results on that souree are given together with the problems that have 
been encountered. The solutions to these problems have been used for the design of a 
second source. Experimental results on this souree are also reported. In the last section 
of the chapter conclusions on souree design and the usefulness of different temperature 
measurement methods are given. 

In chapter 6 the measurements of the velocity and velocity distribution of the beams 
are given. These measurements have been done. by means of a time-of-flight setup, which 
consists of a rotating chopper and a detector a certain length downstream from the chopper. 
As a detector a quadrupale mass spectrometer is used, which was installed for this purpose 
together with the ultra-high vacuum chamber required. In this chapter first the principle 
of the time-of-flight method is described, after that aspects of the mass spectrometer are 
discussed and experimental results for the velocity and velocity distribution of several 
beams are given. Finally, conclusions are drawn from these measurements. 

The last chapter gives an overview of all conclusions. 
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Chapter 2 

Supersonic Iron Beams 

2.1 Campargue Expansions 

If a chamber in which a gas is kept at a relatively high pressure, is connected through a 
small nozzle to a chamber with a lower pressure, the gas will expand through the nozzle 
into the second chamber. The first (small) chamber together with the nozzle is called 
the source. For a souree with a converging nozzle the gas starts from a negligibly small 
velocity within the souree and then accelerates, as the area decreases, towards the souree 
exit. The flow may reach sonic speed (mean velocity equal to the local speed of sound 
or Mach number, M, equal to 1) at the exit, provided the ratio of souree and background 
pressure exceeds a critical value which is less than 2.1 for all gases. In this case the exit 
pressure of the gas will be independent of (and higher than) the pressure in the second 
chamber. The flow is said to be underexpanded and will expand further in the second 
chamber. In this process the mean velocity of the flow will exceed the local speed of sound 
and become supersonic. This is called a free jet expansion. Since the fluid moves faster 
than the speed of sound, information cannot propagate upstream. Because of this the flow 
does not 'know' the boundary conditions to which it must adjust. The flow overexpands 
and is recompressed by a system of shocks: the barrel shock at the sides and the Mach 
disk shock normal to the centerline. The thickness of the shocks is of the order of the local 
mean free path. The core of the expansion is isentropic and the properties are independent 
of the background pressure, because the supersonic flow in this region is not aware of any 
external condition (hence the term zone of silence). Downstream of the Mach disk the 
conditions are almost equal to the background conditions. These features of a free jet 
expansion are shown in Fig. 2.1. 

In a diffusion-pumped system with Pb rv 10-4 torr the continuurn pressure (that is, 
the pressure that would correspond to the density and temperature if the system would 
be in local thermal equilibrium) just upstream of the Mach disk would be predicted to 
be p M rv w-9 torr and the upstream mean free path about 25 cm. Since the shock 
wave thickness is of the order of the mean free path, within the length scale of a typical 
apparatus, a continuurn shock structure would be absent and there would simply be a 
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Figure 2.1: Schematic view of a supersonic expansion into a vacuum chamber with a high 
background pressure. 

smooth transition from continuurn to free-molecular flow. The effects of the surroundings 
then conform to Beer's law attenuation of the free jet rays by the background gas and by 
molecules reflected by surfaces placed in front of the expension. 

If a diffusion pump is not used and the background pressure is much higher, the free 
jet souree is aften referred to as the Campargue source. A mechanica! pump may be used, 
such as a Roots blower (pumping speed of the order of 100 l s- 1). The souree then operates 
with background pressures of {10-2 - 1) torr and involves some weak shock structure. In 
this case the free-jet beam must be extracted by a ( conical) skimmer placed upstream of 
the Mach disk in the zone of silence. 

In the remainder we will only describe Camparque expansions, though the difference 
with a low-pressure expansion souree is small, since in both cases the beam is extracted in 
principle from flows that are not affected by complicated nonisentropic shock structures. 

This description of these expansions originates in articles by Beijerinck et al. [3, 4] and 
can also be found in [5]. 

Undisturbed Flow Field of a Free Jet 

Flow from nozzle. We consider a sonic nozzle consisting of a converging section cut 
off in the sonic plane. The total flow rate N (s-1) is fully determined by the reservoir 
conditions according to 

(2.1) 

In this equation n0 , Rn and ao = J2kT0 /m are the number density, the effective nozzle 
radius and the characteristic velocity in the reservoir respectively. T0 is the reservoir 
temperature and 'Y = ep/cv the ratio of specific heats. The first factor in Eq. 2.1 is a 
dimensionless, gas dependent constant: J('y) = ('yf('y+ 1))112 (2/{'y+ 1))1/b-1). It is 0.513 
fora gas with 'Y = ~ (i.e. a manatomie gas) and 0.484 fora gas with 'Y = i (i.e. a diatomic 
gas). The effective nozzle radius is the fysical nozzle radius, Rn,o, corrected for the effect 
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of the boundary layer in the nozzle orifice: 

(2.2) 

with ca constant and Re, the Reynolds number in the nozzle exit, given by: 

(2.3) 

with TJ the viscosity of the gas. Since c ~ 0.5, the correction to the nozzle radius is usually 
only a few percent. 

The description of the expansion has to bè divided into three parts: in the first part 
the density is high enough for collisions to keep up local thermal equilibrium. The flow is 
described by means of streamlines. Then, as the density becomes ever lower, the expansion 
can be described by individual particles whose trajectories are mostly straight lines, with 
only a few collisions. This is the free molecular flow region of the expansion. The region 
in between is known as the transition region. 

Continuurn region. Aftera few nozzle diameters the streamlines become straight lines. 
The flow velocity is then close to its final value 

Voo = j 'Y ao. 
"(-1 

(2.4) 

At this point all streamlines seem to originate from the same point, the virtual souree 
point, located closetoor in the sonic plane (in the sonic plane for morratomie gases). This 
point is used as the zero-point for the z-direction. The number density on the axis of the 
expansionisthen given by: 

z 
n(z) = no(-t2, 

Zref 
(2.5) 

with Zref = a("() Rn a sealing length. The factor a("() follows from a numerical solution of 
the full flow equations governing the first part of the expansion. It is equal to 0.802 for 
"( = ~ and 0.598 for "( = i· In this equation it is assumed that the local velocity v(z) is 
equal to the final velocity V00 • 

The centre line intensity /(0) (sr-1 s-1
) directly follows from Eq. 2.5 and the assumption 

v(z) = V00 resulting in: . . 
2 N 

I(O) = noVooZref = K-, 
7r 

(2.6) 

with K{'Y) = a2 ('Y)J('Y)-1('Y/('Y- 1))112 the so-called peaking factor, being 2.0 for 'Y = ~
The ideal intensity of Eq. 2.6 has to be used as a reference todetermine the lossof beam 
intensity downstream. 

Due to the ( adiabatic) expansion the temper at ure decreases according to 

T(z) = To( _:_ t 2h-1). 
Zref 

(2.7) 
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The equilibrium of the translational degrees of freedom parallel and perpendicular to the 
stream lines, i.e. T(z) = 711(z) = T.1(z), will be maintained only if the collision frequency 
if sufficiently high and continuurn flow conditions hold. 

Transition to Free Molecular Flow. When the streamlines have become straight lines 
and the flow velocity is close to its limiting value, as occurs from z/ Zref ~ 2, rarefaction 
occurs only in the directions perpendicular to the considered streamline. lts primary effect 
will therefore be a decrease of the partiele velocity components in these directions. This 
in its turn influences the distribution of the partiele velocity parallel to the streamlines by 
means of collisions. 

Inthefree molecular flow limit (i.e. past the transition region) 111 will become constant, 
due to lack of collisions. The complete solution for 711(z) and T.1(z) both in the transition 
region and in the region of near-free molecular flow, is given by the thermal conduction 
model [2, 3]. This model uses the mean free path: 

Qexp (2.8) 

(2.9) 

In this equation C6 is the Van der Waals constant and Qexp the total cross section. The 
value of Qexp is chosen in such a way that, for hard spheres with this cross section, the same 
values for the viscosity and thermal conductivity are found as for a realistic intermolecular 
potential. This expression is based on the knowledge that at low temperatures the long
range attractive branch V(r) = -C6 /r6 dominates the collision processes in the expansion. 
The value for argon is: C6 / k = 4.45 · 10-55 K m6. With this we findat T0 = 293 Ka cross 
section that is approximately equal to the viscosity based cross section ( 41 A 2 

for argon). 
At lower temperatures largervalues are found: for a typical temperature T(z) = 10 K we 
find Qexp = 150 Á

2 
for argon. 

The thermal conduction model also gives limits for the transition region. These limits 
can be expressed in a non-dimensional position parameter(: 

(2.10) 

for monatomic gases, with 3 a non-dimensional parameter given by: 

~ .n-T c6 1 
.:: = 3.189y-;y-'Y-Zrefno(kTo) 3

• (2.11) 

For ( < 0.15 the deviation of 111 from continuurn conditions is smaller than 10%, for ( > 8 
the deviation of 111 from free flow conditions is smaller than 10%. 
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Figure 2.2: Expansion from a nozzle, with virtual souree distribution. 

Free Molecular Flow Downstream of the transition region the particles undergo so few 
collisions that their trajectories can be described as straight lines. By extrapolating these 
trajectories of individual particles back to a plane at z = 0, a distribution function of 
intersectien points is found. This is called the virtual souree distribution, see Fig. 2.2. 

The virtual souree distribution can be described by the sum of two Gaussian distribu
tions f with radii Rï and relative populations c; [3]: one narrow distri bution of particles 
that have not collided in the free molecular flow region and one wide distribution of those 
that have. The radii and populations are given by: 

= 
Rï Zref. ql,i( 1~0)q2,i 

= 
c2 - q3( 1~0) + q4 (Q.12) 

cl - 1- c2 

with for argon (experimentally): q1,1 = 4.2, q2,1 = 0.28, q1,2 = 17.6, q2,2 = 0.17, q3 = 0.22, 
q4 = 0.26 for 3 < 100 [3]. 

The density in the free molecular flow region (and also in the transition region) can 
still be described by Eq. 2.5. 

Shocks 

In a Campargue expansion the region of free expansion is limited by shock waves. The 
position of the Mach disk, the shock perpendicular to the beam axis, can he calculated 
from continuurn flow theory: 

ZM = b(/) !Ei, 
Zref V Pb 

(2.13) 

with b(i = i) = 1.94. By using Eq. 2.5 for the number density n(z) in the expanding gas 
and using the relation nb = N /S for the number density in the expansion chamber, with 
S (m3 s-1) the pumping speed of this chamber, we find: 

a(i)b('y) -1/2(To )lSl 
ZM = a0 - 2 2. 

J7rf(f) n 
(2.14) 
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The position of the Mach disk is thus independent of the nozzle radius Rn. Only the 
pumping speed and the temperature To of the nozzle and n of the expansion chamber are 
important. With increasing pumping speed and increasing reservoir temperature T0 the 
Mach disk shifts to a position further downstream of the nozzle, according to ZM ex T~/4 

and ZM ex S 112. 

The finite thickness of the Mach disk also has to be taken into account. The thickness 
dM is equal to at least 5 times the viscosity based mean free path Àvisc [3]. The Mach disk 
ends at position ZM and begins at position ZM - dM. 

Beam Extraction 

To obtain a free molecular beam from a Campargue expansion, it has to be extracted 
from the 'zone of silence', i.e. the undisturbed part of the expansion, by a skimmer which 
penetrates the Mach disk. This process is can cause significant loss of centre line intensity. 
The important parameters are the position of the skimmer orifice with respect totheMach 
disk, the height and the outer and inner angles of the skimmer and the radius Rs of the 
skimmer orifice. 

In the process of beam extraction, intensity is lost by the fini te transmission probability 
T8 of the undisturbed flow through the skimmer orifice. Based on a very general approach 
the transmission probability is expected to scale with the inverse skimmer Knudsen number: 

-1 ) 2Rs 
Kns (zs = À ( ) , 

exp Zs 
(2.15) 

with Àexp as in equation 2.8, the mean free path for collisions of the low-temperature parti
cles in the undisturbed expansion. Beijerinck et al. [4] have postulated and experimentally 
verified the following expression for the transmission probability: 

f(O)exp 

K,fv /7r 
Q1 exp( -q2Kn;1(zs,m)), (2.16) 

with /(0) fortheideal intensity of the undisturbed expansion, see Eq. 2.6. The parameters 
q1 and q2 are both of the order of unity ( 1. 23 and 0.35 respectively were found by Beijerinck, 
et al. [4]). In Eq. 2.16 it is assumed that at z = Zs,m the influence on the centre line intensity 
of the background gas penetrating the Mach disk is negligible in comparison with the effect 
of the skimmer transmission probability. 

Another process for loss of centre line intensity are collisions of ·beam particles with 
background gas in the chamber behind the skimmer. This losscan bedescribed by Beer's 
law: 

I= ! 0 • exp( -nlQ), (2.17) 

with n the number density, l the length over which the beam is in the chamber with 
background density n and Q the cross sectien for collisions, Eq. 2.8. In order to keep 
this loss small differential pumping is used: the chamber downstream from the skimmeris 
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separated from the next chamber by a small aperture which only transmits the centre of 
the beam. The remaining part of the beam, which doesn't pass the aperture, is pumped 
away, so the pressure behind the aperture will hardly be infiuenced by the beam. Beam 
loss due to background gas thus mainly takes place between the skimmer and the aperture, 
where the length l can be limited to a few centimeters. 

The position of the skimmer orifice has to be upstream of the beginning of the Mach 
disk ZM- dM to he in an undisturbed expansion. Upstream of the Mach disk the intensity 
of the expansion is independent of position. However the further the skimmer is positioned 
upstream, the larger is the density of the beam, and the smaller the transmission through 
the skimmer (see further on). The ideal position Zs,m is determined by the balance between 
beam loss by skimmer interaction and beam loss by infiuence of the Mach disk shock and 
can be estimated by means of the following rule: 

ZM 
Zs m = ----.,..----,----,-----

' 1+EÀvisc(ZM)/zM 
(2.18) 

with E an empirica! parameter. For pumping speeds below 100 e s-1
, E = 1.9 has been found 

to reasonably describe experimental values [4]. The skimmer transmission that is found if 
the expansion characteristics corresponding to the ideal skimmer position are substituted 
in Eq. 2.16 is of course an upper limit of the transmission, because at the ideal skimmer 
position the infiuence of collisions in the Mach disk is already felt. For Mach disk shocks 
that are not too thick, an estimate of a lower limit can he made by substituting the values 
corresponding toa position just upstream of the Mach disk (i.e. at position ZM- dM)· 

Rules for the minimum size and inner and outer angles of the skimmer cone can be 
found in [4, page 159]. A full angle of the outside of the skimmer of about 50° is usual. 

Beam Properties 

Relevant properties of the extracted beam are: intensity, velocity, speed ratio and whether 
or not clustering takes place. 

The centre line intensity of the extracted beam can be calculated by multiplying the 
ideal centre line intensity, Eq. 2.6, by the transmission probabilities of different stages. The 
most important of these is the skimmer transmission probability, Eq. 2.16 (that is if skim
mer position and parameters are correctly chosen as described in the previous paragraph). 

When measuring the centre line intensity of the beam with a detector far downstream 
of the skimmer a still lower value is measured: because of the finite size of the virtual 
souree the intensity of a souree with skimmer is lower than the intensity for a skimmerless 
source. The centre line intensity for a system with a conical skimmer is given by 

I(O)s N laR. 
- K,- f(p)dp 

7r 0 

I(O) i~2 ci(1 - exp( -( ~ )2
)) (2.19) 
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for the given virtual souree distribution J, Eq. 2.12 (with ~ the width op distribution i 
and ei the relative population) [2, 3). This deviation is most pronounced for large values of 
Band small values of Rs/ R",. This description is only valid when the centre line intensity 
is measured at a distance from the skimmer that is much larger than the nozzle-skimmer 
distance and when the aperture behind the skimmer is not narrower than the skimmer ori
fice itself. Hagena [6] gives a different expression to describe the effect, but this expression 
is only valid for continuurn flow conditions up to the skimmer orifice ( though this condition 
is not mentioned in the artiele). 

The different loss processes are described by exponential transmission functions with 
negative exponents ( or loss coefficients) which are in first order proportional to the residual 
gas density, which is in turn proportional to the flow ra te N. As a consequence the 
centre line intensity always first increases with increasing reservoir pressure ( undisturbed 
expansion ex N) and then decreases again due to loss processes. Thus a pressure exists 
for which the centre line intensity is maximaL The maximum is called the maximum 
maximorum. Sealing laws for the value at this maximum and the corresponding reservoir 
pressure can be found in [4). 

The final velocity of the of a fully expanded flow with zero parallel temperature follows 
directly from conservation of enthalpy in the expansion [5), for an ideal gas: 

(2.20) 

Sirree v and 111 are constant, the beam will have a constant parallel speed ratio Sn,oo· 
This is the beam velocity V00 divided by most probable parallel velocity deviation from the 
flow velocity, at 711,oo· To calculate this speed ratio the sudden freeze model was devel
oped [3), in which a freezing plane is defined before which there is full thermal equilibrium 
and after which the parallel temperature 711,oo remains constant. From this model the final 
value of the parallel speed ratio is found to be: 

!I 1 3(-y-1) 

Sn,oo = V 1_ 
1 

(1.875Ni B) "1+2 (2.21) 

with Np= 2.14 and B given by Eq. 2.11. These theoretica! results can be be compared to 
experimental results for argon, which give the following fit: 

Sn,oo = 19.3(3/100)0
.4

95 (2.22) 

instead of 18.1 for the pre-factor and 0.545 for the exponent. The theoretica! results are 
less reliable for polyatomic gases, but can still be used for, for example, N2 and 0 2. 

By means of the parallel speed ratio the parallel velocity distribution of a supersonic 
beam can be written in the following way: 

(2.23) 
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parameter dimension Ta= 293K Ta= 1500K Eq. 
Rn/Rn,o 0.99 0.96 2.2 

~ 230 26 2.11 
Zcont.-trans. mm 0.5 0.1 
Ztrans.-free mm 27 4.6 

R1,R2 mm 0.21, 0.35 0.11, 0.56 2.12 
cl,c2 0.23, 0.77 0.68, 0.32 

ZM mm 15 22 2.14 
dM mm 3 12 
Voo m s-1 552 1248 2.20 

Su,oo 28.7 8.8 2.21 
f* 190 4 2.25 

I max. s-1 sr-1 8.6. 1018 1.0. 1019 

Table 2.1: Some numerical values for expansion characteristics for a typical argon expan
sion, with: S = 0.1 m3 s-1, Rn,o = 50J.Lm, Po= 1 bar and Rs = 0.5 mm. 

with 
3 1 

VF = Voo(1 + 
28

2 )- 2 

ll,oo 
(2.24) 

due to the enthalpy in the parallel temperature of the beam. 
During the cooling of the beam it is possible for clusters of atoms to form. Cluster 

formation is determined by the dimensionless clustering parameter f*. When f* becomes 
larger, more and larger clusters are formed. Three different phases for clustering can be 
discerned: for f* < 200 no clustering occurs, for 200 < f* < 1000 small clusters (size 
'"" 10 atoms) are formed and for f* > 1000 large clusters (size '"" 1000 atoms) are formed. 
Empirically f* is given by [7]: 

f* =Kr( __E_ )( _!}__ )o.8s( Ta )-2.29, 
1Pa 1J.Lm 1K 

(2.25) 

with Kr a constant depending on the element: Kr(Ar) = 16.6, Kr(He) < 1. One of 
the adverse effects of clustering is that with the formation of clusters (binding) energy is 
released, which will influence the expansion. The perpendicular velocity distribution, i.é. 
the virtual souree distribution, is more sensitive to this effect than the parallel velocity 
distribution because T1_ « 111· At the onset of cluster formation, where the effect on 
the parallel speed ratio is negligible, a marked influence on the virtual souree radius can 
already be expected. 

Numerical val u es of some of the expansion characteristics described in this section are 
given in Table 2.1 for a typical argon expansion. 
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Figure 2. 3: Vapour pressure of iron as a function of temperature. 

2.2 Iron Seeded Beams 

To obtain an iron beam by means of a Campargue expansion, either a workable pressure 
of iron vapour has to be reaehed or an expansion of some other gas seeded with iron has to 
be used. In figure 2.3 the vapour pressure of iron is plotted as a function of temperature. 
The main disadvantage of a pure iron expansion in eomparison to a seeded expansion is 
that the pressure in the souree is fully dependent on the souree temperature. In a seeded 
expansion the pressure ean be choosen independently of the temperature. In this way for 
example the speed ratio ean be varied independently of the speed of the beam. Another 
disadvantage of a pure iron expansion is that either operating pressures are relatively low 
or operating temperatures relatively high. For example, to obtain an iron vapour pressure 
of 1 torr a temperature of almost 2200 K is needed. Operating at temperatures of this order 
gives quite some eomplications in design and lifetime of the source. Because the carrier 
gas in an iron seeded expansion may not react with iron, even at elevated temperatures, 
the most logical choice is a noble gas. 

The heating of the gas in the souree can be done by heating the source. It can be 
estimated [8] that, for temperatures above lOOOK, the temperature of the gas in the souree 
will equal the temperature of the souree itself after a flow length on the order of millimeters. 

During the expansion iron can form clusters. The chances for the formation of clusters 
are given by r* (Eq. 2.25), with Kr(Fe) = 1144. However, the presenee of argon has been 
found to stimulate the clustering of iron. This can be aceounted for by multiplying Kr 
by a factor of about 4. It is also possible for iron to cluster with argon. The clustering 
constant Kr for this process is between that of iron and that of argon, as it is related 
to the effective interatomie well-depth. The relevant pressure in equation 2.25 is that of 
iron. Thus the clustering condition of iron-argon is governed by a clustering constant that 
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is smaller than that of iron while the other parameters are the same. The clustering of 
iron-argon can thus only occur when iron clustering occurs. 

2.3 Choice of Experimental Parameters 

The theory given in sections 2.1 and 2.2 can be used to evaluate how a beam with the 
demanded properties can best be obtained. As was remarked in sectien 2.2 a carrier gas 
has to be used. Under continuurn conditions carrier gas and seed gas will have the same 
speed in an expansion, being the speed that is found by taking number averages for mass 
and heat capacity of both gases. To avoid risk of getting different speeds in the expansion 
it seems best to use a carrier gas with a mass that is close to that of iron. When searching 
for a candidate among the noble gases (since the carrier gas may not react with iron at 
elevated temperatures) argon is found to be a logical choice: mass number 40 (c.f. iron: 
56) and also beam speeds of argon at temperatures between 1000 and 2000 K are in the 
right domain (1000 m s-1 :::; V00 :::; 2000 m s-1 ). 

External Conditions, Beam Demands and Variabie Parameters 

Several conditions are seen as fixed and unvariable. These are: 
• The expansion chamber is pumped by a Roots blower with a pumping speed Broots = 

50 e s-1 and a maximum allowable pressure of 1 mbar. 
• The diffential chamber behind the skimmer is pumped by a diffusion pump with a 

pumping speed sdiff = 500 e s-1 and a maximum allowable pressure of 10-3 mbar. 
• The length of the differential pumping region (i.e. the distance between the skimmer 

and the aperture is considered to be fixed on 70 mm. (This is not an important 
parameter sirree it only affects beam loss according to Beer's law.) 

• The properties of argon are fixed: 
- atomie mass: m = 40 amu 
- ratio of specific heats: "' = ~ 
- Van der Waals constant: C6 = 4.45 · 10-55 • k 
- clustering constant: Kr = 16.6 

• The properties of iron are also fixed: 
- clustering constant of iron in an argon expansion: Kr,Fe = 4576 
- iron vapour pressure: Vp = 4.8 · 1010 exp( -4.3 · 104 jT0 ) to within 10% for T0 > 

1340 K. 
The expansion has to satisfy the following conditions: 
• final speed of the (iron) beam: 1000 m ç 1 :::; v00 :=:; 2000 m s-1 

• final parallel speed ratio: Sn,oo 2: 10 
• centre line intensity after aperture: I(O)aperture ~ 1014 s-1 sc1 

• beam width after aperture: d :::; 1 mm 
• no clustering of argon or of iron: f* < 200 
• pressure in expansion chamber: Pexp :::; 1 mbar 
• pressure in differential chamber: Pdiff :::; 0.8 · 10-3 mbar 
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· It has to he taken into account that higher souree temperatures are harder to reach, 
are more prone to having temperature differences over the souree and have a negative 
influence on the lifetime of the souree ( c.f. degradation and evaporation of souree material 
and heating wires). Because of this operating temperatures have to he minimized. 

When external conditions are taken into account, four variabie parameters remain to 
he chosen: 

• nozzle radius Rn o , 
• skimmer radius Rs 
• reservoir pressure Po 
• souree temperature To 

In the following paragraph a description is given of how Rn,o, Rs and Po should he chosen 
to satisfy all beam demands at as low a temperature T0 as possible. 

Calculation of Parameters 

For convenience the variabie parameters are changed to non-dimensional ones: 

f = Rn,o , s = ~, p = Po , 'Î' = To 
1 mm 1 mm 1 Torr 1 K 

(2.26) 

Now the conditions for the parameters which are imposed by the demands on the expansion 
are evaluated. 

First the beam speed: when all known variables are inserted in Eq. 2.20, we find: 

~ 1 1 
V00 = 32.2 · T2 m s- =} 

960 ~ T ~ 3860. (2.27) 

As vapour pressures of iron are extremely low ( < 10-10 Torr) for temperatures below 1000 
K anyway, this condition is automatically fulfilled when reasonable intensities of iron are 
attained. 

The demand that the parallel speed ratio of the beam is at least 10, leads with Eq. 2.21 
to the following minimum val ue for p: 

3 ~ 4 p = 2.83 · 10- T3f-1. (2.28) 

A larger value of p always leads to a lower iron intensity, in practical parameter regions. 
This is caused by the fact that a higher pressure will give more skimmer interaction and thus 
a lower skimmer transmission, while the iron intensity befare the skimmer is independent 
of the souree pressure. For this reason p is put equal to the righthand side of Eq. 2.28. 
Thus p is fully determined, when 'Î' and f are given. 

For iron it follows from Eq. 2.25 that for 'Î' < 2500 clustering will never occur: the 
non-clustering condition f* < 200 is satisfied for all nozzle diameters d ~ 6000J.Lm. For 
argon clustering follows from Eq. 2.25 that for 'Î' > 1000 no clustering occurs as long as 
p f 0·85 < 4 · 107

• This condition is always fulfilled, so neither clustering of iron nor of argon 
imposes any reallimitations on the parameters. 
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The condition imposed by the maximum pressure in the expansion chamber evaluates 
to: 

NRTexp 
Pexp = S ~ 0.8Torr =} 

Roots 
2 A 1 

pf ~ 4T2 =? 
3 A 5 

f ~ 1.4 . 10 r- 6 , (2.29) 

where Eq. 2.1 is used for the fi.rst step and Eq. 2.28 for the second one. EvenforT = 2000 
K, the nozzle radius may still be as large as 3 mm, so this condition too imposes no real 
restrietion on souree design. 

The condition imposed by the maximum pressure in the differential chamber translates 
to: 

flsl(O)kTdiff < 6 10_4T ...."_ 
Pdiff = S _ · orr --.-

diff 
1 · 4 A 53 14 1 A 1 

p2fs(1 + 1.2. w- Twf-ïïp- ) ~ 0.45T2 =? 
A 1 

A 8.4T-6 . 
s< 1 As' 

f2 + 0.055T36 
(2.30) 

where fls is the space angle of the skimmer orifice and where eqs. 2.6 and 2.18 are used for 
the first step and Eq. 2.28 and the condition f > 0.01 for the second one. This condition 
is only relevant for very large nozzles: f > 1. 

The condition that beam width after the aperture must be less than 1 mm simply 
restricts the size of the aperture to 1 mm. Since a skimmer that is larger than the aperture 
is not really useful, this comes down to 8 < 0.5. In first instanee however this condition is 
not taken into account. 

The final condition on the expansion, namely that the centre line intensity of iron after 
the aperture has to be about 10-14 s-1 sr-1 is the most complicated one to evaluate. The 
vapour pressure of iron in the souree is calculated and then divided by the ·tot al pressure 
in the souree in order to obtain the iron fraction in the beam. Then the total centre line 
intensity after the aperture (i.e. the centre line intensity I(O) (Eq. 2.6) multiplied by the 
three transmissions factors that have to be used (eqs. 2.16, 2.17, 2.19)) is multiplied by this 
fraction. The pressure p is determined by Eq. 2.28 and substitued. The resulting function 
has to be evaluated numerically for each temperature, to find for which values of f and s, 
I has its maximum. During this procedure it has to be kept in mind that the value thus 
found is an upper limit, because of this a lower limit is also estimated (see page 11). This 
lower limit is found to be about a factor 2 lower than the upper limit. There is another 
reason why iron intensities may be lower than calculated: due to heating of the skimmer, 
pressure becomes higher locally and the Mach disk moves closer to the nozzle. Because 
of this the skimmer also has to be moved closer to the nozzle and skimmer transmission 
decreases. 
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Figure 2.4: Upper limit of the iron intensity for three different sets of expansion parame
ters found by optimizing the nozzle radius, skimmer radius and pressure as a function of 
temperature (A: optimum expansion without limited beam width. B: optimum expansion 
with limited beam width. C: expansion at usual parameter values). 

Souree Design without Limited Final Beam Width When the size of the skimmer 
orifice would not he limited by the condition for a limited final beam width, the global 
maximum of I in f and 8 is found to he attainable. This maximum depends on 'Î' and for 
values of 'Î' between 1500 and 1600 it lies at r ~ 0.6 and s ~ 1.45. These values are much 
larger than typically used in this type of expansion. From these values p is found to he 80 
to 100 (Eq. 2.28). 

The expansion thus obtained, at a temperature of about 1550 K, has typical values of: 
total flux I = 3.5 · 1019 s-1 sr-1, 3 = 35 and a beam speed of 1250 m s-1 to 1300 m s-1. 

The upper limit of the iron intensity is given in Fig. 2.4 (A). The speed ratio is of course 
10. To obtain higher speed ratios a higher value of p has to he chosen and a lower value for 
the iron intensity is found (for a certain relative increase of the speed ratio smaller than 
50%, the same relative decreasein the iron intensity is obtained). The iron fraction in the 
beam is between 2 . w-6 and 8 . w-6

' so the preserree of iron will have negligible influence 
on beam properties. The minimum temperature of the system to get an iron intensity of 
10-14 s-1sr-1 is found to he about 1550 K. The total iron flux at this temperature is found 
to he 1015 atoms s-1 or 0.4 mg h-1. 

Souree Design with Limited Final Beam Width If the condition s :::; 0.5 is imposed 
on the system, the maximum value of the iron intensity is unattainable. The maximum 
with this condition is found to he at 8 = 0.5, f = 0.52, and thus at p ~ 105. The upper 
limit for the iron intensity can he found in Fig. 2.4 (B). Because 8/f is about 1, a much 
lower beam intensity is measured after the skimmer, due to the finite size of the virtual 
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source, see Eq. 2.19. The system has to be operated at more than 1600 K to fulfill the 
. condition for the iron intensity. The total iron flux at this temperature is found to be 

2 · 1015 atoms s-1 or 0.7 mg h-1 . 

If usual sizes for nozzle and skimmer orifice are used (f = 0.1, 8 = 0.5) p has to be 
500 to 600 and maximum iron intensities are found to be as in Fig. 2.4 ( C). To fulfill the 
condition for the iron intensity a temperature of about 1700 K is needed. In this case the 
total iron flux is 3 · 1014 atoms s-1 or 0.1 mg h-1. 
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Chapter 3 

Experimental Setup 

An overview of the current state of the apparatus is given in fig. 3.1. Various values and 
sizes are given in table 3.1. The souree is positioned in the expansion chamber. This 
chamber is separated from the differential chamber by a conical skimmer. The position of 
the souree relative to the skimmer is variable. The souree can be connected to a gas supply 
and be electrically heated up to temperatures of at least 1500 K. Design and development 
of the souree are described in chapter 5. The expansion chamber is pumped by a Roots 
blower. 

Less than a percent of the gas flow from the souree passes the skimmer into the differen
tial chamber. Since the skimmer is in the part of the expansion where background pressure 
in the expansion chamber has no influence (see sectien 2.1), no influx of background gas 
from the expansion into the differential chamber occurs. The differential chamber is ditfu
sion pumped. Because in this chamber significant beam loss occurs on decimeter scale due 
to background gas, the beam is extracted through an aperture out of it into the detector 
chamber after some centimeters. 

The beam flux through the aperture is so small that the pressure in the detector chamber 
is approximately independent of the expansion, due to the relatively high background 
pressure. In this chambèr direction and size of the beam are determined by the relative 
position of skimmer and aperture and the size of the aperture. The position of the aperture 
can be changed horizontally and vertically from outside the system and by this means the 
beam be directed in the wanted direction. An ionization gauge that can move horizontally 
(perpendicular to the beam direction) by means of a stepper motor, is mounted in the 
detector chamber. The ionization gauge is closed except for a slit in the direction of the 
incoming beam. With this gauge the total beam intensity can be measured. When the 
beam enters the detector, the pressure inside the detector rises until equilibrium between 
beam influx and outgoing flux due to the pressure difference, is reached. For calculations 
of the relation between beam intensity and detector signal, see chapter 4. 

At the end of the detector chamber the chopper is positioned. · This chopper passes 
the beam intermittently, so that time-of-flight measurements can be done. The chopper 
consistsof a single rotating aluminum disk with two narrow slits opposite each other and 
two wide slits in between. An optical trigger circuit is used to determine position and 

20 



expansion d1fferent1al 
chamber chamber 

(<1 0° mbar) (<10-3 mbar) 

1J~J[J 
Roots blower: ditfusion pump 

position 11 I 
(mm):-8 0 70 

detector 
chamber 

(10-6 mbar) 

chopper 

uhv 
chamber 
(10-8 mbar) 

titanium sublimatien ~ ~ 
genering pump ion-getter pump 

I I 
2005 2285 

Figure 3.1: Schematic drawing of the final beam setup with the relative positions of various 
parts given in millimeter. 

frequency of the chopper. 
After the detector chamber, the beam passes into the ultra high vacuum chamber. 

This chamber is seperated from the detector chamber by a tube with a length of about 
1 m. Inside this tube a flow resistance is positioned. The UHV chamber is pumped by a 
titanium sublimation gettering pump. The not-directly getterable noble gases are pumped 
by an ion-getter pump. Inside the UHV chamber a quadrupale mass spectrometer with 
a cross-beam ionizer is positioned. By means of this mass spectrometer measurements 
of the beam intensity or background pressure of atoms with a specific mass can be done. 
Without calibration however it is not very useful for absolute measurements. A description 
of the principle of mass speetrometry is given in the appendix. The mass spectrometer 
tagether with the chopper can be used to measure the velocity distribution of the beam, 
see chapter 6. 
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chamber elements properties 
souree inlet pressure 0- 5 bar 

expansion pump type Roots blower, Edwards RV250 
chamber pumping speed 50 f s-1 

max. pressure 1 mbar 
influx in chamber 1020 atoms s-1 

operating pressure 10-1 mbar 
skimmer size and material innerjouter angle: 40°/50° 
(3 types) a: 0 0.5 mm, brass, h: 17 mm 

b: 0 0.5 mm, steel, h: 38 mm 
c: 0 1.0 mm, grafite, h: 17 mm 

dist. from nozzle 3- 15 mm 
differential pump type diffusion pump, Edwards E04 
chamber pumping speed 500 f s-1 (unbaffied) 

influx in chamber 1018 atoms s-1 

operating pressure 10-4 mbar 
aperture width x height 1 x 4 mm2 

detector pump type diffusion pump, NRC VHS-6 
eh amber pumping speed 900 f s-1 

influx in chamber 1015 atoms ç 1 

operating pressure (2. 10-6 (bg)+10-7 (beam)) mbar 
ionization 
gauge slit width x height 1 x 5 mm2 

choppper si ze 0 100 mm, thickness 0.5 mm 
slit width 1 mm ( narrow), 50° ( wide) 
rotation speed 20-80Hz (by 12 V DC-motor) 

flow si ze 0 5 mm, length 100 mm 
resistance conductance (Ar) 0.1 f s-1 

UHV pumps types titanium sublimation gettering 
chamber pump and ion-getter pump 

pumping speeds 3600 f s-1 and 50 f s-1 

operating pressure (lo-10(bg)+10-8(beam)) mbar 
mass spec. type EAI quadrupale 220 

Table 3.1: Overview of sizes and values of the B.nal beam set up. 
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Chapter 4 

Beam lntensity Measurements 

The first experiments done were to measure the total beam intensity for several beams of 
helium and argon. The intensity is measured by means of the movable ionisation gauge 
in the detector chamber. When the gauge is positioned in the beam, the beam particles 
will enter through a narrow entrance slit and will cause a pressure rise inside. At a certain 
pressure the flux out of the gauge, which is caused by the difference between the pressure 
inside the gauge and the background pressure, will equal the beam influx. The mean free 
path of the particles is much larger than the detector aperture and thus the process is 
governed by free molecular flow. This equilibrium density, which is reached in the order of 
0.1 s, is measured by the ionisation gauge. 

The pressure rise in the detector for a certain beam intensity can be calculated by 
equating the beam influx into the detector and the flux out of it as a function of pressure. 
The relation between the detector signal and the inside pressure is given by ie = 'Yrel'YPdet· 

Here ie is the collector current of the detector, Pdet the pressure inside the gauge and 'Y 
the sensitivity of the detector for nitrogen ('Y = 7.5 · w-s A Pa-1 for emission current 
ie = 2.0 mA). The relative sensitivity compared to nitrogen, 'Yrel, is about 0.16 ± 0.03 for 
helium and 1.26 ± 0.2 for argon. The result is: 

J(o) -1 -1(2 k )! 2 r-1· 
det = 'Yrel'Y 7r m 2 Zdet det~e· (4.1) 

In this equation I(O)det is the beam intensity at the position of the detector aperture, m 
is the mass of the beam particles, Zdet is the distance between the nozzle and the detector 
and Tdet is the temperature inside the detector. When the gas properties are substituted 
tagether with Zdet = (0.67 ± 0.02) m and Tdet = 400 ± 50 K, for helium and argon are 
found I(O)det/ie = 2.5 · 1017 and 9.9 · 1016 s-1 sc1 nA -l respectively. The accuracy of 
these values is only about 30% due to the uncertainties in temperture and position of the 
detector and in the relative sensitivity for the gases. When the flow resistance due to the 
finite thickness of the detector aperture is taken into account, values approximately 15% 
smaller are found. 
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Figure 4-1: Measured argon intensity for different reservoir pressures. The nozzle diameter 
is 50 Jl.m. The measured intensities are the maximum intensities for different nozzle
skimmer distances. The dasbed line is a fit of a typical relation between intensity and 
souree pressure: I(O)det = c1pexp(-c2p), with p the souree pressure. The ideal intensity 
is also plotted. At the three highest pressures the effect of clustering can be seen. Due to 
their larger mass the clusters are affected less by smaller interactions inside the skimmer 
and have a higher transmission. 

Measurements of Beams at Room Temperature 

Forsome copper sourees with nozzle diameters of 16, 50 and 88 Jl.m, the maximum beam 
intensity was measured as a function of the reservoir pressure. A typical example for 
argon is given in Fig. 4.1. In order to draw conclusions on the expansion the skimmer 
transmission was plotted as a function of the inverse Knudsen number in the skimmer 
in order to check equation 2.16 for the setup. The skimmer transmission is determined 
by dividing the measured intensity by the ideal intensity. The measured intensities were 
corrected for beam loss due to background gas in the differential chamber. This was done 
by measuring the intensity for two different flight lengths through the differential chamber 
and extrapolation to zero flight length. In order to campare the results with those of 
Beijerinck [4), beam loss due to the finite virtual souree size (Eq. 2.19) was neglected as it 
was by Beijerinck. The results for three different nozzle and helium as well as argon are 
plotted in Fig. 4.2. 

The uncertainty in the measured signal is about 30% and in the Knudsen number about 
15%, due to the uncertainty in the optimum skimmer position. Because of this the only 
condusion that can be drawn is that the measurements for the nozzles with diameters of 
16 and 88 Jl.m do not differ significantly from the relation in Eq. 2.16 (q2 = 0.38) and 
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Figure 4.2: Skimmer transmission versus inverse Knudsen number in the skimmer for 
three different nozzles diameters and helium as wellas argon. Also plottedis the expected 
behaviour: Ts = q1 exp( -q2Kn-; 1 ). 

that the measurements for the nozzle with a diameter of 50 f..Lm do. When this last nozzle 
was examined under a microscope it was found to be clogged for about a quarter of the 
cross section. The change in nozzle cross section does not fully explain the difference: the 
expansion is disturbed by the clogging. The measurements for argon and helium for this 
nozzle give the same fit, as they should. Intense clustering occurs at the highest three 
Knudsen numbers for argon. 

Thus the beam behaviour corresponds with the description as given in section 2.1. 
When deviation from the expected relation between the skimmer transmission and the 
inverse Knudsen number in the skimmer occur, this indicates aberrances of the nozzle or 
the skimmer. 

Measurements at Elevated Temperatures 

The beam intensity has also been measured for one pressure at consecutively higher tem
peratures. The results are plotted in Fig. 4.3. Due to the fact that the Mach disk moves 
further away from the nozzle for higher temperatures, the nozzle-skimmer distance can be 
larger for higher temperatures. As the skimmer gets further away from the nozzle, the 
density at the skimmer location becomes lower and thus the skimmer transmission gets 
higher. The effect of a change in the nozzle-skimmer distance gets very small and thus 
the uncertainty in the Knudsen number becomes very large. Because of this a plot of the 
skimmer transmission versus the inverse Knudsen number is not really useful. 

The most important condusion from Fig. 4.3is that beam intensities of 1019 s-1 sr-1 
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Figure 4.3: Measured beam intensity compared with ideal beam intensity for an argon 
beam at different temperatures. Nozzle diameter: 100 J.lm. Souree pressure: 5 bar. 

are easily achievable by heating of the souree up to 1700 K. The difference between beam 
intensity at the detector and ideal beam intensity is only a factor of 3. As expected no 
clustering effects are found at these temperatures. 
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Chapter 5 

Souree Design and 
Temperature Measurements 

Iron vapour can be created in several ways. The first choice is between chemical production 
of iron vapour and production by means of the heating of solid iron. When the second 
possibility is chosen, the second choice is between direct heating of the iron or by the 
heating of solid iron in an oven. When an oven is used, it can be heated by means of 
electron bombardment, RF radiation or by direct heating. For direct heating a current can 
be sent through the souree or a separated heating element can be used. In this experiment 
this last option is chosen: the production of iron vapour by the heating of an oven with 
solid iron by means of a heating element through which a current is sent. Several of the 
other methods are discussed in [8]. 

In this method, the souree can consist of a tube with a nozzle at one end, which can 
be mounted on a flange on the other side where it can be connected to a gas inlet. The 
tube has to be heated over a few centimeter on the nozzle side up to about 1600 K at 
least. This can be clone by winding an electrically conducting filament around the souree 
and sending a current through it. Heat transfer from filament to souree can either be by 
radiation or by conduction and radiation when the filament makes good thermal contact 
with the source. Inside the souree there has to be an reservoir in which the solid iron is 
put. 

In this chapter the process of souree design and testing will described. First, in sec
tion 5.1 a list of materials that can be used for the souree or the heating element is given. 
In section 5.2 some practical temperature measurement methods and in section 5.3 some 
theory of heat transfer can be found. Next, insection 5.4, design of the first souree is given 
tagether with some experiments and encountered problems. Also the design of a second 
souree is given tagether with experimental results. Finally, in section 5.5, conclusions on 
souree design and temperature measurement methods are given. 
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5.1 Options for Souree Materials 

A logica! choice for the filament is tungsten as it is electrically conducting, resistant to high 
temperatures and as it can be used in the form of fl.exible wires. Another option would 
be high density carbon as that can resist even higher temperatures. The problem however 
is that carbon cannot be wound as a wire and thus the heating element has to be a self 
supporting carbon structure. For that it has to be thicker than a wire and resistance of 
the heating element will typically be much lower than 1 n, thus introducing the need for 
a high-current souree for the filament. 

The souree material has to fulfill more conditions: it has to be resistant to high tem
peratures, it has to be rnachinabie to the right formand be gas tight, it may not react with 
the iron in the souree even at high temperatures, thermal conduction has to he quite low 
as to keep losses by conduction to the fl.ange as low as possible. Purthermare when a non
selfsupporting heating element is used the material has to be electrically non-conducting 
as it is in contact with the filament. 

Only very few materials fulfill these conditions, notably: 
• Aluminum oxide: Ah03: 

Advantages: Temperature resistant toabout 2200 K, non-reacting, very low thermal 
conductivity , electrically non-conducting. Relatively cheap. 
Disadvantages: Aluminum oxide is very hard and thus it is very hard to machine it 
into special shapes. The souree has thus to be built by standard available components. 
Various tubes can be glued tagether with special high temperature glue that can 
withstand temperatures of up to 1900 K. It is however not certain that the glue will 
not react with the iron at elevated temperatures. 

• Boron nitride: BN: 
Advantages: Temperature resistant toabout 2900 K, non-reacting, low thermal con
ductivity , electrically non-conducting and easily rnachinabie (screw thread possible). 
Disadvantages: Relatively expensive. Possible risk of outgasing of nitrogen at high 
temperatures with associated structure loss. 

• High density carbon: C: 
Advantages: Temperature resistant toabout 3000 K, non-reacting, easily rnachinabie 
(screw thread possible). Relatively cheap. 
Disadvantages: High thermal conductivity and electrically conducting. 

For values of thermal properties of these materials, see the appendix. 

5.2 Temperature Measurement Methods 

While operating the souree it is important to be able to measure the temperature of the 
oven; because this determines important beam charactistics such as beam speed, speed 
ratio and iron intensity. Several different methods can be used: 

• Using a thermocouple: A very easy to use way of measuring the temperature in 
the souree is by putting in a thermocouple. With a tungsten/rhenium-thermocouple 
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temperatures of up to at least 2000 K can be measured. The wires may not be too 
thick, because in that case they may cool by conduction. Voltage versus temperature 
plotsforsome tungsten/rhenium thermocouples are given in the appendix. 

• Measuring the electrical resistance of the filament: the resistivity of tungsten in
creases monotonously with temperature. When length, thickness and total resistance 
of the filament are known an average temperature can be calculated. Resistivity of 
tungsten versus temperature is given in the appendix. 

• Using a pyrometer: With a pyrometer the amount of emitted radiation at a certain 
wavelength can be compared with that of a tungsten filament of known temperature. 
The temperature of the tungsten filament in the pyrometer is changed until visual 
inspeetion through a coloured glass shows that, at the wavelength transmitted by 
the glass, souree and filament emit the same amount of radiation. The amount of 
radiation of wavelength ). emitted by a body with emissivity E(T) at temperature T 
is given by Planck's distribution law: 

· 27rhc2 

Eb>.(T) = E(T) ).5(exp(~cj>.T) -1)'. (5.1) 

with h, Planck's constant, c, the speed of light, k Boltzmann's constant and E(T) the 
emissivity of the material at temperature T (see section 5.3). With the pyrometer 
the amount of radiation with a wavelength of 660 nm is compared and Planck's law 
becomes: 

E (T) (T) 2.99. 109 [ W ] ) 
b>. = E exp(2.18 · 104[K]/T)- 1 m2J.Lm (5·

2 

When using a pyrometer it has to be kept in mind that the temperature reading is 
only exact when the measured material is also made of tungsten. When that is not 
the case the reading has to be corrected for differences in emissivity ( differences for 
BN are in the order of 10 Kelvin). Also, the view direction of the pyrometer must 
make a large angle with the surface, as the emissivity is smaller for small angles with 
the surface. Finally care has to be taken with reflections of the radiation of other hot 
objects in the vicinity of the object to be measured (specifically the heating element 
when the souree temperature is measured). An advantage of using a pyrometer is 
that the temperature can be measured at any wanted position. 

These methods have in common that they measure oven or heating element temperature 
and not the gas temperature. There are also some possibilities to directly measure gas 
temperature from the properties of the expansion: 

• Measuring the final parallel beam speed: this is a direct measure for the tempera
ture of the gas in the oven .(eq. 2.20). However a time of flight setup with a mass 
spectrometer is necessary for this measurement, see also chapter 6. 

• Measuring the total beam intensity: in theory this can also be used to determine 
the temperature of the gas, however since the intensity is influenced by a lot of 
parameters it is nota very trustworthy method. 
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• Measuring the pressure in the expansion chamber (eq. 2.1): this is a quite direct and 
easy method for determining gas temperature. Pumping speed of the roots pump 
is in principle pressure dependent, but as the pressure scales with the inverse of the 
square root of the souree temperature, pressure changes in the expansion chamber 
are not more than a factor of 2.5. This range is small enough to consider pumping 
speed as constant over it. 

5.3 Heat Transfer 

The total energy a surface radiates per unit area is called the total emissive power of the 
surface and is given by: 

E(T) = E(T)o-T4
, (5.3) 

with E(T) the total hemispherical emissivity of the surface (0 :::; E(T) :::; 1), a the Stefan
Boltzmann constant (5.67 · w-s W m-2 K-4) and T the absolute temperature (K). The 
amount of radiation recieved by another body is given by the total amount of radiation 
emitted by the first surface times the view factor F 12 from the first to the second surface. 
This view factor is defined as the fraction of radiation leaving surface 1 that strikes surface 
2 directly and is a purely geometrical factor. The radiation striking the second surface is 
partly refl.ected, partly absorbed and partly transmitted, where the respective fractions are 
given by the absorptivity a(T), the refiectivity p(T) and the transmissivity T(T) respec
tively. For opaque surfaces T(T) = 0 and thus a(T) + p(T) = 1. For the relation between 
a(T) and E(T) Kirchhoff's law is found: 

E(T) = a(T) (5.4) 

when the surface temperature is equal to the temperature of the souree of incident radia
tion. However when there exists a temperature difference of no more than a few hundred 
Kelvin, this law still gives acceptable results in many cases. With these laws ( and taking 
into account that the energy radiated by a surface consists of the sum of emitted and 
refl.ected radiation) radiation balances can be formulated and energy transfer between sur
faces with different temperatures can be calculated. For a general description of principles 
and calculations of radiation heat transfer, see for example (9]. 

Heat transfer by conduction through a piece of material is given by: 

(5.5) 

with À the coefficient of thermal conduction of the material, A the cross-section and l the 
length of and !:1T temperature difference over the piece .. 

These equations together with the choice of materials and the geometry of the souree are 
sufReient for calculating the thermal behaviour of the source. In section 5.4 temperature 
calculations are performed for several experimental situations. 
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Figure 5.1: Schematic drawing of the aluminum oxide iron source. (The black reetangles 
are the glue.) 

5.4 Design and Experimental Results 

First Souree Design 

Because aluminum oxide is a cheap souree material that was already present for exper
iments, the first souree was made of aluminum oxide. It consists of pieces of tube that 
are glued together. The glue used is WH-Feuerfestkitt 98 of Ceratec, which consists for 
98% of aluminum oxide and is useable up to 2000 K. This souree is schematically drawn 
in figure 5.1. Temperature measurements by means of a pyrometer or by measuring the 
resistance of the filament are possible. 

Experiments 

This souree has been used for iron deposition. No carrier gas was used for the iron, because 
of this pressures inside the oven are so low that no supersonic expansion occurs. The souree 
functions as an effusive source, where the flux from the nozzle is simply given by gas flow 
through an opening. (Same more theory on effusive sourees is given in [5, chapter 4].) 
For this it is positioned in the detector chamber with a silicon substrate 250 mm in front 
of it and two diaphragms of some millimeter diall).eter in between. Inside the souree 5 
mm3 of iron has been put during assembly. The souree is then heated with 600 W up to 
temperatures of more than 2000 K, as measured with a pyrometer, forabout 20 minutes. 
At this temperature the iron vapour pressure is about 20 Pa, so the iron flux from the 
souree is about 1017 s-1 sr-I, this leads to a iron layer thickness of about 25 nm ("" 100 
monolayers) in 20 minutes. The pressure in the detector chamber is about 4 · 10-5 Torr 
during the experiment. 

After this a dark spot of the size of the diaphragm was visible on the silicon substrate. 
This spot was then analysed by means of Low Energy Ion Scattering at Calypso. This 
analysis showed that at a depth of about 5 monolayers about 12% iron was present. The 
spot consisted mainly of oxygen, aluminum, sodium and potassium, also some traces of 
tungsten were found. It was then tested whether this pollution also occurred with a 
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souree with no iron. The sample used for this test was however by accident a sample 
that had already been used before. Thus, an analogous spectrum of elements was found 
(iron content: about 4%). From the fact that iron was found on this sample, it can be 
concluded that nothing was grown on the substrate during the experiment without iron. 
Thus the aluminum and oxygen found after the experiment with iron in the source, are 
probably released by areaction between the iron and the aluminum oxyde or between the 
iron and the glue. The aceurenee of a reaction was confirmed by the observation that in 
one experiment the iron had moved to the back part of the souree and a hole through the 
glue was discernable. Other parts of the pollution of the iron spots are probably caused 
by the high background pressure in the growth chamber. In order to avoid this pollution, 
layer growth has to be done in a separate chamber. To have a measurement device before 
this chamber was implemented, the ultra-high vacuum chamber with mass spectrometer 
was added. 

Problems and Possible Solutions 

During the experiments with the aluminum oxide souree a number of problems was en
countered: 

• The iron in the souree reacts with the glue at elevated temperattires. 
Solution: A souree without glue, in which the parts are screwed together. 

• The temperature of the tungsten filament is about 300 K higher than that of the 
source. This leads to short lifetimes of the filament due to evaporation and reaction 
with the souree materiaL 
Solution: Grooves in the outer surface of the souree in which the filament can be put 
and the use of another souree material as in the only experiment in which aluminum 
oxide with grooves has been used, the tungsten reacted with the aluminum oxide and 
stuck to it. The use of radiation shields is also an option. 

• Large temperature differences exist over the souree and also over the filament, due 
to irregular winding of the filament. The first leads to a lower iron intensity in the 
beam, as the coldest part tends to determine the vapour pressure, and may lead to 
the condensation of iron inside the nozzle. The second leads to short lifetimes of the 
filament. 
Solution: Grooves in the souree or the use of radiation shields. The souree must be 
heated homogeneously over a sufficient length. 

• Heating of the expansion chamber. 
Solution: Watercooling of the exterior of the chamber. 

• No measure of the temperature inside the source. 
Solution: The use of a thermocouple. 

Second Souree Design 

The new souree was made of boron nitride, which is easily machinable. Furthermore boron 
nitride is electrically non-conducting, so the filament can still be wound around the source. 
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Figure 5.2: Schematic drawing of the boron nitride iron source. 

The souree has grooves on the outside so the filament is wound very regularly and makes 
good contact with the source. The gas is fed into the souree itself through an inner nozzle 
to avoid backdiffusion of the iron. The different parts are screwed together. The supply 
tube is made as thin as possible to avoid large heat losses by conduction. Around the 
souree a triple radiation shield can he positioned, of which the inner shield is made of 
tantalum and the outer two of stainless steel. A schematic drawing of the souree with 
radiation shield, together with the various sizes is given in figure 5.2. 

Experimental Results 

Several experiments were done to test the souree as well as the usefulness of temperature 
calculations and temperature measurement methods. 

The first experiment was without radiation shields. No expansion was used. This 
experiment was repeated for the same configuration with radiation shieids. Measurements 
of temperature versus incoupled power are plotted in figure 5.3. 

In the first experiment measurements with a pyrometer show the same temperature 
for the souree as for the heating element. Correction for the higher emissivity of boron 
nitride gives 30 to 10 K lower values for the souree for temperatures of 1000 to 1500 K. 
When heat transfer between element and souree is by conduction, temperature differences 
over the souree of about this value are calculated. Calculation of radiated power of the 
souree as a function of temperature by taking a temperature difference of 2% between 
heating element and souree gives good agreement with pyrometer measurements. Power 
loss by conduction through the entrance tube of the souree is calculated to he only about 
10 W at 1500 K. Temper at ure measurements with a thermocouple ( after stabilization of 
temperature), are 100 K lower than pyrometer measurements. This difference may he due 
to a lower temperature inside the source, but it may also (partly) he due to cooling of 
the thermocouple by conduction through it. (The thermocouple used has wires of 0.4 mm 
thick and when these are heated by radiation over 1 cm and conduct to room temperature 
over 10 cm, temperature may he up to 50 K too low.) Temperature as. measured by 
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Figure 5.3: Temperature measurements by different methods of the baron nitride souree 
with and without radiation shields. Eneircled symbols are with radiation shields. A tem
perature ealeulation without radiation shields and estimates of temperature for 1 and 3 
shields are also plotted. Dasbed lines are drawn as an aid to the eye, sealing with the 
power to the power 1/4. 

resistance of the filament is about 200 K higher than pyrometer measurements. This is 
probably due to the fact that parts of the heating element are not in contact with the 
source. These are hotter due to the absence of heat loss by conduction. Also parts in 
which the filament is slightly thinner, will become hotter, thus giving a double error to a 
temperature measurement. 

In the experiment with heating shields pyrometer measurements are not possible. The 
measured temperature difference between filament resistance and thermocouple is of the 
same order as without shields. Since the absorbtivity of the radiation shields is not ac
curately known, only an estimate of temperature as a function of power is made. This 
is done for 1 complete radiation shield and 3 complete radiation shields, with emissivity 
of 0.3. (In the experiment 3 coaxial shields were used, but only one shield at front and 
back end.) The experiment seems to correspond with only one radiation shield, which 
means that either heat loss through the single front and back ends of the shield is very 
important or that due to pollution from the heating element the absorbtivity of the inner 
shield becomes significantly higher. 

After these measurements it was found that the threads connect!ng the nozzle to the 
souree were stuck. Also parts of the inner radiation shield that were made of steel were 
welded tagether and had to be replaced by parts made entirely out of tantalum. In further 
experiments only the entrance tube to the souree could still be used. A difference with the 
souree as used before is that it has no g~ooves to put the filament in. Measurements of 
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Figure 5.4: Temperature measurements by different methods of the baron nitride souree 
entrance tube. Filament temperature calculations for heat transfer by radiation only and 
for heat transfer by radiation plus conduction, between filament and souree arealso plotted. 
Dasbed lines are drawn as an aid to the eye, sealing with the power to the power 1/4. 
Circles are calculations of the measured temperature for souree temperatures of TBN,nozzle 

with reflections from the filament. 

temperature versus incoupled power are plotted in figure 5.4. 
In this experiment a significant difference between the filament temperature and the 

souree temperature is measured. This indicates that in this case heat transfer is mainly 
by radiation instead of conduction. This is also seen when the temperature of the heating 
element is compared with temperature calculations: measured temperatures are higher 
than calculations assuming conduction combined with radiation as the mechanism for heat 
transfer between filament and oven, but lower than calculations assuming radiation only. So 
there is only limited heat transfer by conduction. For lower input powers the temperature 
of the heating element lies below the calculation for conduction. This is probably due toa 
greater infiuence of heat loss by conduction through the tube and to temperature differences 
over tube and heating element. If the effect of refiection of radiation from the heating 
element by the souree on pyrometer measurements is calculated, for souree temperatures 
equal to those measured at the nozzle and filament temperatures as measured, the circles 
in fig. 5.4 would be measured as aresult of refiection. These calculations correspond closely 
with measurements for the middle of the source. It can thus be concluded that pyrometer 
measurements can easily be 200 K too high due to refiection from the filament and that 
in this case the temperature as measured at the nozzle is a good measure for the souree 
temperature. The difference between heating element and souree is in this case almost 400 
K, emphasizing the need for grooves in the source. Thermocouple measurements are about 
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Figure 5.5: Temperature measurements by different methods of the baron nitride souree 
entrance tube. Dasbed lines are drawn as an aid to the eye, sealing with the power to the 
power 1/4. 

100 K lower than pyrometer measurements, just as in the first experiment. 
To campare temperature measurements with measurements of beam characteristics, an 

experiment was dorre with the saffie souree (but a new filament), with an argon expansion. 
The inluence of the gas flow on the thermal behaviour is negligible, due to the small gas 
fl.uxes. In this experiment no thermocouple was available. Watercooling was also not avail
able. Because of this only a limited temperature range could be studied. Measurements of 
temperature versus incoupled power are plotted in figure 5.5. 

The most direct measurement of the gas temperature is by measuring the speed of the 
beam. This is dorre by time-of-fl.ight measurements, see chapter 6. Measurements using 
the pressure in the expansion chamber give the same values up to 50 W input power but 
differ significantly above that. This may either be due to changes in the pumping speed 
of the roots blower or to changes intheinput pressure of the source. However, the abrupt 
nature of the difference is suggestive of a partial obstruction of the nozzle or leakage of the 
source. These last two effects probably originate at the point where the souree is mounted 
on the fl.ange. The 0-ring used to seal the souree becomes so hot that it deteriorates, thus 
causing small leaks and maybe also partial clogging of the nozzle. In various experiments 
sudden pressure changes in the expansion chamber were noticed. 

It is remarkable that the difference between temperature measurements by pyrometer 
and by beam properties is largest for small input powers. This is due to temperature 
differences over souree and filament combined with the rather arbitrary nature of the points 
which are measured with the pyrometer. However to draw any definitive conclusions about 
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the different temperatures, measurements should also be done at higher input powers and 
with a thermocouple. 

5. 5 Con cl usions 

From the experiments several conclusions can be drawn: 

Souree Design. Aluminum oxide is not a good option for souree material, as different 
parts have to be glued tagether and the glue interacts with iron. A reaction between 
tungsten and aluminum oxide also occurs, which leads to short filament lifetimes and 
makes it hard to remove the filament. 

Boron nitride seems a good choice for souree materiaL Different parts o{ the souree can 
be connected by screw threads. The only question is, whether these can still be unscrewed 
after heating since in one experiment the threads got stuck. To avoid this, the thread 
has to be made as course as possible and has to be kept out of contact with the iron in 
the reservoir. In the outside of the souree grooves have to be made in which a tungsten 
filament with a thickness of at least 0.5 mm can be placed. In this case heat transfer 
from filament to souree is mainly by conduction, leading to small temperature differences 
between souree and oven. Several (tantalum) radiation shields around the souree also help 
to limit temperature differences over the souree and between souree and filament. The 
expansion chamber has to be watercooled. In this setup temperatures of up to 2000 K are 
attainable without problems. 

High density carbon would also be a good option, but in this case the heating element 
cannot be made of a filament wound around the souree as the carbon is electrically con
ducting. A selfsupporting heating element of (for example) carbon has to be made around 
the souree that is not in direct contact with it. In this case radiation shields are absolutely 
necessary. Also a high current (:::::::: 50 A), low voltage (:::::::: 30 V) power supply is neededas 
the electrical resistance of the heating element will be of the order of O.H1. At the moment 
experiments with such a souree are in progress. 

Temperature Measurement Methods. The best way to monitor the temperature of 
the souree is by using a tungsten-rhenium thermocouple inside it. The thickness of the 
thermocouple wires may not be more than 0.2 mm, as otherwise temperature differences 
due to conduction can occur. 

The resistance of the filament is not a reliable measure for the temperature of the 
souree when a tungsten filament is used, since temperature differences and unevenness of 
the thickness of the filament lead to errors. 

When no reflection of radiation from other (hotter) boclies is present, a pyrometer is a 
good measure for the temperature of filament and source. An advantage is that temper at ure 
can be measured at different positions. This method is however not useable with radiation 
shields. 
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The most direct way to determine the gas temperature is by measuring the final parallel 
beam speed. By means of a time-of-flight setup this speed can be measured, see chapter 6. 

A very simple way to determine gas temperature is by measuring the pressure in the 
expansion chamber. The trustworthiness of this method is however dubious: the pump
ing speed of a roots blower is pressure dependent and furthermore the accuracy depends 
strongly on the accuracy with which the geometry of the nozzle is known. Also partial 
clogging of the nozzle or leaks in the souree will strongly influence measurements. 
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Chapter 6 

Velocity Distribution Measurements 

When a beam is created its velocity distribution can be determined experimentally. For 
this purpose a velocity selector can be used: a series of discs with narrow slits which rotate 
in such a way that only a limited velocity domain is transmitted. A less cumhersome 
approach, however, is by time-of-flight measurement, in which only a single rotating disk 
with a narrow opening (a chopper) is used. By measuring the relative beam intensity some 
distance after the chopper as a function of time, information about the velocity distri bution 
of the atoms in the beam can be obtained. A short description of the principle of the time
of-flight measurement methad tagether with a description of the implementation, is given 
in section 6.1. 

In order to determine velocity distributions of a single species in a seeded beam, a 
species selective detector has to he used. For this a mass spectrometer has been installed 
inside an ultra-high vacuum chamber (chapter 3). A description of the mass spectrometer 
and the chosen instrumental settings is given in section 6.2. 

Time-of-flight measurements of argon beams at different pressures and temperatures, 
as wellas some measurements for beams of nitrogen and oxygen are given insection 6.3. 

Finally some conclusions are presented in section 6.4. 

6.1 Time of Flight Methad 

Principle of Time-of-Flight Measurements 

In time-of-flight measurements a single rotating disk with a narrow radial slit chops the 
beam into short pulses .. Immediately behind the chopper the duration of these pulses is 
fully determined by the time the chopper opening is in front of the beam, but after some 
distance the pulses become langer due to the variation in partiele veloeities in the beam. 
By measuring the relative beam intensity some distance behind the chopper as a function 
of time, information about beam velocity and velocity distribution can be obtained. The 
measured signal is a convolution of the chopper function, the time of flight distribution 
of the beam and the apparatus function of the detector. Here the chopper function gives 
the beam fraction that is transmitted by the chopper as a function of time and the time-
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of-flight distribution gives the spread of an infinitely short beam pulse due to the velocity 
distribution of the beam. In order to have a well-defined chopper function, the geometry 
of the beam cross-section at the chopper has to be well known. 

In order to calculate the beam velocity, the zero of the time-of-flight distribution has 
to be known, i.e. the moment that the chopper function has its maximum. Usually for 
this an optical trigger circuit is used, which gives a trigger pulse each time the chopper 
opening has a certain position. However, since the real zero depends on the exact position 
of the beam relative to the chopper, there is a time difference between the trigger pulse and 
zero of the time-of-flight distribution. This time difference is frequency dependent: it is 
directly proportional to the rotation period of the chopper. Thus, by measuring the beam 
intensity as a function of time for different chopper rotation periods and extrapolating the 
time position of a fixed point of the measured function to infinitely short rotation period, 
the offset can be determined and compensated for. 

The time-of-flight distribution function g'(t) is coupled to the velocity distribution of 
the beam (eq. 2.23) through the flight timet = Ljv for flight length L. When the beam 
intensity is measured by a device that measures density, such as a mass spectrometer, the 
velocity distribution used to calculate the time-of-flight distribution has to be weighed with 
the inverse of the velocity and is thus given by: 

I 1 L 2 s 2 g (t)dt ex: 4 exp( -(- - VF) (-) )dt, 
t t V00 

(6.1) 

with VF the average beam velocity as given in eq. 2.24. The signal at the detector is thus 
given by: 

fdetector(t) = 1~0 g'(T)j(t- T)dT, (6.2) 

where f(t) is the chopper function. 
The time-of-flight distribution can be derived from the measured signal by deconvolu

tion: 
(6.3) 

with :F the Fourier transfarm operator. However, this procedure is sensitive to noise on the 
measured signal. Another method is by fitting of a calculated signal for different velocity 
distributions. 

Descriptions of the principle and possible implementation of time-of-flight measure
mentscan be found in [10, 2]. 

lmplementation 

In the setup time-of-flight measurements are performed using a single chopper with two 
slits of 1 mm wide. The effective beam size at the chopper position is determined by the 
circular flow resistance further downstream (see chapter 3). This flow resistance has a 
diameter of 5 mm and is about a factor of 2 further away from the nozzle than the chopper 
disc. Thus, if the nozzle is considered as a point source, the beam that will pass through 
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Figure 6.1: Calculation of chopper function, time-of-flight distri bution and resulting signa], 
for a 1700 K argon beam (voo = 1330 m s-1

) with Su,oo = 10 and a chopper frequency of 
80Hz. 

the flow resistance is circular and has a diameter of about 2.5 mm. Actually it is slightly 
larger, sirree the beam diameter at the nozzle ( the fini te virtual souree size) is on the order 
of 0.1 mm. The size of the beam just upstream of the flow resistance is much larger than 5 
mm, so that the intensity over the cross-section of the flow resistance is constant. Thus, the 
effective beam at the chopper disc is circular with a rádius of about 2.6 mm and a constant 
intensity over its cross.-section. With these data the chopper function can be calculated. 
This is found by determining the fraction of the beam cross-section seen through a slit of 
1 mm width as a function of the position of the slit. Because of the small beam width 
compared to the effective chopper radius (about 45 mm), the change in the angle of the 
slit while it crosses the beam is neglected. The resulting chopper function can be found in 
the appendix, a typical plot can be found in figure 6.1. 

The exact size of this chopper function is thus determined by the position of the chopper 
relative to the flow resistance, the virtual souree radius, the effective chopper radius at the 
position of the beam (as this determines the absolute velocity of the chopper slit) and the 
beam profile in front of the flow resistance. Sirree especially the effective chopper radius 
cannot easily be measured with accuracy, the error in the width of the chopper function 
could be as large a 10%. An error on this order has a significant effect on the calculated 
velocity distribution of the beam, especially for elevated temperatures where flight times 
become shorter due to higher beam velocity. The choice for this setup was, however, 
determined by the lack of signal strength of the mass spectrometer used (see section 6.2). 
This made it necessary to get as much beam flux at the mass spectrometer as possible and 
thus made the use of an extra aperture directly behind the chopper undesirable. When 
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later on the signal from the mass spectrometer was enhanced by means of optimization 
of mass spectrometer settings, beam alignment, as well as by the use of an amplifier, this 
method was maintained. A more accurately known beam profile at the chopper disc would 
have been attained by the use of an extra aperture that determines the beam geometry, 
directly behind the chopper. 

The chopper rotatien frequency can be chosen between 20 and 80 Hz. Typical chopper 
function widths are then 250 to 70 J-LS, as compared to time-of-flight distribution widths of 
200 J-LS and 90 J-LS for argon beam at room temperature and at 1700 K respectively. (The 
flight length Lof the beam between chopper and detector is (1235 ± 10) mm.) 

The behaviour of the detector can also influence the time dependency of the measured 
signal. This behaviour is described by the detector response function. The apparatus 
profile of the mass spectrometer is partly determined by pressure changes in the detector 
chamber due to beam influx. However, on the timescale of the beam pulsesthese pressure 
fluctuations will be less than a percent for the large slits. Influence on the width of the 
signal from the narrow chopper slits is negligable. The apparatus profile of the mass 
spectrometer itself will be discussed in sectien 6.2. 

The electron multiplier in the mass spectrometer is not suitable to operate in puls 
counting mode due to aging. Signals can only be measured as analog currents. In this 
case an oscilloscope is used. This cannot be done directly, however, since the RC-time 
of an oscilloscope with a resistance of 1 MO that is connected by BNC cable (having a 
capacity of about 100 pF m -l), is on the order of 100 J-LS. This is too large for pulse 
width measurements. Therefore a current to voltage converter with an RC-time of 1 J-LS 
was connected. By cernparing the slope of the signal with and without the amplifier, the 
RC-time of the oscilloscope with cable was calculated to be 170 J-LS, which corresponds 
exactly to the RC-time of the scope with the 1.5 mof BNC-cable used. 

Fitting of Velocity Distribution Parameters 

The fitting of the measured signal to the calculated signal, with beam velocity and speed 
ratio as parameters, is done manually. The oscilloscope is used to average the signal over 
256 measurements in order to reduce noise, while triggering on the signal from the optical 
trigger. The measured signal is stored on diskette by the oscilloscope. 'The background of 
the signal is equated to zero and the signal of the wide chopper slits to one (i.e. the full 
beam signal). Position and width of the peak resulting from the narrow slit are determined 
from a fit with a Gaussian function. When the peak position is plotted against the rotatien 
period of the chopper a linear relation is found. The offset at zero rotatien period of the 
linear fit gives a first estimate for the beam velo city. The slope of the fit is used to introduce 
the time shift between trigger pulse and the zero of the chopper function to the calculated 
signal. Then the signal is calculated by convoluting the chopper function and a beam 
velocity distri bution (by means of a first estimate of beam velocity and speed ratio) for 
one of the frequencies at which a measurement has been done. In order to have a measure 
of the position and width of the peak, the result is evaluated by means of a Gaussian fit. 
This result is used to change beam velocity and speed ratio until they correspond with 
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those measured. This is done for every measured frequency. 
Another method to determine beam velocity and speed ratio is to use the extrapolation 

of the peak time and peak width to very high chopper frequency. The relation between 
the width of the peak and the chopper frequency is taken to be of the form: 

w = Jwfi + (c. J-1)2, (6.4) 

with f the chopper frequency and w0 the width at infinite frequency. This function is fitted 
to the measured peak widths for different frequencies. For the values for peak time and peak 
width corresponding to a very high chopper frequency (e.g. 50 kHz), the corresponding 
beam velocity and speed ratio are determined. The advantage of this method is that the 
exact values of the chopper function are negligible. In principle, Eq. 6.4 is only correct when 
the both the chopper function and the time-of-flight distribution are Gaussian functions. 
In practice, however, measured w-values can be fitted quite well by it. 

6.2 Mass Spectrometer 

The time-of-flight signal is measured by a quadrupole mass spectrometer in the uhv
chamber. The mass spectrometer consists of an ionizing chamber where. passing beam 
atoms are ionized, a quadrupole mass filter which selects the ions on charge to mass ratio 
and finally an electron multiplier where the ions are detected. (A more detailed description 
of ·mass speetrometry can be found in the appendix.) 

When the uhv-chamber with the mass spectrometer was installed in the setup after 
years of disuse, the mass spectrometer did not function properly anymore. One problem 
is that the gain of the electron multiplier is too small for individual pulses to be counted. 
Thus, the output current of the multiplier can only be measured as an analog signal. This 
current is typically on the order of 10 nA. This signal is amplified and measured with a 
digital oscilloscope (see section 6.1). Another problem was the instability of the measured 
signal. This was finally found to be due to an RF-tube that reacted to vibrations of the 
ventilation system. When the tube was replaced and the vibrations of the ventilation 
system dampened, the instability was over. 

The mass spectrometer has several variables which have to be adjusted in order to get 
the maximum beam signal. Special atte11tion has to be paid to the voltages inside the 
ionizer section, because a setting is needed that differs from those used to get maximum 
signal strength from background gas. This difference is caused by the difference in velocity 
(and direction) between the background atoms and the beam atoms. At ionizer voltages 
close to those that are optimal for measuring the background gas, no beam signal at all is 
discernable. The most important voltage to be changed is the voltage that determines the 
ion energy: for background gas about 16 V is optimal, for beam atoms about 95 V (the 
beam used for optimization is a room temperature oxygen beam with a velocity of 730 m 
s-1 )). 

The resolution of the mass spectrometer and the voltage over the electron multiplier 
have been chosen as low and as high as possible respectively to maximize beam signal 
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Figure 6.2: Velocity and speed ratiofora cold argon beam as a function of pressure. X 
markes the data that have been determined by extrapolation to inB.nite chopper frequencies, 
+ those found by averaging over the values of the measured frequencies. The drawn lines 
are the values expected for a souree temperature of 300 K (Eqs. 2.24 and 2.21). The 
clustering parameter f* is 15, 55, 120, 205 and 345 for the data points respectively for 
ascending pressure. From the spread in the measurements for different frequencies follows 
a standard error of about 2 m s-1 for the velocity and of about 0.5 in the speed ratio. 

strength without significantly lowering beam signal to background signal. The emission 
current from the filament in the ionizer is chosen to be 1.5 mA. Higher currents give higher 
signal strengths, but also shorter filament lifetimes. They may also cause memory effects 
in the ionizer due to the space charge of the electrons. An overview of the values of the 
parameters used is given in the appendix. 

The flight time of ions through the quadrupale section is on the order of 5 J-lS. This 
time has to be compensated for when doing time-of-flight measurements. 

6.3 Experimental Results 

Beams at Room Temperature 

The first measurement done was the determination of the velocity and speed ratio of an 
argon beam at room temperature for different souree pressures (Eqs. 2.24 and 2.22). The 
nozzle used is one that was also used by Habets for time-of-flight measurements [2]. lts 
diameter is 50 J-lm. The results are plotted in Fig. 6.2. 

When the measurements of the speed ratio are compared with the theoretically expected 
values for a souree temperature of 300 K, it is found that only for the two lowest pressures 
measurements do not differ significantly from the expected values. At higher pressures the 
speed ratio measured is too small. At the highest pressures the measured speed ratio even 
decreases, opposite to the expected relation. This behaviour is typical for the aceurenee 
of clustering in the expansion. Due to the energy that is released by the clustering, the 
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gas pressure VF (m S -l) Su,oo 
(torr) measured calculated measured calculated 

02 990 724±2 725 8.1 ± 0.5 10.4 
2660 738±2 728 11.3 ± 0.5 14.8 

N2 860 784±2 773 8.8 ± 0.5 9.7 
2400 790±2 777 12.1 ± 0.5 14.0 

Table 6.1: Measurements of the velocity and speed ratio of oxygen and nitrogen beams at 
room temperature. Standard errors are estimated from the spread in the measurements. 

velocity distribution of the expansion is changed. The infiuence of the energy release will 
primarily only be visible in the width of the parallel velocity distribution (and ofthe 
perpendicular velocity distribution) and not in the the beam velocity. This is caused by 
the fact that parallel beam temperatures are a factor of s~,oo smaller than the temperature 
corresponding to the average beam velo city. Wh en two argon atoms form a cluster, an 
energy corresponding to 120 K is released. Another effect by which clustering can lead to 
smaller measured speed ratios is that argon clusters can be split again in the ionizer of 
the mass spectrometer. In this way some clusters can be measured as unclustered atoms. 
Clusters will have a different velocity due to velocity slip and to the fact that they are 
formed past the continuurn zone of the expansion. Thus, a broadened parallel velocity 
distribution will be measured when the velocity of the clusters can not be resolved from 
the velocity of the atoms. The effect of clustering on the beam velocity can only be seen 
for the two highest pressures. Forthese pressures higher beam veloeities are found due to 
the energy release of clustering. 

Clustering occurs in this case for pressures a factor of two lower than expected from 
Eq. 2.25. Evenfora clustering parameter of 120 a marked infiuence on the parallel velocity 
distribution is found. This difference may be due to the fact that the nozzle has been bored 
out sirree its use by Habets [2]. The value of the clustering parameter for which clustering 
will start is dependent on the shape of the nozzle: in tubular nozzles clustering will occur 
sooner than in convex nozzles. 

The occurence of clustering can also be seen from the mass spectrometer signal eer
responding to a mass of 80 amu. For the lowest pressure no signal is found, for higher 
pressures the signal strength at this mass is 0.4%, 0.6%, 1.5% and 13% respectively of the 
signal corresponding to a mass of 40 amu. No absolute statements about the intensity of 
(Ar)2 can be made, however, due to the lack of calibration of the mass spectrometer and 
the possibility of cluster fragmentation in the ionizer section. For the highest pressure the 
velocity of (Ar)2 clusters is determined: a velocity of (537 ± 2) m s-1 is found. If some of 
these clusters are split in the ionizer, the resulting peak would be unresolved from that of 
the argon atoms. 

In order to measure different beam veloeities at room temperature, measurements were 
dorre for two pressures of oxygen and nitrogen beams at room temperature. Calculations 
of the properties of oxygen and nitrogen beams can be found in [3]. The results are given 
in table 6.1. 
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temper at ure pressure Vp m s ·l Su,oo calc. temp. calc. Su,oo 
(K) (torr) (m s-1) (K) 
1000 400 1082 9.8 1140 12.2 
1700 390 1318 7.6 1714 9.2 
1700 880 1340 11.4 1747 13.7 

Table 6.2: Measurements of the velocity and speed ratio of an argon beam at elevated 
temperatures. The calculated temperature and speed ratio are calculated by means of the 
measured beam velocity (The measured temperature is not used). The estimated errors 
areabout 2% for the velocity and about 10% forthespeed ratio. The temperatures in the 
first column have been measured by a thermocouple in the wall of the oven. 

The measured veloeities correspond within 2% to the calculated values. The measured 
speed ratios are about 20% and 10% to low for nitrogen and oxygen respectively. This 
deviation is the same for both pressures, so there is no indication that the expansions are 
influenced by clustering (also the signal from double the mass of nitrogen and oxygen is 
absent for the lowest pressure and only about 0.1% of the non-cluster signal for the higher 
pressure). 

After these measurements the flow resistance was discovered not to be correctly aligned 
with the beam direction. This leads to a chopper function that is more narrow and of a 
different shape than the one used for the calculations. The direction of the flow resistance 
was measured and then corrected for the next measurements. Also the total chopper 
radius (50 mm) insteadof the effective radius (45 mm) had been used in the calculations 
by mistake. The effects of these errors were found to cancel to within 0.5%. 

An estimate of the structural errors in the measurements for all gases results in an 
uncertainty of about 1% for the velocity and about 5% for the speed ratio. These errors 
are due to uncertainties in the effective chopper radius, the width of the beam and the 
flight length. Spread in the measurements is mainly caused by uncertainty in the correction 
for the time offset and the effect of noise on the peak width. A total uncertainty in the 
measurement for a single beam configuration is thus about 1.5% for the velocity and almost 
10% for the speed ratio. The uncertainty in the time offset is mainly caused by the fact 
that the trigger slits are in between the two narrow beam slits. This causes the time offset 
to change strongly with frequency and thus errors in frequency have a large effect. 

Argon Beams at Elevated Temperatures 

Also some measurements of argon beams at elevated temperatures have been done. For 
these a new souree made of carbon has been used [12]. This souree uses a different nozzle 
(diameter: 200 JLm). To limit time offset the trigger slits have been moved toabout the 
same position as the beam slits in the chopper. The chopper motor had broken down 
before these measurements and was replaced by another one. The new chopper motor 
cannot turn faster than 45 Hz however. 

Measurements at about 1000 Kandabout 1700 K show a marked dependenee between 
the measured velocity and speed ratio of the beam and the frequency used. The measured 
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speed ratio may be about 50% higher for 45 Hz chopper frequency than for 10 Hz. This 
causes a difference of about 2% in measured beam velocity, due to the fact that the most 
probably beam velocity is higher for lower speed ratios. This effect is caused by an error 
in the determination of the chopper function: the real chopper function is narrower than 
the value used in the calculation. For one measurement the measured width of the mass 
spectrometersignalat 10Hz was narrower than the chopper function itself. This problem 
can be avoided by using a setup with a narrow aperture directly behind the chopper disc 
so that the chopper function is better known. The problem is only now encountered 
because at 1700 K the beam velocity is about 2.5 times higher than at room temperature. 
Thus the width of the time-of-fiight distribution is the same factor more narrow than at 
room temperature and errors in the determination of the chopper function become more 
important. (Even at the maximum frequency the width of the chopper function is larger 
than the width of the time-of-fiight distribution that has to be determined.) 

In this setup, however, the only possibility was to use only the extrapolation to infinite 
chopper frequency for position and width of the peak. This is in this case better possible 
than before, due to the change in the position of the trigger slit. However, the useable 
frequencies have become lower. The accuracy of the extrapolation is limited by this fre
quency domain, since the widths in the useable domain can also be fitted quite well with 
a linear relation with the inverse frequency. The results are given in table 6.2. 

The calculated temperatures have standard errors of about 3%, since they scale with 
the square of the beam velocity. The calculated temperature at a measured temperature of 
1000 Kis significantly higher than 1000 K. This may be due tothefact the oven was first 
heated toa higher temperature and than left to cool until 1000 K was reached. It may be 
that the thermocouple cooles down faster than the inside of the oven. The other calculated 
temperatures do not differ significantly from those measured. The measured speed ratios 
are about 20% lower than corresponding to the calculated temperature. 

6.4 Conclusions 

With the current time-of-fiight setup, beam veloeities can be determined with an accuracy 
of about 1.5%. This has been tested for veloeities between 550 and 1350 m s-1 . The speed 
ratio can be less accurately determined, because it has a smaller effect on the resulting 
signal and also because more of the chopper parameters have to be known accurately. 
Especially for higher beam veloeities the effect of errors in the chopper function is large, 
because in this case the width of the chopper function ( with the new, slower chopper 
motor) is larger than the width of the time-of-fiight distribution. The absolute error in the 
determination of the speed ratio is estimated to be about 10%. The determination of the 
speed ratio by extrapolation of the width has about the same accuracy as the determination 
by averaging over the values for different frequencies. When the expansion is not infiuenced 
by clustering the speed ratio scales correctly with pressure and temperature. It is, however, 
constantly 15 to 20% too low. It is not known whether this occurs due to inaccuracy of the 
chopper function and an inaccuracy in the extrapolation of the width to infinite chopper 
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frequencies, or that interaction effects influence the expansion. (This last effect has for 
example been seen by Buck [11], who found speed ratios differing by 15% for the same 
3-values for two expansions with different pumping speeds and skimmers.) 

In order todetermine this, some improvements on the measurement method can easily 
be made. The chopper function can be much better known when it is formed by means 
of a aperture directly behind . the chopper. Wh en a circular aperture is used, the same 
basic chopper function can be used. When its cross-section is a millimeter the width of 
the chopper function will be about halved; the total signal from the mass spectrometer 
will decrease by a factor of three. The chopper motor has to be replaced by one of the 
original type again so that chopper frequencies of 80 Hz will be possible again. In this 
case the chopper function at the highest frequency will be at least a factor of two narrower 
than the time-of-flight distribution, even for beams at 1700 K with a speed ratio of 10. 
Thus the influence of errors in the chopper function will be far less important and possible 
errors will also be much smaller. Another factor that has to be improved is the amount of 
noise on the mass spectrometer signal that is added by the amplifier used. This noise has 
a frequency of about 40 kHz. In order to reduce this noise, either the amplifier has to be 
improved or the noise can be removed from the resulting signal by Fomier transformation 
and removal of these frequencies. The signal is probably too low for a deconvolution of the 
chopper function to be feasible, as remairring noise will be too high. 

It is found that for the nozzle with a diameter of 50 J-lm used for the expansions at 
room temperature, that already for clustering parameter f* = 120 clustering significantly 
influences the width of the parallel velocity distribution. This is a much lower value than 
expected, the onset of clustering is described to be at f* = 200 and only at f* = 300 a 
measurable effect is expected. However, clustering is influenced by the shape of the nozzle, 
so this may cause the lower onset of clustering in this case. 
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Chapter 7 

Conclusions 

For a supersonic iron expansion, made by means of a Campargue expansion of argon at 
elevated temperatures with solid iron added in the source, the values of the experimental 
parameters tobechosen are calculated insection 2.3. It has been found that to obtain an 
iron beam with a flux of at least 1014 s.,.. 1 sr-1 , with a velocity between 1000 and 2000 m 
s-1 and a parallel speed ratio of at least 10, the minimum useable souree temperature is 
1550 K in the current setup. When the resulting iron beam may not be wider than 1 mm, 
the minimum temperature is 1600 K. These beams have to be created by relatively large 
nozzle and skiromer orifice sizes. To obtain the sameiron flux at the usual sizes, a souree 
temperature of at least 1700 K is needed. 

Measurements of the total beam intensity of the Campargue expansion at room temper
ature agree with those of Beijerinck [4] for argon and for helium. The only measurements 
that do not agre~ are due toa damaged nozzle. High temperature argon expansions result 
in a high beam flux with a high skiromer transmission. A final beam flux of 1019 s-1 sr-1 

is easily achievable. This is very suitable for the final experiments. 
Experiments with different souree designs, show that boron nitride is a good choice for 

souree material for a high temperature source. Parts of the souree can be connected by 
screw thread, but attention should be paid to the risk of threads getting stuck when they 
are machined too finely. The threads have to be made as coarse as possible and have to be 
kept out of contact with the iron in the reservoir. This is necessary to lower the chances 
of threads getting stuck at elevated temperatures. In the outside of the souree grooves 
have to be made in which a tungsten filament is placed. In this setup heat transfer from 
the filament to the souree is mainly by conduction and temperature differences between 
souree and filament are limited. To this last effect also tantalum radiation shields around 
the souree can be used. The vacuum chamber in which the expansion occurs has to be 
watercooled. In this setup temperatures of up to 2000 K are attainable without problems. 

The best way to monitor the temperature of the souree is by using a tungsten-rhenium 
thermocouple inside it. Another method is the use of a pyrometer. An advantage of this 
last method is that the temperature can be measured at different positions. Care has 
to be taken, however, with the effect of reflection in the souree of the radiation from the 
filament. Also, a pyrometer can not be used when radiation shields are used. The best way 
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to measure the temperature of the gas itself is by measuring the velocity of the resulting 
beam. This can be done by time-of-fiight measurements. 

Time-of-fiight signals are fitted with calculated signals. With the current setup, beam 
veloeities can be determined with an accuracy of about 1.5%. This has been tested for 
veloeities between 550 and 1350 m s-1 . The speed ratio of the beam can be measured 
with an estimated accuracy of about 10%. When the expansion is not infiuenced by 
clustering, the speed ratio scales in the correct way with pressure and temperature. The 
value measured is, however, constantly 15 to 20% lower than the expected value. To 
determine whether this occurs due to an inaccuracy in the calculated beam signals or due 
to interaction effects on the expension, some simple adjustments to the time-of-fiight setup 
have to be made: the chopper has to rotate at higher frequencies and an aperture directly 
behind the chopper has to be added. 

Clustering has been found to significantly effect the velocity distribution for values of 
the clustering parameter a factor of two smaller than expected. This may be caused by 
shape of the nozzle. 
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Appendix 

Thermal Properties of Materials (Chapter 5) 

material Al203 BN c w 
thermal conductivity [Wm ·l K 1]: 400 K 30 30 100 

1300 K 5 15 100 
electrical conductivity [Om]: 300 K 1012 1013 10-5 10-7 

1300 K 105 

maximum eperating temperature [KJ 2200 2900 3000 
total hemispherical emissivity: 0.56+ 0.064+ 

1000 K< T <2000 K -1.4 · 10-4T/[K] 0.7 +1 · 10-4T/[K] 
normal speetral emissivity (.X = 0.66f.Lm): -0.12+ 0.48+ 

1000 K< T <2000 K +3 · 10-4T /[KJ 0.6 -2 · 10-5T/[K) 

Table 1: Indication of the values of thetmal properties of souree and Blament materials. 
Properties depend strongly on the exact type of the material. 

T(K) Vtk (W /R) Vtk(W-5%Re/W-26%Re) Resistivity (10 ·ISnm) 
300 400 0.000 0.703 0.000 1.141 5.66 8.05 
500 600 1.732 3.030 2.982 4.735 10.57 13.23 
700 800 4.544 6.223 6.613 8.546 16.08 19.00 
900 1000 8.021 9.896 10.495 12.422 21.94 24.90 
1100 1200 11.809 13.724 14.327 16.213 27.95 30.98 
1300 1400 15.610 17.440 18.077 19.902 33.66 37.20 
1500 1600 19.190 20.839 21.652 23.321 40.35 43.5 
1700 1800 22.372 23.774 24.936 26.484 46.8 50.0 
1900 2000 25.039 26.159 27.890 29.213 53.3 56.7 
2100 2200 27.134 27.966 30.489 31.747 60.1 63.5 
2300 2400 28.660 29.227 32.978 34.174 66.9 70.3 
2500 2600 29.679 35.289 73.9 77.4 
2700 2800 81.1 84.7 
2900 3000 88.3 92.1 

Table 2: Thermocouple voltages (reference junction at 27 K) and resistivity of tungsten. 
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Time-of-Flight and Mass Speetrometry 

Time-of-Flight: Chopper Function 

(Chapter 6) 

(Section 6.1) 

The chopper function is calculated for a slit with width b, rnaving with constant speed v0 

across a circular beam with uniform intensity and radius r. The maximum of the chopper 
function is positioned at t = 0 and to = rjv, t 1 = b/2v. The following chopper function is 
found: 

with 

-to - t1 < t < -to + t1, 

to - t1 < t < to + t1, 

to + t1 < t, 

j(t) = 0 

j(t) = j'(t+t1)/rr 
to 

f(t) = (!'( t + t1) _ J'( t- t1 ))/rr 
to to 
t- tl 

j(t) = (rr- J'(-))/rr 
to 

j(t) = 0 

(1) 

J'(x) = xJl- x2 + arcsin(x) + ~· (2) 

Principle of Mass Speetrometry (Section 6.2) 

A mass spectrometer is an instrument that can ionize incoming (beam) atoms, select 
according to charge-to-mass ratio and that gives an output which is a measure of the 
number of atoms or molecules in a substance which, when ionized, have a particular charge
to-mass ratio. Several different principles for mass selection exist. Here only the so-called 
quadrupale mass spectrometer will be described. A quadrupale mass spectrometer is shown 
schematically in fig. 1. 

The principle of the mass spectrometer is as fellows: beam or background atoms or 
molecules pass through the ionizing chamber at low pressure. A small fraction (order 10-5) 

is ionized by electrans coming from the filament and being accelerated to (and trough) the 
grid. These ions are then accelerated out of the ionizing chamber perpendicular to the 
beam direction and focused into the quadrupale section. This quadrupale sectien is the 
heart of the mass spectrometer. On the rods the sum of a DC voltage Vi and an AC 
voltage with amplitude Vo and a frequency of a few MHz is put (i.e. an RF voltage). One 
pair of opposing rods has a voltage of + V0 + V1 cos wt, the other pair has - Vo - Vi cos wt. 
Tagether these four rods form a charge-to-mass ratio selective filter: ions with too small a 
charge-to-mass ratio are unstable in one direction, ions with one that is too large unstable 
in the other. The stabie charge-to-mass ratio is determined by the values of V1 and Vo. 
As the majority of the ions which are produced in the ionizer are singly charged, the mass 
of the atoms or molecules can be directly determined. The ions that are able to pass the 
quadrupale filter are collected by an electron multiplier. 
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Figure 1: Schematic view of a quadrupale mass spectrometer. 

It follows from the equations of motion of an ion in the field of the quadrupole, that 
the axial velocity is constant and not affected by the voltages applied to the poles of the 
filter. The magnitude of the axial velocity is its value at the entrance of the filter. The 
ionizer system thereby governs the time required for an ion to pass through the filter. The 
equations of motion in the radial direction are of the Mathieu type and the (V1 , Vo) domain 
where movement in both directionsis stabie is found to be as given in fig. 2 [13, 14]. 

The diagram scales with the ion mass. When the combination of V1 and V0 lies in the 
stabie domain for a certain mass, ions with that mass will pass through the quadrupole. 
As can be seen in the diagram the ratio of Vi and V0 determines the mass range that is 
stabie and thus the mass resolution of the spectrometer. In the limit of VI/Vo = 0.168 only 
a very narrow mass range yields stabie solutions. As the ratio becomes lower a broader 
mass range is stabie and thus mass resolution decreases. 

In an ideal quadrupale changing the resolution would only affect the mass spectrometer 
signal when a different mass that is present also becomes stable. The signal from an 
isolated mass peak would not change. In practice however ions with the same mass enter 
the quadrupale at slightly different radial positions and slightly different speeds and the 
quadrupale field is not perfect. Thus when mass resolution is very high not all atoms of 
the right mass pass the quadrupole. This entails that to obtain maximum signal strength 
and thus maximum signal to noise ratio, the resolution should he chosen as low as possible, 
that is: so low that no ions with neighbouring masses that are present are let through, but 
all of the ions with the right mass. -

Without calibration mass speetrometry is not very useful for determining absolute 
intensities or pressures. This is due to different ionization efficiencies for different elements 
and also to the fact that the conditions of the ion on entering the quadrupale section are 
determined by the ionizer. The speed of an atom through the ionanizing chamber, the 
moment of ionisation, the infiuence of the part of the quadrupale field extending outside 
the quadrupale section and the position at which the ion enters the quadrupale section all 
infiuence the signal strength for a given mass. 
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Figure 2: Lower Ma~hieu stability domain of particles in quadrupale field. 

Values Used for Mass Spectrometer Parameters (Section 6.2) 

parameter setting setting used for 
background gas 

emission current 1.5 mV 
electron energy 106 V (maximum) 90 V 
ion energy 97.5 V 16.5 V 
extraction energy 30 V 10 V 
focus potential • 50 V 1300 V 
resolution m.s. 4.2 
voltage multiplier 3.8 kV 

Table 3: Mass spectrometer parameters used for time-oE-flight measurements 
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Technology Assessment 

The atom-optical deposition technique is a technique with a lot of potential. It can be used 
for the fast and reproducible production of large regular arrays of one- and two-dimensional 
nanostructures. Many of these structures can be deposited simultaneously. When iron 
is used the resulting structures offer an entire new terrain of magnetic properties to be 
investigated. It may also be possible to use the resulting iron dots as a magnetic starage 
medium. If the dots can be magnetized independently, starage capacities of terabits per 
square inch can be achieved, which is more than an order of magnitude higher than starage 
capacities of current devices. 

• 
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