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Abstract. A monochromatic Fe beam is generated by heated supersonic expansion of argon seeded with
Fe vapor. At a nozzle temperature of 1930 K and 800 torr argon inlet pressure the Fe beam has an axial
velocity spread of 8% and intensity of 3 x 10'® s™*sr™!, corresponding to a deposition rate of 10 nm/h
at 150 mm from the nozzle. The two-chamber alumina crucibles are chemically stable for liquid Fe. With
400 mm?® Fe we have operated for more than 200 hours without reloading. The power consumption at
1930 K is 750 W. Temperature stability at constant power (without feedback) is better than 30 K. The
source is intended for deposition of nanostructures by laser focusing of the Fe beam. The small axial

velocity spread virtually eliminates the increase in focal spot size due to chromatic aberration.

PACS. 39.10.+j Atomic and molecular beam sources and techniques — 32.80.Lg Mechanical effects of light
on atoms, molecules, and ions — 39.25.+k Atom manipulation (scanning probe microscopy, laser cooling,

etc.)

1 Introduction

Laser focusing of atoms for the production of periodic
nanostructures is increasingly gaining interest. Arrays
of lines and dots have been produced by etching with
metastable atoms, He* [1,2], Ne* [3], and Ar* [4], etching
with alkali atoms, Na [5] and Cs [6], and by deposition
of metal atoms, Cr [2,7] and Al [8]. The supersonic Fe
source which is presented in this paper has been devel-
oped for the fabrication of periodic structures of Fe by
laser focusing. This particular atom has been chosen for
its ferromagnetic properties. The fabrication of arrays of
nanometer-sized Fe lines and dots would provide an ex-
perimental entry into a new fascinating field of 1D and
0D nanomagnetics [9].

The technique of laser focusing for the production of
these nanostructures requires a well defined atomic beam.
Just as in conventional optics the quality of the focused
image is limited by initial beam collimation and chromatic
aberration. These two aspects are determined by the ini-
tial spread in transverse velocity of the atomic beam and
the spread in axial velocity of the atoms, respectively.
Thus, for a controlled deposition of arrays the Fe beam
needs to be collimated and “monochromatic” (single-
axial-velocity). The first property can be established by
aperturing the beam or by transverse Doppler cooling [10],
resulting in beams collimated below 0.1 mrad. Monochro-
matic beams can be generated by Zeeman slowing of a
thermal beam [5], or by using a supersonic beam [11].

? e-mail: K.A.H.v.Leeuwen@tue.nl

The relatively low axial velocity spread in a supersonic
beam is characterized by a high speed ratio S, defined by
the ratio of the average axial velocity to the axial velocity
spread. In experiments on laser focusing of metal atoms
as Cr and Al, the atomic beam is generated by an effusive
source, resulting in a thermal beam with an axial velocity
spread comparable to the average velocity. In this case,
the effect of chromatic aberration is rather drastic, as the
focal length scales quadratically with the axial velocity
of the atoms. The lack of monochromatic beams of metal
atoms is therefore one of the reasons that structures be-
low 10 nm have not yet been produced. Calculations on
laser focusing of a collimated Fe beam of 0.1 mrad show
that the focal spot size decreases from 15 nm to 8 nm if a
supersonic rather than a thermal beam is used [12].

This paper will describe the development of a super-
sonic Fe evaporation source. Supersonic beam sources for
high-melting-point metals such as Fe are uncommon, be-
cause they pose special construction problems due to the
required high temperature, large pressure and small exit
nozzle. Expertise in this field was developed by the group
of Hagena [13]. We have used the basic concept of their
high temperature evaporation source for the generation
of metal cluster beams. The result is the construction of
a supersonic Fe evaporation source, containing a crucible
which is chemically stable with molten Fe at temperatures
well above 2000 K, and an oven with small temperature
gradients to prevent diffusion of Fe and nozzle clogging.
A supersonic Fe beam with center line intensities of up
to 1016 atoms s~! sr~! can be generated. With these inten-
sities, the deposition rate of structures is at least 20 nm/h
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at 150 mm from the nozzle, requiring a background pres-
sure of 107 torr or lower to minimize contamination.

2 Seeded supersonic expansions

Supersonic beams are obtained by expanding a relatively
high pressure (pg ~ 10-10* torr) gas through a small noz-
zle into vacuum [14]. Producing such an expansion from
pure Fe vapor is not practical, requiring an unrealistically
high temperature. Thus, we use Ar as a high pressure car-
rier gas into which Fe is seeded at a moderate pressure.
Other noble gases such as He or Ne could also be used.
However, the resulting beam velocity (which is determined
by the thermal velocity of the carrier gas) would be too
high for adequate laser cooling and laser focusing. The Ar
flux N (atoms/s) and undisturbed Ar center line intensity
T4 (atoms/s/sr) are given by [11]

N = 0.513 ngag(wd?/4) (1)
Iid = kN /7, (2)
where ng = po/kTy is the reservoir density, ag =

(2kTy/ m)l/ ? the thermal velocity and d the nozzle diam-
eter. For sonic nozzles the value of the peaking factor & is
equal to 2.08 [11]. Due to the high reservoir pressure the
flow of the expansion is continuous during the first few
nozzle diameters. In the expansion both the local tem-
perature T'(z) and local density n(z) decrease with the
distance z from the nozzle. Most of the thermal energy of
the atoms in the reservoir will be transferred to kinetic
energy in the direction of propagation, leading to the low-
ering of the local temperature and to an increase in the
flow velocity. At some point, a few nozzle diameters from
the nozzle, the stream lines become straight lines resulting
in a radial expansion with an angular intensity distribu-
tion Iy o< cos@>, with 6 the angle with respect to the
center-line of the expansion. A back projection of these
stream lines onto the nozzle plane results in a Gaussian
distribution with a rms width defined as the virtual source
radius R, [11]. When the beam is collimated by a pinhole
some distance downstream, the virtual source radius (al-
most identical for Fe and Ar) determines the divergence
of the transmitted beam.

When the local density becomes so low that collisions
are no longer significant, the atoms move freely in straight
line trajectories. The parallel temperature freezes [11] and
is given by KT) = %maﬁ. The axial velocity distribution
of the supersonic beam is then given by

3 N2
P(v) (E) exp l— <U u) S2
u u
with the speed ratio S is defined as the ratio of the final
flow velocity u to the final parallel velocity spread o. The

final flow velocity can be calculated from the enthalpy
balance given by gijo = %mu2 + %kTH, resulting in

3 —1/2
U= Uso (1—1—552) ,

, (3)

(4)
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with U = (5kTp/m)'/? the final flow velocity for S — oo.
Speed ratios of supersonic beams have been measured and
calculated extensively [16]. The most widely used theoret-
ical predictions are based on the sudden freeze model [11],

resulting in
= \ 0.495
S =191
(100) ’

where = is the reservoir parameter which depends on the
nozzle diameter d, the inlet pressure pg and oven tempera-
ture Ty. For Ar the reservoir parameter = can be expressed
as [11]

- d Do T, \ *°
=1 .
00 (0.2 mm) (170 torr) (300 K) (6)

Background pressures in the expansion chamber are on
the order of 10~ torr, due to the large gas load into the
vacuum system (N > 102 atoms/s). As a result strong
shock waves appear at the boundaries of the Campargue-
type expansion [15] and a conical skimmer has to be used
to extract an atomic beam on the center line carefully
without excessive loss of beam intensity. Inside the skim-
mer tip the beam is attenuated according to Beer’s law,
i.e., an exponential decrease with an exponent scaling with
the local inverse Knudsen number Kn~!. Since this num-
ber is proportional to the inlet pressure pg, scattering with
background Ar atoms inside the skimmer tip leads to an
exponential decrease of beam intensity with py [16]:

()

(7)

A supersonic Fe beam is obtained by heating Fe inside
the reservoir to temperatures up to 2000 K, corresponding
to Fe vapor pressures in the range of 1072 to 10! torr.
The Ar gas carries the Fe vapor and the mixture expands
supersonically. If thermodynamic equilibrium between Ar
and Fe is established in the continuum flow regime of the
expansion, the beam velocities and beam temperature of
both species will be equal and their values will be almost
the same as for a pure Ar expansion. The speed ratio of

Fe is then given by
1/2
_(mﬂ)/
mar

and is 18% higher than the speed ratio of Ar (mass ratio
of 56 over 40). However, equation (8) is an upper limit.
Experimental values can differ significantly especially for
heavier species, whose cooling process due to collisions
with the much lighter carrier gas atoms is not that effi-
cient. A closer look at the cooling of dilute binary mixtures
in a supersonic expansion is given in [17], resulting in a
modification of equation (8):

g_J: _ <%)1/2 {0_33 (% _1) +1]1/2 <%>1/12’

9)

Iy = Iéd exp [—qpo]-

Sre
SAr

(8)
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Fig. 1. Schematic view of the supersonic metal evaporation source: (1) flange with crucible unit, (2) flange with heating unit,
(3) copper electrodes for DC heating, (4) tantalum tube for argon gas inlet, (5) WRe(3%/26%) thermocouple, (6) crucible, (7)
heating coil, (8) radiation shields, (9) water cooled stainless steel mount, (10) graphite skimmer.

where M is the mass of the dilute heavy atoms, and m
the mass of the light atoms driving the expansion. The
second and third term of equation (9) represent the effi-
ciency of the cooling of species with different masses and
cross sections. For noble gases collision processes at low
temperature are dominated by the long-range attractive
branch of V(r) o —Cg/r% with Cg the Van der Waals
constant, resulting in cross sections that can be written
as (Cg/kT)'/3. For metal atoms such as Fe, the collision
cross section has been estimated by experiments on metal
cluster beams [18], leading to an artificial Cg coefficient
which is a factor of 6.3 larger than the Cg coefficient of
argon. Equation (9) then predicts an Fe speed ratio which
is 3% lower than the Ar speed ratio.

The Fe beam intensity between nozzle and skimmer is
just the undisturbed Ar beam intensity times the ratio of
the Fe vapor pressure p, to the Ar inlet pressure pg:

ISdFe = & Sda (10)
' Po

which is independent of the argon inlet pressure pg, since

Iéd is proportional to pg according to equations (1, 2).

Due to collisions between Fe atoms with Ar atoms at the

skimmer tip, the Fe beam is attenuated by

(11)

with a different exponential decay factor than the argon
beam attenuation according to equation (7), due to differ-
ent cross sections of Fe and Ar represented by the coeffi-
cients Cgps and Cgy,. Since the speed ratio of Fe increases
with increasing py according to equation (5) and the skim-
mer transmission decreases exponentially with pg, a com-
promise has to be chosen between speed ratio and beam
intensity.

IO,Fe = IS?F@ €xXp _Q(CGIVI/CG'rn)l/GpO P

3 Supersonic Fe beam source

Figure 1 shows a drawing of the supersonic Fe source. Dif-
ferent crucible materials have been tested for their ther-
mal shock resistance and chemical stability with liquid Fe
at T' > 1800 K. The most important materials and the cor-
responding crucible constructions that have been tested
are shown in Figure 2. Eventually, alumina crucibles with
a nozzle diameter of 230 ym have been used.

The crucible is heated by a high density graphite heat-
ing coil. The coil is doubly wound with a large cross section
of 3 x 5 mm?, necessary because of the high electrical re-
sistance of graphite. The last winding which is located at
the nozzle has been made thin (1.5 x 5 mm?) to increase
the resistance power output, to keep the nozzle hotter than
the rest of the crucible. The total resistance is 0.5 €2, con-
venient for DC heating.

To minimize the input power and to reduce temper-
ature gradients, 20 layers of wrapped tantalum foil heat-
ing shield are used in the radial direction and 5 layers at
the nozzle side. An opening of 20 mm diameter allows an
undisturbed supersonic expansion of the Ar gas. The out-
side stainless steel cylindrical mount is water cooled. With
this construction, the main contribution to heat losses of
the oven are radiative heat loss out of the front side open-
ing and conduction heat loss through the heating coil.

The crucible assembly is a separate unit that can be re-
moved from the heating unit very easily for maintenance
or the reloading of metal. The heating coil has proven
to be very stable and durable and has been run on and
off for several years up to now without any signs of de-
terioration. The concept of a separate crucible assembly
combined with a graphite heating coil, has been used by
Hagena for the generation of metal cluster beams [13]. His
design formed the basis of our Fe source design.
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Fig. 2. Crucibles tested for the evaporation of different metal-
lic elements. (a) High density graphite crucible with BN insert
and threaded nozzle assembly with short nozzle, (b) high den-
sity graphite crucible with BN insert and longer nozzle, (c¢) BN
crucible and nozzle assembly, (d) Al,O3 crucible with fixed noz-
zle on outside tube. The inside tube prohibits back diffusion of
metal atoms.

High density graphite crucibles (as shown in Figs. 2a
and 2b) were tested first, as graphite is easily machinable
into a variety of different shapes, with a threaded noz-
zle assembly which makes reloading of metal very easy.
The temperature was monitored using a WRe(3%/26%)
thermocouple inserted in a small hole in the crucible wall
at the position of the melt. However, problems arose at
temperatures above the Fe melting point (1800 K), where
molten Fe reacts with the graphite crucible wall at a rate
of typically 0.1 mm/h. An insert in the graphite reser-
voir made of boron nitride (BN) increased the lifetime.
However, the nozzle was attacked by Fe vapor, causing
the nozzle size to increase by approximately 10% after ten
hours of operation.

Crucibles made entirely of BN (Fig. 2c) were also
tested. These crucibles can operate at slightly higher tem-
peratures. However, above 2000 K deterioration by the
molten Fe was also observed.

Highly purified alumina (>99.7%) (Fig. 2d) was found
to have high tolerance to molten Fe. The maximum oper-
ating temperature was 2200 K, above which this material
starts to sublimate. Alumina is difficult to machine, and in
particular, the fabrication of the nozzle of 230 pm diame-
ter could only be realized by laser ablation. The assembly
consists of two alumina tubes, the smaller one with a 1 mm
orifice inserted into the larger nozzle tube. This way diffu-
sion of the molten metal into the gas feed is prohibited by
a constant flow of Ar out of the 1 mm orifice into the reser-
voir. Because of the loose fit between the two tubes, Ar
also flows in between the two tube walls into the reservoir
and prevents the metal vapor from diffusing in between
the tube walls. The smaller tube can also be removed eas-
ily, making a reload of metal possible. Table 1 gives an
overview of the most relevant properties of the Fe source.

The European Physical Journal Applied Physics

Table 1. Properties of the experimental setup and typical
Fe/Ar beam properties.

Supersonic source

operating temperature To 300-2300 K
Ar inlet pressure Po 100-1200 torr
flow rate N 1019-1020 s—1
nozzle diameter d 0.2-0.25 mm
skimmer diameter 0.5-0.8 mm
nozzle - skimmer distance 10-15 mm

beam attenuation parameter g 8.6 x 10~% torr—1!

Typical beam properties

source temperature To 1930 K
Ar inlet pressure Po 800 torr
Fe vapor pressure Do 0.1 torr

Ar beam intensity Io ar 2 x 1019 s=lgr—1
Fe beam intensity Io, Fe 3x 1015 g7 lgr—1
Ar speed ratio SAr 11
Fe speed ratio SFe 11

virtual source radius R, 0.25 mm
beam divergence Ry/z (z =1 m) 0.25 mrad
Time-of-flight setup

flight path L 1265 mm
beam chopper diameter 90 mm
slit #1 width 1.0 mm
slit #2 width 39 mm
chopping frequency 200 Hz

4 Experimental setup

The beam properties of Fe and seed gas Ar have been
determined using a time-of-flight setup with a mass spec-
trometer as detector to measure the relative beam inten-
sities of Fe and Ar. A calibration procedure was used in
order to obtain absolute values. Undisturbed Ar beam in-
tensities, i.e., an ideal Ar beam that is not attenuated
at the skimmer, can be calculated using equations (1, 2).
However, experimental Ar beam intensities will be lower
by a factor of exp (—gpo) as given in equation (7). The
parameter ¢ of this factor can be determined by fitting
the data shown in Figure 3. In this graph the Ar detec-
tor signal (left vertical axis) is shown for various Ar inlet
pressures in the range of 100 to 1000 torr. The ideal beam
intensity indicated by the dashed line is a straight line with
a slope equal to the slope of the fit of the measured data
serie at pg = 0. Absolute values for experimental beam
intensities are obtained by multiplying the ideal beam in-
tensity calculated with equation (2) with the decay factor
exp (—gpo). The result of the fit is given in Table 1.

The Fe beam intensity can be determined in two ways:
first by multiplying the calibrated Ar beam intensity with
the ratio of the detector signal of Fe to Ar, secondly with
the ratio of the Fe vapor pressure to the Ar inlet pressure
according to equations (10, 11).

Speed ratios of all species can be determined by time-
of-flight measurements using a rotating slotted disk type
mechanical beam chopper and a mass spectrometer. The
beam chopper has two narrow slits of 1 mm for the
time-of-flight measurements and two wide slits of 39 mm
which transmit the full beam. The chopper gate time of
the small slit is much shorter than the average time the
atoms need to reach the detector. This way the measured
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Fig. 3. Calibration of the argon beam intensity Io. The ideal
beam intensity (dashed line) is linear with the inlet pres-
sure and can be calculated using equation (2), whereas the
disturbed beam intensity as measured is lower by a factor
exp (—gpo). Absolute values for the Ar beam intensity can be
obtained by fitting the measured data with equation (7). Noz-
zle temperature is 1930 K.

time-of-flight signal directly reflects the velocity distribu-
tion of the beam. For a density sensitive detector such
as the ionization detector of the mass spectrometer, this

signal is
I 2
N(t) o t™* -2 (=-1) |-
(t) x exp[ S <ut )1

The flow velocity u and speed ratio S can be determined
by fitting the measured time-of-flight distribution with
equation (12). The nozzle temperature follows from the
flow velocity u by equation (4). Figure 4 shows an exam-
ple of a time-of-flight distribution of Fe. The distribution is
obtained by a summation of 60000 TOF-sweeps collected
in 250 channels of a multiscaler with a channel time of
20 ps. The small peak in the distribution can be fitted to
equation (12) to obtain the flow velocity and speed ratio.
The large peak, transmitted by the wide slits of the chop-
per, provides a measure of the full beam intensity if the
detection efficiency is known. In this measurement the full
Fe beam signal is 830 counts/s. Properties of the time-of-
flight setup are listed in Table 1.

(12)

5 Results

Figure 5 shows the results of DC heating of the source.
Due to the careful radiation shielding, temperatures up
to 2200 K can be reached at relatively low input powers
of less than 1500 W. Figure 5 shows three temperature
curves. One curve has been measured by a thermocouple
inserted in the graphite crucible wall. This is a measure of
the reservoir temperature and therefore the temperature
of the metal vapor. Temperature stability is within 25 K.
The reproducibility is within 25 K over the last two years.

Bosch et al.: Supersonic Fe source for laser focusing of atoms
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Fig. 4. Measured time-of-flight distribution of Fe atoms at
To = 1930 K and po = 800 torr. The small peak gives the
flow velocity and speed ratio of the Fe beam when fitting with
equation (12). The large peak gives the Fe beam intensity. The
distribution is obtained by a summation of 60 000 TOF-sweeps
collected in a multiscaler with a channel time of 20 us.
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Fig. 5. Reservoir and nozzle temperature T at increasing in-
put power P. Reservoir temperatures have been measured with
a thermocouple. Nozzle temperatures have been measured by
time-of-flight analysis. The shorter, recessed nozzle (a) is sig-
nificantly hotter than the longer nozzle (b), with temperatures
exceeding the reservoir temperature, thus preventing nozzle
clogging. The solid line gives the radiative heating loss depen-
dence T' < P'/* and shows that at high temperatures radiative
heating loss is dominant. Losses due to thermal conductivity,
which scale as T' < P, are more important at low temperatures.

The other two curves in Figure 5 represent the nozzle
temperature as measured with time-of-flight analysis of
the Ar beam. Two different nozzle assemblies as shown
in Figures 2a and 2b have been compared: nozzle (a) is
recessed 10 mm more into the heating coil than nozzle
(b) to obtain a higher nozzle temperature. This effect can
clearly be seen. Pushing the nozzle even further into the
oven leads to a disturbance of the Ar expansion cloud
and would reduce the beam intensity dramatically. It can
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Fig. 6. Center line beam intensities Iy of Ar, Fe and Sn at a
nozzle temperature of 1930 K. Ar beam intensities are calcu-
lated using equation (7), the Fe and Sn beam intensities (closed
symbols) are calculated by multiplying the Ar beam intensity
with the ratio of the count rates of Fe or Sn to Ar. Open sym-
bols represent more accurate values of the Fe and Sn beam
intensities calculated by equation (11), using known values for
the vapor pressure at 1930 K.

Table 2. Measured beam attenuation exp (—q'po) of the Ar,
Fe and Sn beam due to collisions at the skimmer.

q=86x10"*torr™* ¢'/q (Eq. (11)) ¢'/q (Fig. 6)
Ar 1 1

Fe 1.35 1.33 £0.15
Sn 1.38 1.39 £ 0.1

also be seen that nozzle (a) is hotter than the reservoir
temperature as a result of the thinner last winding of the
graphite heating coil. Nozzle clogging does therefore not
occur.

To demonstrate the performance of the source for dif-
ferent metals, Fe and Sn have been put into the AloO3 cru-
cible simultaneously. The center line beam intensities of
Ar, Fe and Sn at an oven temperature of 1930 K are shown
in Figure 6. It can be seen that the Ar beam intensity in-
creases with increasing Ar inlet pressure pg, but starts to
saturate due to the exponential decay factor caused by
beam attenuation at the skimmer. This causes the beam
intensities of Fe and Sn to decrease exponentially. How-
ever, still more than 50% of the undisturbed intensity is
left at 1000 torr inlet pressure. Calculating the exponen-
tial decay rates of Fe and Sn gives slightly different rates,
as predicted by equation (11). Table 2 shows the results
of the exponential beam attenuation of Ar, Fe and Sn, as
measured in Figure 6.

The absolute values of the beam intensities of Fe and
Sn are calculated in two ways: first by multiplying cali-
brated Ar intensities with the ratio of the detector beam
signals of Fe and Sn to Ar. This approach naively as-
sumes that the sensitivity of the detector is the same for
all three species. A second and better estimate is to use
equation (10). However, both estimates seem to result in a

The European Physical Journal Applied Physics
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Fig. 7. Speed ratio S of Ar, Fe and Sn measured by TOF as
a function of the inlet pressure po at a nozzle temperature of
1930 K.

very good agreement for Sn and in a reasonable agreement
(within a factor of 2) for Fe. Evidently, Fe beam intensities

exceeding 10'® s~1sr~! can very well be achieved.

Increasing the oven temperature by 200 K results in
a 10 fold increase of the beam intensities of Fe and Sn.
However, a more intensive maintenance of the skimmer
after approximately every 8 hours of operation is then
necessary due to a very high deposition rate of Sn onto
the skimmer tip. With only Fe in the crucible, the latter
problem should not exist and Fe fluxes well exceeding 106
could be achieved for long periods without maintenance.

The speed ratios of the Ar, Fe and Sn atoms have also
been measured. Figure 7 shows the result of a measure-
ment of a supersonic expansion at a nozzle temperature
of 1930 K. The oven temperature has been determined to-
gether with the speed ratios by fitting the time of flight
spectra with equation (12). It can be seen that the speed
ratios increase with increasing Ar pressure to values well
above 10 for Ar, Fe and Sn. The difference between Ar,
Fe and Sn speed ratios is hardly discernable. From equa-
tion (9) it is to be expected that the Fe speed ratios should
be the same as the Ar speed ratios, but the Sn speed ra-
tios should be approximately 25% higher. However, the
last aspect is not confirmed experimentally . The accu-
racy of these measurements is determined by the signal
to noise ratio of the TOF data. This ratio is highest for
argon, and lowest for Fe, in which case a signal to noise
ratio of around 3 has been measured. As a result, the un-
certainty in the speed ratio is approximately 10%. The
speed ratio of Ar and Sn have been determined within 5%
and 7% accuracy.

A more detailed series of measurement of speed ra-
tios of Ar is shown in Figure 8. In these measurements
the speed ratio of Ar has been determined at various noz-
zle temperatures in the range of 1200 to 2200 K. A good
agreement with published values [16] represented by equa-
tions (5, 6) can be observed.
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published values represented by equation (5).

6 Conclusions

The presented high temperature evaporation source shows
excellent performance for the generation of a supersonic
Fe beam. Care has to be taken in the choice of the cru-
cible materials to prevent difficulties with the reactive Fe
atoms. The alumina crucible seems to suffer least from
this restriction. The design allows the metal to be reloaded
many times without damaging the crucible.

The properties of the Fe beam at a nozzle tempera-
ture of 1930 K have been determined. Beam intensities up
to 5 x 101 s71sr~! can be achieved. Increasing the tem-
perature by 200 K will increase the beam intensity by a
factor of 10.

Increasing the argon inlet pressure to 1000 torr leads to
a skimmer transmission still above 50%, thus not reducing
the Fe beam intensity dramatically. At these higher pres-
sures the beam monochromaticity is excellent, resulting in
speed ratios well above 10. Speed ratios for argon are in
agreement with earlier published values. Speed ratios for
Fe are the same, as predicted theoretically.

Since a well defined Fe beam with controllable beam
properties can be achieved, the presented supersonic Fe
source shows great promise for future fabrication of nano-
magnetic Fe structures.
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