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Abstract

CrossMark

A micro-engineered, skimmer-based vacuum interface has been demonstrated and used

to investigate gas dynamics on a sub-millimeter length scale. The interface is fabricated

as a stacked assembly of silicon dies, based on an anisotropically etched inlet orifice and

a pyramidal skimmer cone formed in electroplated nickel. Expansion of gas into vacuum,
interaction of a supersonic jet with the skimmer and transmission of a collimated beam into
a second vacuum stage have all been imaged with a schlieren microscope. Using a glass-
walled vacuum chamber, flow patterns upstream and fully downstream of the skimmer have
been imaged together for the first time. At low first-stage pressures, the 150-200 pm tall
skimmers cannot fully penetrate the shock arising from interaction of the jet with the back
wall. However, as the pressure is increased, a multiple shock cell structure evolves, the jet
narrows and transmission rises sharply. Eventually, a collimated beam is transmitted to the
second stage. When the skimmer aperture is smaller than the source aperture, a series of
distinct peaks is evident in a plot of transmission against first-stage pressure. Imaging shows
that at each successive peak, the number of shock cells increases by one and the skimmer inlet

is coincident with a node.

Keywords: vacuum interface, skimmer, schlieren imaging, micro-jet, bulk micromachining

(Some figures may appear in colour only in the online journal)

1. Introduction

Conical skimmers are widely used to extract intense, well-col-
limated molecular beams from supersonic gas expansions [1,
2]. While early development was driven by the need for high-
intensity sources in the field of chemical reaction dynamics
[3], many other applications have since emerged. However,
the most important application is in mass spectrometry, where
skimmer-based interfaces are used to transfer gas and entrained
ions from atmospheric pressure ionisation sources to mass
analysers in high vacuum [4-6]. In this paper, we describe the
development of a microelectromechanical systems (MEMS)
skimmer-based interface for use in miniature mass spectro-
meters [7-9]. There has been considerable progress in MEMS
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mass spectrometry [10], but this key component has received
remarkably little attention. Here we present a first design for
a MEMS-based skimmed free-jet vacuum interface and the
results of fabrication and initial characterisation. Imaging of
supersonic gas flows within a MEMS assembly, which has
not previously been attempted, is an important achievement
of this work.

Relevant aspects of macroscopic and microscopic super-
sonic expansions are first reviewed in section 2, and an
overview of the MEMS-based vacuum interface is presented.
Details of device fabrication, optical imaging, operation in
vacuum and coupling to mass spectrometry are given in sec-
tion 3. Experimental results are described and discussed in
section 4, and conclusions are drawn in section 5.

© 2018 IOP Publishing Ltd  Printed in the UK
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2. Macroscopic and microscopic supersonic
expansions

In this Section, aspects of supersonic gas dynamics relevant
to skimmer operation are reviewed. An overview of the pro-
posed MEMS vacuum interface is given, and contrasted with
previous work on miniature jets, nozzles and skimmers.

2.1. Macroscopic free jet expansion

The dynamics of jet formation when gas passes from a high-
pressure source to a low-pressure region via an orifice or
shaped nozzle and the subsequent interaction of the flow with
a skimmer are well understood [1, 2, 5, 11-13]. The flow is
compressible and may be interpreted in terms of isentropic
transitions, which describe the relationships between jet pres-
sure, temperature, density and speed under the assumption that
all processes are adiabatic and the viscosity is zero i.e. there
are no frictional interactions with the nozzle walls or back-
ground gas in the low pressure region. In a convergent nozzle,
or when streamlines compress to pass through an orifice, an
initial acceleration occurs as the flow cross-section decreases.
The stream velocity during this initial acceleration is limited to
M = 1, where M is the local Mach number. This occurs at the
sonic plane, which is generally assumed to coincide with the
nozzle throat or the orifice plane. Further increases in velocity
to M > 1 can only be achieved by allowing the gas to expand
into a low-pressure region downstream of the sonic plane.

In convergent-divergent nozzles, such as those used in rocket
engines, the divergent section controls the expansion such that,
ideally, there is no further expansion or compression of the
flow as it leaves the nozzle. However, in laboratory molecular
beam systems and vacuum interfaces, the divergent section is
often omitted to avoid viscous interactions between the jet and
the walls. Consequently, the gas expands as a free jet. In the
early stages of the expansion, collisions between molecules
result in the enthalpy of the reservoir gas being converted into
the kinetic energy of the directed mass flow. Hence, the rota-
tional and vibrational quantum state populations and the radial
velocity distribution are all cooled while the stream velocity
increases. Trading of thermal energy for directed acceleration
results in an improvement in centreline flux (compared to an
effusive source) that scales as (7/2)M?, where v = Cp/Cly is the
ratio of heat capacities Cp and Cy at constant pressure and con-
stant volume [14]. Jet cooling leads to applications in cluster
beams and high-resolution spectroscopy, while flow direction-
ality allows efficient transfer of ions in mass spectrometers.

If the downstream pressure, P;, is lower than about
1072 mbar, the free jet is diffuse, but at higher pressures the
jet is bounded by shocks, namely the barrel shock and the
Mach disc shown in figure 1(a). The latter is approximately
perpendicular to the beam axis and consequently referred to
as a normal shock. These shock structures are a consequence
of transitions from free jet conditions to background isotropic
gas conditions and are characterised by abrupt changes in den-
sity, temperature, pressure, and entropy. In the region enclosed
by the barrel shock and Mach disc, the so-called ‘zone of
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Figure 1. (a) Structure of a supersonic free jet expansion. (b) Shock
attachment to an ideal skimmer. Reprinted with permission from
[2]. Copyright (1984) American Chemical Society. Reprinted from
[15], Copyright (1966), with permission from Academic Press.

silence’, the flow is almost collision-free and characterised by
straight streamlines and high Mach numbers.

A molecular beam can be transmitted to a second vacuum
stage by allowing a skimmer to sample the flow from the
core of the expansion. In the low-pressure regime (P; < 1072
mbar), the design and positioning of the skimmer are not
critical. However, at higher pressures (P; > 10~2 mbar), the
skimmer must be positioned to pierce the Mach disc and
designed with a profile that allows an oblique shock to attach
to the skimmer as shown in figure 1(b). If the skimmer is blunt
or has a sub-optimal profile, a bow shock appears in front of
the tip, which re-heats and scatters the gas flow. As skimmer
design and positioning for high-pressure operation were not
initially understood, early molecular beam instruments oper-
ated in the low pressure regime, which required high capacity
pumps. However, Campargue later showed [2] that sharp, con-
ical skimmers with an internal angle of 45° and an external
angle of 55° are capable of shock-free sampling from the
zone of silence, allowing skimmers to be operated using much
smaller pumps. Campargue used a 19 mm tall skimmer with a
500 pum diameter aperture, which was separated by a distance
of 20mm from a 30 pum diameter inlet nozzle.

2.2. MEMS-based skimmed free jet expansion system

Conventionally, skimmers are fabricated by machining or
electroplating on the outside of a tapered mandrel [16, 17].
Here, we describe jet interactions in microfabricated skimmer
systems with significantly reduced size (150-200 pm tall,
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Figure 2. Exploded view of the skimmer assembly. The spacers
are 800 um deep. For clarity, the skimmer has been drawn on an
exaggerated scale. Nitrogen passes through the inlet capillary and
expands into the first vacuum stage. The resulting supersonic jet
interacts with the skimmer and a portion is transmitted into the
second vacuum stage.

with 50-100 pm apertures). The skimmers are fabricated as
thin-walled, truncated square pyramids, formed by electro-
plating on the inside of an etched mould. Although unusual,
pyramidal skimmers with rectangular apertures have been
used for curtain beam applications [18-20]. The inlet is a 100
pm diameter, 400 ym long capillary whose output is sepa-
rated from the skimmer by a distance of 800 pm. Schlieren
imaging and gas throughput measurements are used to char-
acterise the interactions of the jet with the skimmer and
transmission into a second vacuum stage over a wide pressure
range (P; = 5-500 mbar).

Figure 2 shows an exploded view of the skimmer assembly.
The components were fabricated using silicon MEMS pro-
cessing. In contrast to molecular beam systems employing
alignment stages to optimise nozzle position [21], the
assembly is pre-aligned during fabrication and permanently
bonded to yield a compact (10 x 10 x 1.7mm) monolithic
device. Nitrogen gas from a reservoir at Py = 1-3 bar expands
from an inlet capillary etched through the upper silicon die.
The skimmer is formed in electroplated nickel [22, 23] and
supported on the lower silicon die. The walls are 10 pm thick
and inclined at 54.7° to the horizontal. This angle is dictated
by the crystal planes of silicon and cannot be varied. However,
it fortuitously matches the optimum value determined by
Campargue [2]. Raised islands protect the skimmer from
damage during processing and assembly. Spacers maintain a
separation of 800 um between the dies and provide passages
for pumping and imaging.

2.3. Previous work on MEMS nozzles and micro-jets
and miniature skimmers

There has been considerable interest in micro-scale gas expan-
sions in connection with propulsion systems. Numerous
nozzle-based MEMS micro-thrusters have been devel-
oped for micro-satellite attitude adjustment. For example,
square-section silicon nozzles have been fabricated by through-
wafer anisotropic etching [24, 25] and 2D nozzles with
vertical walls have been formed by anisotropic plasma etching
[26-31]. MEMS nozzles are often fabricated as multilayer stacks
[24, 25, 30, 32]. As the size scale is reduced, viscous interactions
with the walls become increasingly important [31, 33].

The structure of micro-jets emanating from nozzles and
capillary tubes has been examined using schlieren and shad-
owgraph imaging to probe density variations, and Pitot tube
measurements to interrogate pressure distributions [34-39].
For jets expanding at atmospheric pressure, extended multiple
shock cell structures have been observed. Imaging of micro-
jets impinging on flat plates and sharp needles has also been
reported [35, 38]. Although there are some departures from
expected behaviour for very small nozzles [36], investigations
have shown that micro-jets mainly behave in the same way
as large jets, with characteristics that can simply be scaled
according to the nozzle diameter.

A micro-jet exhausting into vacuum, rather than ambient
conditions, has also been investigated using the schlieren
technique [40]. A 2D Laval nozzle with a 250 pm throat was
used and a jet extending over several millimetres was imaged.
Due to the low density gradients involved, the shock struc-
ture was only evident when the image was displayed as a
ratio of the jet image to a background reference image. The
schlieren imaging undertaken here is more difficult because
of the smaller jet dimensions and the location of the jet within
a monolithic assembly.

Glass micropipettes with 3-10 pum diameter apertures
have previously been used as miniature skimmers [21, 41].
However, they were mounted on conical supports that posi-
tioned the skimmer tip well away from the back wall. In effect,
these are conventionally sized skimmers with unusually small
apertures. Moreover, the first vacuum stage was pumped with
high vacuum pumps to 10~* mbar, allowing operation in the
low-pressure regime.

3. Experimental details

In this Section, we present further details of fabrication, and
the main assessment methods used: schlieren imaging, opera-
tion in vacuum and coupling to mass spectrometry.

3.1. Skimmer fabrication

Fabrication is based on the use of anisotropic crystal plane
etching to form pyramidal holes in a (100) Si wafer [42, 43].
A thin seed layer of nickel is deposited on the sidewalls and
thickened by electroplating. Proud, free-standing skimmers
are then revealed by removal of the silicon electroplating
mould from the reverse side of the wafer by deep reactive
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ion etching (DRIE) [44, 45]. The process flow is described in
more detail below with reference to figure 3.

The starting material was a 100mm diameter, 0.525 mm
thick, (100) Si wafer carrying 200 nm of Si3Ny deposited by
low-pressure chemical vapour deposition. Using a first mask,
the Si3Ny layer was patterned by mid-UV photolithography
and reactive ion etching in a mixture of CHF3, O, and Ar gas,
using an Oxford Instruments Plasmal.ab 80". Exposed silicon
was then etched in KOH, yielding blind, pyramidal holes in
the substrate as a result of differing etch rates between the
(100) and (111) crystal planes (steps 2-3). The relation-
ship between the width of the square mask opening Wp, the
etch depth D and the width W, at the bottom of the blind
pyramidal hole thus formed can be found from the crystal
plane angle 6 = cos~'(1///3) = 54.7° and simple trigonom-
etry, as Wg =W + D V2. Assuming that D = 500 ym and
Wa = 50mm, we obtain Wg =757 pm. A larger value of
Wy (say, 100 pm) may then be obtained simply by etching
to a smaller depth D. IPA was added to the etchant, to control
micro-pyramid formation.

During initial development, the process flow continued
with deposition of nickel followed by plasma etching of sil-
icon from the reverse of the wafer and wet etching to open
the skimmer aperture. However, electrochemical issues during
wet etching resulted in low yield. Consequently, the alternative
strategy shown in figure 3, which uses plasma etching steps,
was adopted. After stripping the remaining Si3Ny, a Cr layer
was deposited on the reverse side of the wafer by sputtering,
and then patterned using a second mask to define the islands,
channels and cleaving lanes (steps 4—7). Partial removal of the
bulk silicon by DRIE in an STS Single Chamber Multiplex
inductively-coupled plasma etcher then exposed square aper-
tures defined by the pyramidal holes (step 8). After deposition
of a Cr/Ni seed layer in a Nordiko RF sputter coater, additional
Ni was deposited by electroplating. Free-standing skim-
mers with inherently open apertures were then revealed by
deep reactive ion etching additional silicon from the reverse
side (steps 9-10). Finally, dies were separated by cleaving.
Figure 4 shows a scanning electron microscope (SEM) image
of a completed skimmer die, together with a close-up view
of the skimmer cone. Skimmers with 100 x 100 pgm and
50 x 50 pum apertures were fabricated. After extensive use,
one of the nominally 50 x 50 pm apertures measured 65 x 65
pm. However, the skimmer sidewalls were also eroded, pre-
sumably due to high velocity particulates in the unfiltered
nitrogen feed gas, which may have led to some widening of
the aperture.

Fabrication of the silicon dies carrying inlet capillaries was
much simpler, requiring only patterning of a thick resist fol-
lowed by DRIE. Complete vacuum interfaces were assembled
as a stack, using an optical microscope to monitor alignment
by alternately focusing on the front face of the inlet aper-
ture and then through the capillary to the skimmer aperture,
which was backlit with an LED. The stack was manipulated
until the relative alignment was better than 10 ym and then
secured by applying a bead of adhesive across the three layers
at each spacer position. The ability to co-integrate structural
parts in the Si substrate can be exploited to add mechanical

1. Bulk Si wafer with Si3Ng4 layers 6. Pattern thick resist

2. Pattern Si3N4

7. Pattern Cr

3. KOH etch blind pyramidal hole 8. DRIE Si to expose cone tip

o

9. Sputter and electroplate Ni

10. DRIE Si

L\

11. Singulate

4. Strip SizNg
<100> Wg

5. Sputter coat Cr

VA VAN

Figure 3. Skimmer microfabrication process. Pyramidal holes were
produced in a (100) silicon wafer by anisotropic crystal etching
(steps 1-8). After sputter deposition of nickel on the internal walls
(step 9), excess Si was removed from the reverse side of the wafer
(step 10), leaving free-standing Ni skimmers supported on a Si
substrate.

alignment features, which will allow the passive self-align-
ment methods already used to assemble mass filters [10].
Using a mask aligner with double-sided alignment optics
rather than through-wafer imaging, an accuracy of <2 um
is to be expected. Such methods will be explored in future
iterations.

3.2. Schlieren imaging and vacuum systems

A schlieren microscope was developed to image sub-mil-
limeter gas jets under vacuum conditions. Figure 5 shows a
schematic representation of the system. Light from a 1 mm
diameter pinhole source was collimated by a plano-convex
lens, L1. A vacuum bench housing the MEMS vacuum inter-
face was positioned between L1 and a second lens, L2, which
were 25cm apart. Plano-convex lenses L2 and L3 formed a
beam expander whose magnification is given by the ratio of
the focal lengths. For L2, f = 30mm, and for L3, f = 150 or
250mm, resulting in magnifications of x5 and x8, respec-
tively. Images were recorded by a CCD colour video camera
(JVC TK-1280E). A knife-edge on an x-y stage was moved
into the beam path at the common focal point of L2 and L3
to attenuate the light intensity by approximately 50%. In
schlieren imaging, gas density gradients within the interac-
tion region cause light rays to be refracted away from parallel.
These rays are not focussed at the knife-edge and are conse-
quently not attenuated to the same extent as parallel rays. The
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Figure 4. SEM images of a microfabricated Ni skimmer with a 100 x 100 pm aperture.

Figure 5. Vacuum and schlieren imaging systems. Collimated light from a pinhole source passes through a two-stage vacuum bench.
The skimmer assembly is mounted on a vacuum finger, F. Regions upstream and downstream of the skimmer are illuminated. The image
is magnified by lenses L2 and L3. A knife edge, K, at the common focus of L2 and L3 partially blocks the light beam and generates a

schlieren image.

flow patterns associated with gas expansion into vacuum are
therefore revealed as regions that are lighter or darker than the
background.

The vacuum bench was constructed from a standard
vacuum tee and a 4-way cross with KF25 flanges. Internal sur-
faces were blackened to minimise stray light. The collimated
light beam entered through a first window, passed through the
skimmer assembly, and exited through a second window. The

skimmer assembly was mounted on a tubular vacuum finger,
F, that provided downstream pumping. In some experiments,
the skimmer assembly was bonded directly on to the vacuum
finger, while in others, an 8 x 8 x 8 mm square-section glass
tube fabricated from microscope slides was inserted between
the skimmer assembly and the vacuum finger to allow simul-
taneous imaging of the gas flow upstream and downstream of
the skimmer. Nitrogen gas at 1-3 bar was introduced through
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a 1/16” stainless steel tube, which was attached to the silicon
inlet die using a brass collar and epoxy adhesive.

A scroll pump (Varian SH-110) throttled by an in-line valve
was used to pump the first stage. However, it would be possible
to access most of the pressure range of interest with a small
diaphragm pump of the type previously used in miniature mass
spectrometers [7, 8]. The second stage was pumped by a turbo
pump (Pfeiffer HiPace 80), a rotary pump (Leybold Trivac
D4B) or a diaphragm pump (KNF Neuberger N84.4ANDC),
depending on the size of the skimmer aperture and the desired
second stage pressure. To compare skimmer transmission char-
acteristics, second stage pressure measurements were converted
to absolute gas flow rates (1013.25mbar, 273.15K) using the
effective pumping speed for each pump (determined from meas-
urements of the exhaust gas flow at representative pressures).

Initial tests showed that, with the vacuum bench removed,
a gas jet expanding into the laboratory from a 0.8 mm diameter
pipette tip with Py ~ 4 bar could be observed with the naked
eye with the schlieren image projected on a white screen.
However, the gas flow rate was two orders of magnitude lower
for the 100 pum diameter inlet capillaries used in subsequent
experiments. Consequently, images were only revealed after
extended video integration and background subtraction.

Video was recorded first with the jet present and then at
base vacuum with the gas supply off. Frame stacking and
background subtraction were performed using Registax 6.1
video processing software [46]. The jet-off video was inte-
grated first and the resulting bitmap used as the dark field
background image during integration of the jet-on video.
Images of the jet were revealed after gamma correction and
basic contrast adjustment in Registax followed by final adjust-
ment of floor and ceiling colour-scale levels using GIMP 2.8
image processing software [47]. The signal-to-noise ratio was
improved without loss of resolution by averaging the RGB
layers and displaying as a grey-scale image. In some cases,
the final image of the flow pattern was superimposed on the
background image to show the position of the jet with respect
to structural features.

3.3. Mass spectrometry

The ability of the skimmer assembly to transmit ions from
an atmospheric pressure ion source was evaluated using a
test rig based on a commercial miniature mass spectrometer
(MiD4000, Microsaic Systems, Surrey, UK). Ions were created
by electrospray ionization of thiabendazole at a concentration
of 1 g ml~!in a 50/50 mixture of water and acetonitrile with
0.1% formic acid. To bias the inlet electrically with respect to
the skimmer, a polymer tab was inserted under each spacer
block before final assembly. The height of the peak at m/z 202
in the mass spectrum, which corresponds to the (M + H)*
ion, was taken as a measure of transmitted ion flux.

4. Results and discussion

In this section, we begin by discussing the nature of the flow
through the inlet capillary. Boundary layer and non-ideal

effects are evaluated by comparing measured and theoretical
flow rates. We then present schlieren images of jets obtained
at high pressure ratio, and examine the implications of shock
thickening in free jets and interactions of the jet with the
skimmer die. Narrowing of the jet at lower pressure ratios
and the transmission of a collimated beam to the second stage
are then characterised using gas flow measurements and fur-
ther schlieren imaging. Finally, we demonstrate the use of the
MEMS skimmer assembly as a vacuum interface for a mass
spectrometer, and link throughput oscillations with the peri-
odic shock cell structure seen in extended supersonic jets.

4.1. Flow through the inlet capillary

As already discussed, when gas passes from a high pressure
source to a low pressure sink via a thin orifice or a convergent
nozzle, the flow accelerates as the cross-sectional area of the
stream decreases, and a maximum velocity of M =1 can
be achieved at the sonic plane. The molecular flow rate, G,
through the sonic plane is clearly

G=n"a"A* (D
where n* and a* are the number density and speed of sound at
the sonic plane, respectively, and A* is the cross-sectional area
at which M = 1 is achieved.

For 1D isentropic flow, a number of standard relations allow
the state variables and associated properties to be expressed
in terms of the Mach number [48-50]. Equations for density,
speed of sound, and temperature, which will be used here and
in the next section, are listed below:

2y 1/(1=7)

”:{H_(V_I)M} )
no 2

B )y —1/2
GZ{H_(VI)M} (3)
a 2
T (y— 1M~
e

Here, ny, ap, and Ty are the density, speed of sound, and
temperature for the stagnant reservoir gas, respectively, while
n, a, and T are the corresponding values at Mach number M.

By evaluating equations (2) and (3) at M = 1, n* and a* can
be expressed in terms of ny and ag, allowing equation (1) to be
re-written as

2 z(ﬁ‘])
G = (+1) noaoA* = 0455 ngagD* (5
Y

where D is the diameter at the sonic plane and v = 7/5 for
nitrogen. The effective diameter may be less than the optical
diameter due to slower moving, subsonic gas in the boundary
layer. Equation (5) is often modified by a discharge coeffi-
cient, Cp, to account for this reduction in source area [1].
However, the inlet used here is a short capillary rather than
a thin orifice. In the extreme case of a long, narrow capillary
inlet, isentropic assumptions are no longer valid and flow
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should instead be considered as isothermal and irreversible
due to viscous interactions with the walls [51-53]. As a result
of friction, a higher reservoir pressure is needed to achieve
the same throughput as a thin orifice of the same diameter
[51]. Although there is some compression of the flow at the
entrance, flow acceleration in a long capillary is predomi-
nantly caused by the decrease in pressure along its length,
with the sonic plane located just inside the exit [51]. Capillary
supersonic jet sources with length-to-diameter ratios of
L/D > 100 are known to exhibit viscous drag [38, 51]. For the
short capillaries used here, L/D = 4; this value is similar to
the length-to-throat diameter ratios of many convergent-diver-
gent nozzles, for which isentropic flow is generally assumed.

When viscous drag is important, the flow rate will be
less than the value predicted by equation (5). By measuring
the exhaust flow from the first and second stage pumps, we
find that the flow through an inlet capillary with a diameter
of 105+5 pm is 1.55 £ 0.02mbar - 1 s~ at an ambient
pressure and temperature of 1018 mbar and 294K, respec-
tively. According to equation (5), the expected flow rate is
1.63mbar - 1 s~!. The close correspondence between these
values indicates that viscous drag is relatively unimportant
and an isentropic flow assumption is valid. The small discrep-
ancy can be accommodated by using Cp = 0.95.

4.2. Skimmer interactions with the jet at Po/P1 > 40

Before imaging gas flow inside the skimmer assembly, the
characteristics of free micro-jets were examined. For these
experiments, the skimmer and vacuum finger were removed,
leaving the inlet die supported by a rigid nitrogen supply
tube at the centre of the vacuum system. Figure 6 shows a
series of schlieren images corresponding to the highest inlet
pressure ratios (Py/P;) investigated. The nitrogen reservoir
pressure was 3 bar. In each case, a barrel shock and a Mach
disc, the familiar characteristics of a supersonic free jet expan-
sion, can be seen. The axial density gradient associated with
re-compression of the supersonic flow at the Mach shock is
visualized as a dark band. In their seminal work, Ashkenas
and Sherman [15] showed that the position of the Mach disc,
X, 18 related to the nozzle pressure ratio by

W _ 067,/ 50
D \/ P, ©

for 15 < Py/P; < 17000. The Mach disc in figure 6(d), which
was recorded at Po/P; = 450, is located at x,/D = 14.5 4+ 0.5.
In good agreement, equation (6) predicts xy/D = 14.2 for this
pressure ratio.

The free jet expansions in figure 6 resemble images of
larger jets [11, 54] except that the shock structures, which
usually appear vanishingly thin, are comparatively thick here.
Moreover, the thickness increases as Po/P; decreases and the
jet shrinks. This suggests that shock thickness does not scale in
the same way as the dimensions of the free jet. Normal shock
thicknesses in shock tubes, wind tunnels and free jets have
been investigated using electron beam attenuation, electron
beam and laser-induced fluorescence, Raman spectroscopy,

Figure 6. Schlieren images of free jets. The inlet position and
scale are indicated in (a) and images corresponding P; = 21, 10
and 6.7 mbar are shown in (b)—(d). Py = 3 bar. The Mach disc (dark
vertical band) grows thicker as the jet shrinks.

and simulations [13, 55-57]. Typically, shock thicknesses are
normalized to the mean free path, A, since the rapid decelera-
tion in the shock is a consequence of collisions between jet
molecules and the background gas. In some reports, the mean
free path downstream of the shock is invoked [2] while in
others the upstream value is preferred [55-57]. Measurements
of nitrogen free jet density profiles by Raman spectroscopy
[56, 57] have shown that the thickness of the Mach disc is 4.37
A for 7.7 < M < 15.3, where A is evaluated using the spectro-
scopically determined density and temperature just upstream
of the shock, and a soft sphere scattering model.

In the absence of direct measurements, approximate values
for the jet density and temperature can be calculated using
equations (2) and (4). However, this requires knowledge of the
Mach number. According to Ashkenas and Sherman [15], the
axial variation in Mach number is given by:

—1

M:A(x—xo>71 RS {A<x—xo>71}

D 2(y—1) D

(N
where A = 3.65 and x¢/D = 0.4 when = 7/5. Hence, for
each of the jets in figures 6(b)—(d), the Mach number, density
and temperature can be determined at a position just upstream
of the Mach disc. This then allows calculation of A\ and the
expected shock thickness according to [56, 57]. Measured
and expected shock thicknesses are given in table 1. For the
M = 7.7 jet, the measured thickness is much higher than
expected. However, the discrepancy is smaller at M = 9.4 and
the two values converge at M = 10.2.

Shock thickening is a well-known phenomenon [58]
and observations of unusually thick Mach discs have been
reported previously. Ashkenas and Sherman note that vis-
cous effects cause thickening of the barrel shock and Mach
disc [15] while imaging of low density jets by Rothe [59]
show exceptionally thick and diffuse Mach discs. In both
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Table 1. Measured Mach disc thicknesses (M%) for the jets in
figures 6(b)—(d) and expected thicknesses (6P**d) based on
Raman spectroscopy of larger jets [56, 57]. The error in §measured
is =15 pm.

6expected 6measured
Jet x/D M [pm] [pm]
Figure 6(b) 7.6 7.7 25 140
Figure 6(c) 11.8 9.4 58 120
Figure 6(d) 14.5 10.2 85 80

cases, the shock thickening is linked to low nozzle Reynolds
numbers. Reynolds number is defined at the sonic plane as
Re = p*u*D/p*, where p*, u*, and p* are the density, speed
and viscosity. At high Reynolds numbers, the flow is domi-
nated by inertial forces and expansion is characterized by
distinct shock structures. If the Reynolds number is reduced
(by decreasing the reservoir pressure and/or employing a nar-
rower source), viscous forces become more important, leading
to thicker and more diffuse shocks. Eventually, the shocks
disappear altogether [54] and the source becomes essentially
effusive. For the jets in figures 6(b) and (c), viscous mixing
may be contributing to the thickness of the Mach discs.
However, the shock boundaries are surprisingly well-defined,
rather than diffuse. Moreover, reducing the reservoir pressure
(to lower the Reynolds number) but maintaining the same
Py/P; value (to leave the Mach number unchanged) does not
lead to additional thickening.

Figure 7 shows schlieren images of jets inside a complete
MEMS vacuum interface. Note that the pressure inside the
assembly is likely to have been somewhat higher than the
value measured in the outer vacuum vessel. The jets no longer
have a barrel shape and the vertical Mach disc is replaced by
a curved shock comprising of both dark and bright bands. As
schlieren imaging is sensitive to density gradients, a dark band
followed by a bright band is indicative of a local maximum
in the number density profile. Referring back to equation (6),
it is clear that as P; decreases, the position of the Mach disc
is expected to advance across the gap and eventually interact
with skimmer, ideally via attachment of an oblique shock to the
skimmer rim as shown in figure 1(b). The images in figure 7
show that the Mach disc does indeed move downstream and
that tails extending from the barrel shock initially straddle the
skimmer. However, a thick shock structure develops as the jet
interacts with the skimmer and the back wall. In figure 7(d) it
is clear that the skimmer does not fully penetrate this region
and that jet molecules will likely scatter and reheat before
being transmitted to the second stage.

It is well-known that complex flow patterns develop when a
supersonic jet impinges on a flat plate and spreads radially as a
wall jet. In addition to the expected stand-off shock, stagnation
bubbles, recirculating flow, and acoustic feedback loops have
also been observed [35, 60, 61]. Investigations of large jets
impinging on a flat plate in vacuum have shown how the free
jet Mach disc evolves into a surface stand-off shock as Po/P;
increases [62]. At low Py/P; values, a shock develops at a loca-
tion close to the expected position of the free jet Mach disc.
However, as Py/P; increases, the shock advances less quickly
than anticipated and eventually evolves into a stand-off shock

Figure 7. Schlieren imaging of jets interacting with a skimmer.
The inlet and skimmer positions are indicated in (a) and images
corresponding P; = 65, 21, and 10 mbar are shown in (b)—(d).
Py = 3 bar. The skimmer is unable to fully penetrate the shock
structure.

compression expansion

jet boundary

1.9<P /P,<4

reflected

convergent

P,/P.>4

Mach disk

Figure 8. Schematic representations of extended supersonic jets
exhibiting multiple shock cells. Reproduced from [63]. © IOP
Publishing Ltd. All rights reserved. Reproduced with permission from
[64]. JOHN, JAMES E.A.; KEITH, THEO G., GAS DYNAMICS,
3rd, ©2005. Reprinted by permission of Pearson Education, Inc.,
New York, New York. Reproduced with permission from [65].

whose distance from the surface does not change with further
increases in Pyp/P;. The same behavior is observed in figure 7.
The jet dimensions appear distorted in figure 7(c) because the
Mach disc is further upstream than in a free jet. In figure 7(d),
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Figure 9. Plots of skimmer throughput against first stage pressure are shown on the right for two different second stage pumping speeds
(S2). Schlieren images corresponding to the indicated points on the curves are shown on the left. The jet formed in the first stage narrows
as P; increases (A) and (B) and eventually passes through the skimmer where a second expansion yields a collimated beam (C). If the
background pressure in the second stage is reduced, the same gas flow passes through the skimmer but a beam cannot be seen (D).

P; has been reduced from 21 to 10mbar but the dark band
does not advance further, and may therefore be identified with
the fixed separation stand-off shock.

It is clear from figure 7 that more detailed consequences of
the pyramidal skimmer geometry are currently masked. The
flow patterns at the corners of the square aperture are likely
to be complex and further work is required to clarify how this
affects the transmitted beam. If necessary, the corners could
be moved further away from the centre of the jet by adopting
a rectangular pyramidal geometry. The interfering effects of
the back wall could be avoided by using a taller skimmer.
Unfortunately, extension of the planar fabrication process
to substantially thicker wafers is not trivial because of the
increased etching time and hard mask thickness required. It
may also be advantageous to allow a higher Mach number jet
with a thinner Mach disc to develop by increasing the separa-
tion between the inlet and the skimmer. However, this would
require higher pumping speeds, which is undesirable if the
intention is to use MEMS vacuum interfaces in miniature
mass spectrometers.

4.3. Expansion into the second stage, and collimated
beam production

In molecular beam applications, interest has been focused
on the initial supersonic expansion and shock-free sampling
from the zone of silence. However, in other fields it has been
found that supersonic jets can exhibit an extended periodic
structure, representing repeated cycles of over-expansion and
re-compression. In jet and rocket propulsion, for example, the
bright shock diamonds often seen in exhaust gas are due to
ignition of excess fuel in regions where the flow is re-heated.
In this section, we describe jet interactions with a skimmer at

unusually high first stage pressures and examine how skimmer
throughput increases as the Mach disc retracts towards the
inlet and the jet develops an extended structure.

It is known that the structure of extended supersonic
jets evolves [63-65] as the nozzle pressure ratio increases
above the threshold between subsonic and supersonic flow at
Po/P; = 1.9. Figure 8 shows schematic representations of
jets with multiple shock cells, adapted from [63-65]. Gas
leaving the nozzle initially over-expands via a rarefaction
fan emanating from the rim of the nozzle, but is pushed back
towards the jet axis by the ambient gas. For 1.9 < Py/P; < 4,
this process leads to the formation of an axisymmetric, conical
shock that converges towards the beam centreline, where it
reflects and diverges [63, 66]. When the reflected shock meets
the jet boundary, a new rarefaction fan is formed and the cycle
begins again. At higher values of Py/P;, a Mach disc forms,
initially with a small diameter, and the convergent shock
reflects from its perimeter rather than the beam centreline.

The graph in figure 9 shows how the gas flow through a
100 x 100 pm skimmer aperture responds to increasing first
stage pressure. The flow was determined by measuring P, as
the first stage pump was progressively throttled and then mul-
tiplying by the known pumping speed. As before, the reservoir
pressure was 3 bar. One data set corresponds to pumping of
the second stage by a small diaphragm pump with an effec-
tive pumping speed of 0.05 1 s~!, the other to pumping by a
large rotary pump with an effective pumping speed of 1 1s~!.
Clearly, the 20-fold difference in the downstream pressure had
little impact on the gas flux through the skimmer.

Also shown in figure 9 are schlieren images corresponding
to the pressures and pumping arrangements indicated in the
graph. The field of view has been expanded compared with
figure 7 to show both vacuum stages, separated by the skimmer
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die, whose shadow is at the centre. In image A, the barrel shock
and Mach disc are clear but a developing downstream shock
structure is also evident. The jet appears to narrow and then
deflect either side of the skimmer, which is consistent with the
gas throughput being low. Retraction of the Mach disc towards
the inlet and development of a multiple shock cell structure
can be seen in B. The throughput is much higher and a faint
beam can now be discerned downstream of the skimmer. The
remainder of the jet is deflected only along the lower slope of
the skimmer, presumably as a result of slight mis-alignment
of the inlet with respect to the skimmer. In C, the jet has nar-
rowed to approximately the size of the skimmer aperture and
a collimated beam can clearly be seen in the second stage.
This is an unexpected outcome, as transmission of a jet with
multiple shock cells does not appear to have been previously
considered as a means of producing a molecular beam. D was
recorded at the same first stage pressure as C but the second
stage pressure was 20x lower due to the use of a bigger pump.
There is no indication of a downstream beam even though the
throughput was almost the same. These observations suggest
that the internal profile of the skimmer is acting as a divergent
nozzle. In C, the beam is over-expanded due to the high second
stage pressure and consequently contracts and separates from
the diverging walls of the skimmer. The beam can be seen in C
because contraction of the beam generates strong shock waves
that may be visualised by schlieren imaging. It should be noted
that the beam diameter in C is approximately 160 ;sm whereas
the skimmer widens to 757 pm. Close inspection of C reveals
that the beam is deflected upwards slightly. This is consistent
with schlieren imaging of a miniature 2D nozzle, which shows
that an over-expanded beam can attach to one side of the diver-
gent section [67]. In D, the much lower second stage pressure
allows the beam to fully expand in the nozzle and approach
pressure-matched conditions i.e. the beam neither expands nor
contracts as it exits the nozzle. In this case, the shock structures
and density gradients are weak and the beam cannot be imaged.
In effect, the MEMS vacuum interface described here rep-
licates the function of a single-piece convergent-divergent
nozzle but with the tasks of accelerating the gas flow and
supersonic expansion being separated by an intermediate
free jet. Arguably, the same effect could have been achieved
using a convergent-divergent MEMS nozzle [24, 27, 28, 30].
However, the present arrangement has the advantage that beam
transmission to the second stage can be modulated remotely
at the first stage pump (for example, using a solenoid valve
to alter the throttling). Discontinuous vacuum interfaces have
been used in miniature ion trap mass spectrometers [68] to
reduce the gas load and hence, the size of the vacuum pump.

4.4. Interaction of extended jets with small skimmer
apertures

In this section, the increased sensitivity of a smaller skimmer
aperture to the periodic structure of the jet is described. To
access nozzle pressure ratios up to the point where the beam
becomes subsonic (Py/P; < 1.9) while at the same time avoiding
unsafe pressure differences across the thin skimmer die, the res-
ervoir pressure was reduced from Py = 3 bar to Py = 1 bar for
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Figure 10. Plots of skimmer throughput against first stage pressure
for (a) 65 x 65 pm and (b) 100 x 100 pm apertures with Py = 1
bar. In (c), the ion flux transmitted through a skimmer used as a
mass spectrometer vacuum interface is plotted against first stage
pressure. The aperture measured 50 x 50 pm and the bias applied
to the inlet with respect to the skimmer is as indicated. lons were
created at Py = 1 bar.

these experiments. Figures 10(a) and (b) show representative
data for skimmers with 65 x 65 um and 100 x 100 pm aper-
tures, respectively. For the 65 x 65 pm skimmer, P, is not a
smooth function of P;. A weak shoulder at 92 mbar and a series
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Figure 11. Schlieren images corresponding to the peak positions in
figure 10(a). Plots of intensity (I) against position along the beam
centreline (x) are shown on the right.

of distinct peaks at 158, 204, 257, 290, 310 and 335 mbar are
apparent in the profile. Figure 11 shows a series of schlieren
images recorded at first stage pressures corresponding to the
first five peaks. The magnification was increased from x5
to x 8, and only the first vacuum stage was imaged. The defini-
tion was improved by subtracting a background image recorded
with the jet off and the first stage back-filled with nitrogen via
a remote leak valve. Plots of intensity against position along
the beam centreline are also shown. At 92mbar, a developing
shock structure comprising two bright maxima beyond the
initial expansion is observed with some indication of a weak
bow shock directly in front of the skimmer. At 158, 204, and
257 mbar, three, four, and five bright maxima, respectively, are
apparent in the images and intensity profiles, with the skimmer
location (at 800 pm) corresponding closely to the position of a
node in the periodic structure. At 290 mbar, the pattern continues
but an elongation and splitting of the final bright maximum,
which can also be seen at 257 mbar, is quite pronounced. The
splitting may indicate the presence of a bow shock.

To correlate the images in figure 11 with structural features
of the supersonic jet, a more detailed schlieren image of a
much larger jet was recorded. The MEMS skimmer assembly
and inlet capillary were removed and replaced with a tapered
pipette tip connected to a nitrogen cylinder. The jet issuing

1

compression

expansion

Figure 12. Schlieren image of a supersonic jet from an 800 pm
aperture at Po/P; = 2.75. Regions of expansion are bright and
regions of compression are dark.

from the 800 pm diameter aperture was orientated in the
same way as the original jet and allowed to exhaust at atmos-
pheric pressure. Figure 12 shows an image corresponding to
Po/P; = 2.75. Referring back to figure 8, it is clear that regions
of expansion appear as bright areas in the schlieren images
and regions of compression are dark.

As the skimmer location corresponds to a dark node in each
of the images in figure 11, it can be concluded that enhanced
transmission occurs when the skimmer intercepts a region
of compression, where the jet boundary and streamlines are
pinched inwards and the local number density is high. This
interpretation is supported by figure 10(b), which shows that
the overall transmission is higher and the peaks are much
weaker when the aperture is increased to 100 x 100 pm.
Evidently, most of the jet can pass through this wider aperture
and subtle differences in the flow dynamics and the diameter
of the shock cell structure are of little consequence.

A skimmer with a 50 x 50 pum aperture was used as a
vacuum interface for a mass spectrometer as described earlier.
Figure 10(c) shows the variation in transmitted ion flux as P;
was increased. As in figure 10(a), there is a series of distinct
peaks. The pumping and pressure measurement arrangements
were not the same as in the schlieren imaging apparatus and
hence, only approximate correlation between the peak posi-
tions is to be expected. The effect of a bias voltage on the inlet
is also noteworthy. At P; > 150 mbar, the bias has no effect,
indicating that gas dynamic effects dominate. However, at
base pressure, there is a significant increase in the count rate,
albeit still to relatively low levels. The initial decline in count
rate as the pressure increases to P; = S0 mbar suggests that
the electric field strength (60kV m™") is sufficient to drag ions
across the shock structure in front of the skimmer but that this
effect diminishes as the Mach disc retracts towards the inlet.

For mass spectrometers employing electrospray ioniz-
ation, the primary requirement of the vacuum interface is to



J. Micromech. Microeng. 28 (2018) 085017

S Wright and R R A Syms

transmit ions to the second stage ion optics as a collimated
beam. As demonstrated in figures 9—11, this can be accom-
plished by manipulating jets with complex shock structures.
While clearly effective for electrospray ionization, the MEMS
vacuum interface may not be suited to ion sources requiring
shock-free ion transmission. Most important amongst these is
the inductively coupled plasma (ICP) source, which generates
ions in a high-temperature radio frequency plasma. To avoid
ion losses and composition distortion arising from ion-elec-
tron recombination and ion-molecule reactions, respectively,
collision-free conditions must be maintained downstream of
the inlet [13]. Hence, to avoid the high collision rates associ-
ated with passage of the flow through shocks, ideal penetration
of the zone of silence by the skimmer (figure 1(b)) is desirable
for ICP and similar applications.

5. Conclusions

A miniature skimmed free-jet vacuum interface based on a
stacked pair of dies incorporating an etched capillary and an
electroformed nickel pyramidal skimmer has been demon-
strated for the first time, and operated in conjunction with a
miniature electrospray mass spectrometer. Sub-millimeter gas
jets have been visualised using a schlieren microscope, and
the flow field has been followed across two vacuum stages at
different pressures.

Unexpectedly, at lower inlet pressure ratios, the jet narrows
sufficiently to pass through the skimmer, and a collimated
beam is observed in the second vacuum stage. The internal
profile of the skimmer appears to act like a divergent nozzle.
This has not previously been considered as a mode of opera-
tion for a skimmer system. If the skimmer aperture is narrower
than the initial supersonic jet, enhanced transmission occurs
when the skimmer aperture location coincides with a node in
the multiple shock cell structure. At high inlet pressure ratios,
the Mach disc is seen to advance towards and then interact
with the micro-engineered skimmer. However, it is clear that
the gas dynamic characteristics of micro-jets and non-ideal
skimmers are more complex than anticipated. So far, there is
no evidence of an oblique shock attaching to the rim. In part,
this is a result of the Mach disc being relatively thick, which
can only be partially explained using the known scaling of
shock thickness with mean free path; almost certainly, the
effect arises from the known increase in shock thickness at
low Reynolds numbers. The most prominent feature of the
shock structure is the reflected stand-off shock arising from
the close proximity of the back-wall. Erosion of the skimmer
cone has also been observed following prolonged use. Further
efforts are therefore required to mitigate against these effects,
for example by increasing the skimmer height and incorpo-
rating additional hard coatings such as titanium. This work is
in progress.
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