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Abstract. We present a novel and compact design of a
constant pressure inlet (CPI) developed for use in airborne
aerosol mass spectrometry. In particular, the inlet system is
optimized for aerodynamic lenses commonly used in aerosol
mass spectrometers, in which efficient focusing of aerosol
particles into a vacuum chamber requires a precisely con-
trolled lens pressure, typically of a few hPa. The CPI de-
vice can also be used in condensation particle counters
(CPCs), cloud condensation nucleus counters (CCNCs), and
gas phase sampling instruments in a wide range of altitudes
and inlet pressures. The constant pressure is achieved by
changing the inner diameter of a properly scaled O-ring that
acts as a critical orifice. The CPI control keeps air pressure
and thereby mass flow rate (/0.1 1/min) upstream of an aero-
dynamic lens constant, deviating at most by only +2 % from
a pre-set value. In our setup, a pressure sensor downstream
of the O-ring maintains control of the pinch mechanism via
a feedback loop and setpoint conditions are reached within
seconds. The device was implemented in a few instruments,
which were successfully operated on different research air-
craft covering a wide range of ambient pressures, from sea
level up to about 55hPa. Details of operation and quality
of aerosol particle transmission were evaluated by labora-
tory experiments and in-flight data with a single particle mass
spectrometer.

1 Introduction

There is a growing field of airborne atmospheric measure-
ments of aerosol particles performed in earth science appli-

cations (Fuzzi et al., 2015). It is of major interest to study
the chemical composition of aerosol particles, which, among
other methods, can be investigated by mass spectrometry. Im-
provements regarding electronics, size, and weight (still in
the range of 75-250kg) enabled online in-situ mass spec-
trometry on many airborne platforms covering a wide al-
titude range. These instruments, using either laser ablation
(Murphy and Thomson, 1995; Zelenyuk et al., 2015) or ther-
mal vaporization (AMS-Instrument, Drewnick et al., 2005;
Canagaratna et al., 2007) commonly rely on an aerodynamic
lens (Liu et al., 1995; Kamphus et al., 2008) to permit and fo-
cus aerosol particles into the vacuum chamber. Aerodynamic
lenses are designed for a narrow range of lens pressures
(Plens), which depend on the desired size range of aerosol
particles. Before constant pressure devices were developed,
fixed critical orifices were used, appropriately sized in diam-
eter either for sea level pressure or a pressure at a certain
flight altitude of interest. For deviating inlet pressures, this
requires correction of the flow rate and size-dependent parti-
cle transmission. Such post-flight data evaluation is based on
laboratory calibrations (Bahreini et al., 2003). This approach
introduces uncertainties and is not optimal for quantitative
measuring instruments, for instance of the AMS-type, which
already rely on many other calibrations, such as for collection
efficiency, ionization efficiency, lens transmission, focusing
and alignment. Also, the time-of-flight method for obtaining
individual vacuum aerodynamic diameters of aerosol parti-
cles, as integrated on some instruments, relies on a known
and preferably constant lens pressure. Hence, it is desirable
to actively maintain the lens pressure at a constant value, in-
dependent of the ambient/inlet pressure, and thus on flight
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Figure 1. The position of a constant pressure inlet (CPI) device
in the sampling path is indicated in the drawing. The CPI is lo-
cated upstream of an aerodynamic lens. Bypass flow or manifolds
to other instruments are omitted. The task of the CPI device is to
keep the pressure at the aerodynamic lens (Piens) constant, regard-
less of changes in the inlet pressure (Piplet).

altitude. A configuration of a constant pressure inlet within
an aircraft is indicated in Fig. 1. One alternative solution is to
introduce an intermediate-pressure volume downstream of a
critical orifice. This volume is differentially pumped to keep
it and the lens at a constant pressure. In the initial demon-
stration of such a design (Bahreini et al., 2008), a minimum
pressure altitude of 600 hPa was considered. In following air-
borne applications, successful measurements at altitudes up
to 12 km (Schmale et al., 2010) and up to 7.7 km (Pratt et al.,
10 2010) were reported. The advantages and limitations of such
differentially pumped volume systems are discussed in Sec-
tion 6. In our different approach, a very compact constant
pressure inlet (CPI) setup (without additional pumping or by-
pass flow) was developed and flight proven for single parti-
15 cle and flash-vaporization type instruments, at altitudes from
ground level up to 20 km altitude (e.g. Kollner et al., 2017;
Schulz et al., 2018; Hopfner et al., 2019; Dragoneas et al.,
2020; Schneider et al., 2019).

3

2 Principle of operation and technical description

20 The idea behind our CPI design is a realization of a critical
orifice of variable diameter by a flexible O-ring. The con-
stant pressure inside the aerodynamic lens implies a constant
mass flow rate of air (assuming constant air temperature).
The mass flow rate through a critical orifice is proportional

25 to its cross-section area and upstream pressure. Therefore, to

Figure 2. Photographs of pinch O-rings used during develop-
ment of the CPI. The black and red O-rings (left) are the initially
adopted commercially available O-rings of 0.8 x 2.0 mm (inner di-
ameter X cross section), with a shore-hardness of 75 (FPM) and
70 (MVQ), respectively. The blue O-rings (right) with 0.5 mm and
0.4 mm inner diameters were produced in the laboratory out of two-
component silicone rubber with a shore-hardness of 50. The 0.5 mm
inner diameter O-ring was chosen as the optimal solution for the
flight altitude of up to 20km (minimum inlet pressure) and lens
pressures used in the instruments of the research group. On the right
hand side a 1 mm scale is shown.

maintain a constant mass flow over a wide range of ambi-
ent pressure, for instance between 1000 hPa and 60 hPa, the
circular cross-sectional area of the orifice has to change by
a factor of approximately 16.7 (1000/60). This corresponds
to a factor of about 4.1 in change of diameter. Aerosol mass
spectrometers typically require a fixed orifice of 0.1 mm di-
ameter at sea level pressure (e.g. Jayne et al., 2000; Drewnick
etal., 2005; Zelenyuk et al., 2009). Hence, the inner diameter
of the relaxed O-ring has to be 0.4 mm to 0.5 mm, and should
shrink down to 0.1 mm through pinching. The initial design
started with commercial O-rings of 0.8 x 2 mm (inner diame-
ter X cross section) in dimension, acquired from the company
Dichtelemente arcus GmbH/Germany. The outer diameter of
the pinch O-ring (i.e., the tube’s cross section) was chosen to
be relatively large, as it enables higher relative shrinking of
the O-ring’s inner opening. Models such as the FKM/FPM75
or MVQ70 (abbreviation indicates elastomer type and shore-
hardness) were tested for particle measurements (black and
red variants in Fig.2). As a next step, custom made O-rings
with dimensions of 0.5 x 2.1 mm and 0.4 x 2.15 mm were
produced for improving the particle transmission (for the
same mechanical setup that fixes and holds the O-ring). Two-
component polymerizing silicon rubber from the company
Zhermack SpA/Italy with a shore-hardness of 50 (blue O-
rings in Fig.2) emerged to be a better suitable material re-
garding good orifice shape during compression as compared
to softer elastomers. The production method of the O-ring
was highly reproducible. The same mold was reused in the
production of numerous O-rings, while the specification of
the silicon rubber states a reproduction detail of 2 pm. The
shape of the pinched orifice is critical for avoiding signifi-
cant particle losses, as discussed in the following section.
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Figure 3. Principle drawing of the CPI design. The tilting part can
be moved by a motor pulling it over a spindle mechanism. The con-
troller uses the output of a pressure sensor downstream of the O-ring
(Piens), as indicated in the drawing. An additional optical distance
sensor between the tilting part and the valve block is used to en-
sure safe stop limits for the movement. Relevant inner diameters for
sample flow are denoted with Dgt (2 mm), Dypore (1 mm), Dorifice
(variable), and Dyalve (4.2 mm).

The O-ring is mounted inside a cylindrical recess within a
tilting lever, which pushes the O-ring against the surface of
a counterpart. In our case, this counterpart is a plate welded
on top of a 1/4" plug valve block (see principal operation
drawing in Fig. 3). To minimize the probability of turbulence
around O-ring’s orifice, the openings of the housing, both up-
stream and downstream of the O-ring (Dy,ore), are designed
as large as possible. Yet the openings still must be small
enough that a sufficient air-tight support surface for the O-
ring is left. In the presented version, both diameters (Dpore)
are 1 mm. Initially, the length of both bore holes in the de-
scribed setup was 1.5 mm, but was further reduced to 0.5 or
1 mm in newer designs. Downstream of the O-ring, the tube
expands conically at 45° to 4.2 mm (i.e., the clear diameter of
the 1/4" plug valve in Fig. 3). In the most recent mechanical
design (not used for characterization here), the downstream
tube expands directly from the O-ring from 2 mm to 39 mm
at an angle of 5.6° conically. This is to further reduce radial
flow velocities due to jet expansion at the exit of the critical
orifice (Hwang et al., 2015).

The sample tube upstream of the Dy, -tube has an inner
diameter (Dgr) of 2.05mm (1/8" OD tube). The tilting part
of the O-ring’s housing (lever) is pivoted, and its axis is de-
signed 10 mm away to ensure that the deviations from the
parallel configuration of the surfaces compressing the O-ring
remain small. Tilting the lever squeezes the O-ring and its
inner opening. The pinching movement is driven by a motor,
which is pulling the lever via a spindle. The opposite, the re-
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Figure 4. Stable CPI operation in the ERICA instrument is demon-
strated by the recorded lens pressure aboard the M-55 Geophysica
aircraft (StratoClim Project, flight on 27. August 2017). The maxi-
mum deviation of the lens pressure from the set value is 1.2 %. The
flight was chosen for its high maximum altitude (GPS) of 20.45 km
with minimum inlet pressure of 64hPa and ambient pressure of
55 hPa (the difference is caused by the dynamic pressure).

laxation movement, is supported by the spring force of the
O-ring and an additional spring.

A custom-made electronic control unit drives the motor
until a pre-set lens pressure is reached. The control loop
uses the output of a lens pressure sensor as feedback. In the
presented example (ERICA instrument, Hiinig et al., 2020),
good results were obtained with an absolute pressure sensor
(CMR373-Model, Pfeiffer Vacuum GmbH/Germany), with
a range of 0—10hPa and 0.15% accuracy. The feedback of
the control unit was configured only with the integrative
component (in PID terminology, Proportional-Integrative-
Differential): the speed of the servo motor is proportional
to the deviation from the set lens pressure. Good control
stability of the lens pressure was demonstrated throughout
the duration of longer flights on several aircraft (on the
DLR-HALO G550, AWI-Polar 6 (DC-3), Myasishchev M-
55 “Geophysica”, NASA DC-8, and DLR-Dassault Falcon
20). Pressure deviations were within +£2 %, including ascent
or descent rates of up to 30 m/s on the M-55 aircraft. Figure 4
illustrates the CPI-controlled lens pressure during one of the
flights in which altitudes of up to 20 km were reached. As
shown in the graph, the inlet tube pressure decreased down
to 64 hPa, a value close to the estimated maximum possible
aperture for the 0.5 mm inner diameter O-ring. In this condi-
tion, at minimum inlet pressure, some of the pre-pinching is
retained to ensure an air-tight sealing by the O-ring between
the inlet and cabin air.

The plug valve, as indicated in Fig. 3, is built as part of the
CPI system, but is independent from the feedback control.
The position of the lens pressure sensor between the O-ring
and the valve adds safety for the vacuum system during open-
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ing (and closing) of the inlet line in the following way: after
closing or at closed position of the valve a rise in the lens
pressure forces the feedback control to shrink the O-ring to
its (set) minimum. Therefore, at the moment of opening of
the valve, only a low and safe flow rate can enter the vacuum
chamber before the control starts to increase the O-ring’s
aperture to reach a set lens pressure within about 15-20 sec-
onds. The pinching movement has stop points at both travel
ends. These limits are defined by the voltage output of an
optical distance sensor measuring the distance to the pinch-
ing lever. This provision prevents overloading of the motor at
maximum compression, and as a backup prevents the mech-
anism from opening too far, which might result in leakage of
laboratory or cabin air into the sample line.

3 Visual inspection of the pinched O-ring

With aerosol mass spectrometry as the main application in
mind, the CPI performance has to be assessed by the qual-
ity of particle transmission in combination with an aero-
dynamic lens. As shown in Fig. 4, the performance regard-
ing lens pressure stability meets the requirements. Initial
particle transmission measurements with the commercial
0.8 mm-inner-diameter O-ring revealed high particle losses.
The highest losses of up to about 80 % (for 350 nm sized am-
monium nitrate particles) were observed for a high degree
of pinching at sea level pressure, while for lower inlet pres-
sure (i.e., less pinching), the particle transmission improved
significantly and yielded results comparable with those of
a fixed orifice configuration. The transmission losses were
preliminarily evaluated by comparing the overall transmis-
sion and bulk ionization efficiency of flash-vaporization MS
(AMS-instrument) to identical AMS configurations equipped
with fixed orifice inlets. The high particle transmission loss
behavior could be explained by further investigation of the
shape of the O-ring’s aperture during pinching.

For this purpose, photographs (such as those illustrated in
Fig.5) were taken with a long working distance (70 mm) mi-
croscope looking through the O-ring pinched inside the CPI
device. At sea level pressure, where the state of pinching
was previously known by the recorded signal of the distance
sensor, the 0.8 mm O-ring underwent a deformation into a
narrow-slit shape (upper left panel in Fig. 5a). At lower in-
let pressure, and consequently less pinching, the same O-
ring regains its round shape. Here, the visible aperture area
roughly corresponds to the area needed for the given mass
flow. Obviously, the 0.8 mm diameter is unnecessarily large,
and some of the compression can be avoided by starting with
a smaller inner diameter. Additionally, a softer elastomer ma-
terial was expected to be better for keeping the O-ring’s aper-
ture smoother and rounder. Therefore, 0.5 mm and 0.4 mm
inner diameter O-rings were produced in machined molds us-
ing off-the-shelf two-component silicon rubber. Two differ-
ent materials with shore-hardness of 50 and 22 were tested,

with the latter showing less suitable properties. Figure 5b il-
lustrates the behavior of the 0.5 mm O-ring (shore 50). When
pinching the aperture down to the state at sea level pressure,
the aperture resembles a triangle. A perfect circularity under
the maximum pinching state is not possible (top panels of
Figure 5b). However, this does not appear as a prerequisite
for good particle transmission. Also, with the same pinching
mechanics, the maximum pinching states of a few O-rings
from the same production batch showed exactly the same tri-
angular deformation when observed under the microscope.
Successive transmission efficiency measurements gave val-
ues similar to those measured by a fixed orifice setup. The
same behavior was exhibited by the 0.4 mm inner diameter
version. However, in order to keep the following calibrations
more general, a 0.5 mm O-ring was chosen for use in all of
the instruments of the research group, as it was more suitable
for the maximum expected flight altitude.

Prior to field deployment with stratospheric flights, labo-
ratory tests (with the 0.5 mm O-ring) were performed with
inlet pressure down to 55-60hPa (lower right picture in
Fig. 5b). Notably, the lit area or the aperture of the 1000 hPa-
photograph (Fig. 5b, top left) has about the area of a 0.1 mm
diameter orifice required for the same lens pressure. A com-
parison to the 0.8 mm O-ring at sea level pressure (Fig. Sa,
top left) shows that, while it controls the same lens pressure
and hence the same airflow, the aperture cross section must
be similar. However, the aperture is hidden from the front
view, because apparently the “slit aperture” has a warped
shape, where most of the high particle loss occurred.

4 Methods: laboratory characterization of particle
transmission

After optimizing the O-ring’s pinching properties, particle
size dependent transmission measurements were performed
with a laboratory setup. The first experiments focused on
conditions at sea level pressure, where according to first ex-
perience, high particle losses can occur due to deviations
from the circular shape of the aperture and its minimum size.
The work presented below utilizes an optical detection unit of
the aerosol mass spectrometer ERICA (Hiinig et al., 2020),
which is a combination of a single particle laser ablation ToF-
MS and a flash-vaporization ToF-MS. The aerodynamic lens
used here was the intermediate pressure lens (IPL, Peck et al.,
2016) optimized for PM2.5, a model from Aerodyne Re-
search Inc. (MA, USA). In practice, the CPI’s particle trans-
mission can be tested only in combination with an aerody-
namic lens, meaning that separate contributions of the indi-
vidual components to particle losses are not directly accessi-
ble. The approach presented here is an absolute particle trans-
mission measurement conducted in the same configuration
for the CPI as for the fixed orifice setup. The lens pressure
for CPI operation was set to 4.53 hPa, and a slightly differ-
ent lens pressure of 4.41 hPa was measured behind a 100 pm
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Figure 5. Microscope photographs of the O-ring aperture inside a backlit CPI device at different levels of pinching. The amount of pinching
is recorded by a voltage output (see captions) of an optical distance sensor installed on the CPI’s mechanics (Fig. 3). From additionally logged
inlet pressure during flight or laboratory experiments, the pinching position can be associated to a given inlet pressure. Exemplarily, pressure
values of the desired limits (1000 hPa to 60 hPa or 70 hPa) are denoted at corresponding photographs. Panel a) shows the initial setup with
a commercial O-ring having dimensions of 0.8 X 2mm. As seen in the minuscule (backlit) aperture area for sea level pressure (1000 hPa),
warping of the opening’s shape and thus of the sample flow path can lead to high particle losses. Panel b) shows the custom-made optimized

O-ring design with an inner diameter of 0.5 mm.

fixed orifice. In both cases, sample flow rates were mea-
sured and taken into account (CPI: 1.48 cm®s~! and fixed:
1.31 cm®s™1). Particle size dependent transmission experi-
ments were performed using polystyrene latex (PSL) beads,
generated from a water solution (atomizer), with diameters
between 200 nm and 5 pum. The number concentrations were
referenced by a CPC (Model 5.403, GRIMM Aerosol Tech-
nik/Germany) for sizes up to 800 nm or by an OPC (Grimm
SkyOPC, Series 1.129, Bundke et al., 2015) for PSL sizes
10 above or equal to 1000 nm.

The applied optical detection unit and the measurement
technique in the ERICA intrument are described in more de-
tail in Hiinig et al. (2020). The particle beam directed by the
aerodynamic lens intercepts a perpendicular cw-laser beam

15 (blue light at 405 nm) at a distance of 59 mm. Here, the laser
focus is adjusted to coincide with the focal point of the light-
collecting elliptical mirror. The light scattered by individual
aerosol particles is detected by a photomultiplier tube situ-
ated at the other focal point of the elliptical mirror. To ob-

20 tain the total particle transmission of the aerodynamic lens,
i.e., not to miss parts of the particle beam lost outside of the
laser/mirror foci (below the detection threshold), the follow-
ing method is applied. The aerodynamic lens is mechanically
stepped to move the particle beam across the detection laser

25 beam. Due to a relatively moderate focusing of the detection
laser (=7 mm Rayleigh range), the detection region along the
laser beam axis is assumed to extend an order of magnitude
more than across the beam (beam waist ~60 um). There-
fore, scanning in one dimension is considered sufficient for

s PSL diameters larger than 200 nm. For particle sizes below

o

150-200 nm, the optical detection region decreases steeply,
yielding only 1-2 % detection efficiency at 100 nm. This pre-
vents optical detection for transmission studies of particle
sizes just above the detection threshold. The total transmis-
sion efficiency (7E) can be derived from the measured de-
tection efficiency profile (DE) as a function of the lens po-
sition (x coordinate). For doing so, a simple but well per-
forming model was assumed by approximating the particle
beam with a two-dimensional-Gaussian profile of standard
deviation o (Klimach, 2012). Since the scattered light pulses
are recorded only above a certain intensity threshold, the de-
tection probability is approximated by a rectangular top-hat
function of the width 2r;,. The measured detection efficiency
corresponds to the convolution integral of both functions and
is given in Eq. (1):

. T+1rL— X B T—1TL— X
DE(z) =0.5TE <erf <\/§U ) erf <\/§U )>
6]

Two examples of detection efficiency scans are shown in
Fig. 6 together with the fitted functions (red) as described by
Eq. (1). The error bars are based on the Poisson counting un-
certainty of the detection unit and the external CPC or OPC
instruments. Fit parameters are TE, rr,, xo and o, with TE be-
ing the main result for lens transmission. If the particle beam
is narrower than the optical detection region, the measured
profile shows a pronounced plateau at a magnitude equal to
the transmission efficiency (Fig. 6, CPI example). For scans
with the particle beam width being comparable or larger than
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Figure 6. Two examples of detection efficiency measured by step-
ping the particle beam across a detection laser (and photomulti-
plier unit). Detection efficiency was calculated from photomulti-
plier counts of the optical detection stage normalized by external
CPC or OPC concentration. Total particle transmission efficiency
(TE) is obtained as a parameter of a fit function, which results from
a convolution of the assumed Gaussian particle beam profile and a
rectangular function describing the detection threshold.

the detection width, the obtained TE differs from maximum
detection efficiency. In most detection scans, the maximum
detection efficiency and the fitted 7E differed by less than
5%.

Intuitively, the CPI performance is expected to improve
with decreasing inlet pressure due to relaxation of the O-ring,
which would regain a larger and smoother round shape. On
the other hand, a decrease of inlet pressure enhances the ef-
fects of other factors such as the growing Cunningham slip
10 correction factor C, and the increasing flow speed, in order to

keep the mass flow constant. Both parameters lead to a larger

Stokes number St as a measure of particle impaction losses.

The effects on the Stokes number can be seen in Eq.(2),

which is valid for the front side of the flat round orifice (Lee
15 et al., 1993; Bahreini et al., 2008),

o

. ppDZO UO

St = 2
18 u Dy @

with particle density p,,, particle diameter D,, Cunning-
ham slip correction factor C, sample air velocity upstream
of the orifice Uy, dynamic air viscosity p and orifice diame-

20 ter Dg. The O-ring geometry represents a smoother obstacle
for the air stream, such that Eq. (2) only provides an (upper)
approximation for the Stokes number, which still is useful
for dimensional analyses. By replacing all variables depen-
dent on inlet pressure, such as orifice diameter, air velocity
2s and slip correction, Eq. (2) is evaluated in the pressure range
from 30 to 1020 hPa (Fig. 7). A few examples are calculated
for different particles sizes, nominally of density equal to

1 :\
] particle diameters:
8 -k 2.5um
g 0.1 o
Z E
* 1 2.0 um
g ] 1.0
S ] .0 um
] i
0.01 0.8 pm._
7 0.4 ym
4 0.2 ym
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60100 200 300 400 500 600 700 800 900 1000

Inlet Pressure (hPa)

Figure 7. Stokes number calculated for different particle diameters
as a function of inlet pressure in the range between 30 and 1020 hPa,
with CPI behavior of varying orifice diameter. A particle density
of 1 gcm™3 is used (similar to that of polystyrene beads, which is
1.05 g cm ™). For other higher particle densities, the result can be
upscaled proportionally.

lgem™3, and a 1/8" (OD) upstream sample tube. Since the
Stokes number is proportional to particle density, results for
higher density can be easily estimated. The calculation sug-
gests that for inlet pressures from sea level down to about
300 hPa, the Stokes number is below 0.1, and therefore the
losses for submicron particles should be low. Towards strato-
spheric inlet pressures (150-60 hPa) the Stokes number in-
creases rapidly, and significant particle loss at diameters of
about 1 um and above can be expected.

To obtain particle transmission at lower inlet pressure, i.e.,
to simulate flight conditions, a 250 pm diameter orifice was
placed upstream of a differentially pumped volume. Down-
stream of the low-pressure volume, sampling lines to the
CPIl/mass spectrometer and a SkyOPC were connected via
a Y-manifold. Measurements with the CPI system were per-
formed at a few different values of inlet pressure, reduc-
ing pressure in steps by about a factor two, such that pres-
sures of 380, 250, 125, and 65 hPa were tested. The high-
est pressure in this procedure was chosen below 500 hPa, i.e.
380 hPa, in order to also fall within the condition for crit-
ical flow (Pgownstream < 0.5Pypstream) at the pressure re-
ducing orifice. This way, the sampled flow and hence par-
ticle losses from the particle generation to the pumped vol-
ume can be assumed as being nearly constant (for all tested
values of inlet pressure). Additionally, care was taken to run
and observe the particle generation at constant concentration
(well within 2%) during experiments. The latter effort was
done due to a lack of a reliable particle concentration ref-
erence within the low-pressure setup: although the SkyOPC
is designed for measurements at low inlet pressure (speci-
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fied down to 125 hPa), the changes in measured particle con-
centration appeared to be higher (and unknown) than accept-
able for use as a reference. Only the (absolute) transmission
value at 380 hPa was obtained by referencing photomulti-
plier counts to the external SkyOPC. From there on, for ev-
ery particle size, inlet pressure was varied in steps down to
65 hPa and raised back again to 380 hPa. At every pressure
step, time was given for the CPI pinching mechanism to ad-
just, and then particle counts with statistically sufficient time
were recorded by the mass spectrometer’s optical detection
unit (at the lens position of maximum detection). Transmis-
sion values were obtained as changes relative to the starting
point.

5 Particle transmission results

Detection scans were performed for various PSL particle
sizes at ground pressure (with the laboratory at 130 m above
sea level). The resulting transmission efficiencies for both se-
tups, the CPI O-ring and a fixed 100 ym orifice setup, are
summarized for comparison in Fig. 8. The following contri-
butions to the error bars are included: uncertainty of the fitted
TE-parameter (1-5 %), particle counting uncertainty (<2 %),
sample flow uncertainty (3 %), and the uncertainty of the tube
loss correction in the tubing to the OPC for sizes above 1 pm
(e.g. 44 % for 5 um particle diameter). The transmission effi-
ciency is mainly defined by the performance of the lens, and
compares well to results of the same lens design published
in Xu et al. (2017). The transmission values of the CPI are
within uncertainties, close to those of a fixed orifice. As ex-
pected from a simple model of Stokes number dependence
(Eq. 2, Fig. 7), the decreasing inlet pressure leads to a reduc-
tion of particle transmission. The same transmission data is
plotted (for tested particle sizes) as a function of pressure
in Fig.9. The results in Fig. 9 also reflect the measurement
procedure, for which the inlet pressure was varied in steps
for the same particle size. The general behavior confirms
the theoretic expectation of decreasing particle transmission
with decreasing inlet pressure. The transmission efficiency
for 200 nm diameters appears not to be affected by the in-
creasing Stokes number. Some steps down in pressure show
an opposite effect, i.e., a slight increase in particle transmis-
sion. The latter can most likely be attributed to the effect of
an improving O-ring opening geometry, transforming from a
shape resembling a triangle to a circular aperture. An addi-
tional explanation leading to the same effect is that the im-
paction losses on the expansion side, downstream of the O-
ring would be lower with the higher particle’s inertia.

6 Summary and discussion

A successful operation of the presented O-ring based con-
stant pressure inlet device has been demonstrated through
suitable laboratory characterization and aircraft field experi-
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Figure 8. Transmission of PSL particles through the CPI device
(blue line) and an aerodynamic lens in comparison to the same aero-
dynamic lens with a fixed 0.1 mm diameter critical orifice (black
line). Those filled data markers denote results at 1000 hPa inlet pres-
sure. Error bars include statistical particle counting uncertainty, as
well as uncertainties of the fitted function parameters and tube loss
corrections. Open markers denote results for inlet pressures of 250,
125, and 65 hPa. Measurements also were performed for 380 hPa,
but are not included here for clarity.
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Figure 9. Transmission of PSL particles through the CPI device
and an aerodynamic lens as a function of inlet pressure. Different
PSL particle sizes from 0.2 to 2.5 um were used in this experiment.
Error bars include statistical particle counting uncertainty, and the
uncertainty of the maximum detection to transmission difference.

ments. An inlet pressure range between sea level and down
to 65hPa was covered with a single properly dimensioned
O-ring. The CPI setup is compact: it adds only about 6 cm to
the length on top of an aerodynamic lens. Also, good stabil-
ity with a deviation of less than 1.2 % from the pre-set lens
pressure (2.5 hPa to 5 hPa, depending on the instrument and
aerodynamic lens type) was demonstrated during research
flights on several research aircraft (DLR-HALO G550, Mya-
sishchev M-55 “Geophysica”, NASA DC-8).

The same O-ring used for the transmission study of this
manuscript was installed in the ERICA instrument during
three aircraft field experiments (of 125 flight hours) over a
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period of about two years. Because the instrument was sit-
ting idle in the lab with a closed inlet for most of this time, the
O-ring was also experiencing a maximum pinching state. It
appeared that the elasticity of the silicon rubber remained in
good condition during the two-year period, and no degrada-
tion of particle transmission with the same O-ring was found.
The experience with different O-rings from the same pro-
duction method showed that the exact reproducibility of the
pinching shape is not mandatory, as long as the particle trans-
mission quality remains as expected at ground level pressure
(under strong pinching). This has to be confirmed by mea-
surement after new O-ring installation. With these consider-
ations, further measurements at lower inlet pressure are less
critical, because the O-ring relaxes towards its original, more
circular shape. Here, the particle transmission is limited by
other (reproducible) factors, such as lower air density and the
same fixed geometry for the flow. So far, a few O-rings made
for other instruments of the research group showed very sim-
ilar transmission efficiencies (TE > 85 %) at sea level pres-
sure for submicron particles and hence were kept for further
usage.

Results of particle transmission obtained in the laboratory
show that for inlet pressure down to 250 hPa, which is within
the maximum altitude of most passenger type research air-
crafts (e.g. ~195 hPa ambient pressure at 12 km altitude and
~260 hPa of dynamic pressure at 210 m/s flight speed), trans-
mission of submicron aerosol particles remains larger than
80%, with little difference to transmission at ground level.
For a higher flight altitude and aerodynamic particle diam-
eters larger than 0.6-0.8 um, particle transmission reduces
noticeably, and corrections should be applied. Nevertheless,
even at the lowest designed and flight-proven inlet pressure
of 65hPa, the CPI’s particle transmission performance can
be well-suited for stratospheric applications, where particle
diameters are mostly below 0.6-0.8 um. In cases of larger
particles, especially with respect to mean volume diameters
(e.g. of fresh volcanic origin at stratospheric altitudes (Wil-
son et al., 1993)), one has to account for the evaporation of
the particle’s water content and other volatile species in the
inlet tubing upstream of the CPI. This effect leads to smaller
aerodynamic diameters and effectively improves the particle
transmission through the CPI, if one were judging by the am-
bient sizes. If used with a focus on even smaller particle sizes,
in the nm size range, a high transmission efficiency is well
maintained. This is attributed to the fact that impaction losses
due to the particles’ inertia are low, and diffusion losses are
negligible due to the CPI’s small internal volume.

For comparison, particle losses considered in this publica-
tion also occur at alternative pressure reducing inlet devices,
such as the setup with the fixed diameter orifice introduced in
Babhreini et al. (2008), where a differentially pumped volume
at an intermediate constant pressure is utilized as “represen-
tative” pressure. The O-ring based setup avoids the additional
critical orifice (prone to particle losses) needed to create such
an intermediate pressure step, and eliminates the additional

time spent by trace gases exposed to additional surfaces. Ad-
ditionally, in the case of a minimum inlet pressure of 65 hPa,
the pressure at the intermediate volume has to be set at about
30hPa, which implies even higher Stokes numbers and par-
ticle losses at the constant diameter orifice upstream of the
lens. In future designs, the geometry for the flow around the
O-ring can be further optimized (e.g. small angle conical dif-
fusors can be placed on both sides) to further improve the
particle transmission of the CPIL.

The CPI device was also applied in a gas phase sam-
pling instrument, in this case a proton transfer reaction mass
spectrometer (PTR-MS Jordan et al., 2009), in which a re-
action drift tube in the inlet path requires a constant pres-
sure of 2.2 hPa. Furthermore, other particle counting instru-
ments relying on constant pressure either in their inlet or
condensation cell, such as condensation particles counters
(CPCs, or cloud condensation nucleus counters, CCNCs) can
be equipped with the O-ring based CPI system. A CCN-200
(DMT, Longmont, CO, USA) is already in use with the pre-
sented CPI system (Andreae et al., 2018). However, it utilizes
a different O-ring, with a controlled downstream pressure
of about 200 hPa, and an air flow of an order of magnitude
higher.
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