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Abstract

A coaxial ion source produces an ion beam via field effect in a gas flow through a coaxial microchannel structure.

Measuring the intensity of ion emission under an electric voltage condition reveals the pressure at the tip of the

coaxial structure, where ionization occurs. The spatial resolution of the measurements is defined by the volume into

which the position of the tip fits, here estimated as a cube with an edge of 10 um. The pressure at the tip is also

obtained analytically as a function of the throughput through the coaxial structure. The theoretical and experimental

pressure values reported in the present work are in agreement between them within the geometric uncertainties of the

coaxial structure itself.

Keywords: Coaxial Ion Source, Flow rate, Local pressure gauge, Field ionization, Gas expansion, Channel Gas flow

1. Introduction

Local gas density or pressure in either free gas expan-
sion or gas jets is often measured via optical diffusion [1]
or laser-induced fluorescence, by adding acetone to the
gas (see for example Refs. [2, 3]). It would greatly en-
rich the optical measurement of gas parameters if direct
experimental determination of local gas pressure could
be achieved. The question is: what kind of local pres-
sure gauge could be used, and with what spatial resolu-

tion? Our hypothesis here is that, given the relationship
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between intensity of field ionization and local gas pres-
sure, field ionization measurements can reliably be used

as a local pressure reading.

Field ionization is well-known as a way to explore crys-
tallographic surfaces of a metal tip in a field ion micro-
scope [4-7], or to produce ion beams for instrumenta-
tion termed Gas Field Ion Sources, such as Coaxial Ion
Sources (CIS) (see e.g. Refs.[8-10]). With these latter,
the gas is locally injected into the ion production zone
through the coaxial micro-channel structure. Ref. [8]
showed that this structure permits high current intensi-
ties to be obtained when the pressure is maintained low

enough for unimpeded beam propagation. In addition,
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it was shown that gas flow regimes do not modify field
ion efficiency. In the CIS described in Ref. [8], the ion
current intensity measured under “static” pressure with-
out gas injection was 300 times lower than the intensity
measured under dynamic pressure, with the gas injected
through the coaxial structure. What we seek to determine
here is whether the ion current intensity measured in a
setup involving a coaxial ion source corresponds to the
local pressure reading at the tip. However, we do not seek
to determine the gas supply by measuring the intensity on
a one-to-one basis, but only the local pressure with a rel-
ative reading, by comparing the intensity under “static”
pressure and the intensity under flow. The question is
whether, in the flow, some mechanisms such as recombi-
nation, speed of molecules or other factors could influence

the measurement of intensity.

The present paper is organized as follows. First, exper-
imental details are given in Section 2, with a description
of the setup including the CIS and the methods used to
measure throughput and ionization intensity. The model-
ing of gas flow is then explained in Section 3, showing
how the pressure can be expressed anywhere in the cham-
ber given the initial conditions. The results obtained for
the different structures and methods are presented in Sec-
tion 4. This leads to an in-depth discussion in Section
5 on measurement uncertainties and on estimation of the

spatial resolution of the pressure gauge.

2. Experimental details
2.1. Setup

The coaxial ion source [8, 11-14] mounted at the Mar-
seille Interdisciplinary Nanoscience Center (CINaM) of
Aix-Marseille University is a deliberate leak between a
high-pressure (inlet) vacuum chamber (p;,) with a volume
of Vi, = (0.30 + 0.05) L and a low-pressure (outlet) vac-
uum chamber (p,,) with a volume of V,, = (67 £ 5)
L. A metal tip is placed at the outlet of this leak on the
low-pressure chamber side. In the present work, the same
experimental setup as that presented in Ref.[8] is used. A
scheme of the setup is shown in Figure 1, where L = 6 mm
is the length of the stainless-steel tube. Two tubes with
different internal diameters were used: d; = (150+30) um
and (170 + 30) um. Note that the uncertainty of d, is only
positive, the smallest value is guaranteed by the manufac-
turer.

A tungsten wire with a diameter of d; = (125 + 13) um
was inserted into the tube with an internal diameter of d5.
The tungsten wire ends in a tip which emerges at position
H = (130 + 10) um from the end of the tube. This po-
sition is set under an optical microscope and the wire is
glued at this position. The glue does not affect the flow
because it is offset from the flow, see Ref.[8] for more ex-
planation. The tungsten tip is covered at its top with a
thin layer of palladium, which protects the tungsten from
corrosion and allows it to work longer. Finally the tips
have a spherical shape with a radius of around (100 + 20)
nm. The tips are observed by scanning electron micro-

scope (SEM) before and after experiments. I(V) curves
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Figure 1: Scheme of the experimental setup: the Coaxial Ion Source
(CIS) is placed between the inlet pressure chamber and the outlet pres-
sure chamber, where ionization takes place.

are systematically made to check that the shape of the tip
has not evolved between experiments. To simplify mod-
eling, the shape of the tip is assumed to be a cone with a
base diameter of d3 = d;/2 and a height of H.

Table 1 describes the different structures involved
in the study. The uncertainty calculated in Section 5
takes into account the dispersion of the geometrical
structures. For example, when the wire is inserted into
the capillary, it may neither be perfectly centered nor
straight throughout the capillary, i.e. the centering of the
tip and its positioning in the plane are accurate to within

10 gm.

After baking, both chambers can be evacuated down to
ultrahigh vacuum conditions by a turbomolecular pump
(TwisTorr305, Agilent).

To measure inlet pressure, a membrane-based gauge

(ED 510/421.411/025 from Haenni) is used. Outlet pres-

sure is measured by a full-range gauge (Varian). The
electric field is imposed by electrically grounding the CIS
through a pico-ammeter (Keithley, Model 427) and an ex-
tractor is electrically polarized to a negative voltage (re-
versible, low-ripple module MPS30 from Spellman). The
extractor represented by the plane in front of the tip in
Figure 1 is a metal disc 3.5 cm in diameter with a hole
¢ = 1 mm in diameter placed at a distance £ = 1 mm

from the tip.

2.2. Throughput measurement

The throughput g [15] of the tube determines the flow-
field in the outlet chamber so that the throughput knowl-
edge gives us the pressure at the tip. However, the tung-
sten wire inside the tube is not straight, hence the gap
shape between them is unknown. This makes it impos-
sible to calculate the throughput numerically. Here, the
throughput is obtained from the measured variation in in-

let pressure p;, as a function of time ¢ as:

dpin
=—Vin . 1
i 1)

The constant volume technique is used. Initially, the in-
let chamber is filled with a gas at a pressure of about
pin = 1 atm; the valve is opened while the pump is work-
ing, with outlet pressure p,, kept significantly smaller
than inlet pressure pj,, i.6. pouw < pin. Then, pressure
pin s recorded 10 times per second for 10 hours. To cal-
culate derivative dp;,/ dt, function In p;,(t) is interpolated
by a fourth-order polynomial in seven time intervals sep-
arately. The interpolating coefficients ensure the continu-

ity of the pressure and its derivative. Once the function
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name of the structure Sq S? S3 Sstatic S4 S5 S10 S12 S0a Sob
size d, [um] 170 170 170 170 170 170 170 170 150 150
Intensity measurements X X X X
measurements of p;, vs. time X X
measurements of p,, VS. pin X X X X

Figure number 8 8 8 8

4 (right), 12 5,6,7,12 13 13 3,4 (left) 5

Table 1: Structures and corresponding measurements.

dp;,/ dt is obtained, the throughput is calculated using
Eqgs. (1). Throughput g can also be measured via out-

let pressure p,,, and pumping speed S using the relation

q =S Pou- 2

This method was used in [8], where the pumping speed
was measured for an outlet pressure lower than 10~2Pa
using a mass spectrometer (QMG64 from Balzers). The
following values were obtained: S =177, 206, 98, 88, and
65 L/s for H,, He, N,, Ar, and Xe, respectively. The two
methods of determining throughput, the constant volume
technique or via outlet pressure measurement, are com-

pared in Sec.5.

2.3. Measuring ionization field intensity

In general, for the field ionization under partial pressure
conditions, two different regimes are observed [4, 10].
In the low voltage regime, below 5 kV, the ionization is
limited by the electric field. In the high-voltage regime,
above 5 kV, the rate of ionization is limited by the gas
supply, which also increases with voltage, resulting in an
increase in current with voltage. In this regime, the prob-
ability of ionization of a molecule at a so-called “critical”

distance (a few Armstrong) from the tip reaches 100%.

To measure ion current intensity, 7, for an applied volt-
age, V, a pico-ammeter is directly connected to the tip
and electrically grounded. Here, experiments are only
performed at an extraction voltage of V = 12.0 kV. In
this voltage regime, for the same voltage, the intensity
depends only on the pressure. The measured I(V) char-
acteristics, see also Ref.[8], confirm that a field ionization
process occurs at the tip in the low-pressure chamber.

Four different experimental structures involving four
different tips are shown here. All these structures use the
same tube diameter d, = 170 um but different tips and
assemblies, which will be seen to induce roughly 50%
uncertainty on the intensity value. For one of the four
structures, measurements are performed at static pressure,
which means that the gas is at rest near the tip. For the
other three structures, measurements are carried out when
the gas flows into the chamber through the coaxial struc-

ture.

3. Modeling gas flow
3.1. Definitions

In this section, the gas flow-field in the outlet chamber
is obtained as a function of inlet pressure p;,. This re-

quires knowing the gas flow rate M, defined as the mass
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of gas AM passing through a capillary during a time in-
terval At.

. AM

= A 3)

Under this definition, no gas characteristics, like temper-

ature and pressure, need to be specified, which is why it

is widely used to report fundamental scientific results, see

e.g. Refs.[16-18]. The throughput g is related to M as

1 . 2R, T
q= Evi,M, Vi = \/73, )

where v,, is the most probable molecular speed at temper-
ature T, R, is the universal gas constant, M is the mo-
lar mass of a gas molecule. Since v,, depends on 7', the
value of g corresponds to some specific temperature 7.
The throughput go through a thin orifice of area A in the

free molecular flow regime is easily calculated as in [19]

go = Avm(pin - poul)
2+n

This quantity depends on the gas species via the molar

, A=n(d-dh/4 (5)

mass M and on the gas temperature 7. Therefore, the

dimensionless flow rate defined as

W =gq/q0 (6)

is more appropriate to report theoretical and experimen-
tal results. This quantity actually becomes the transmis-
sion probability [20] in the free-molecular regime, which
is gas-species-independent under diffuse gas-surface in-
teraction. To determine the flow regime, the equivalent
free path (EFP) of molecules ¢ is introduced via the gas
viscosity u, see e.g. [19]

M

{="—, o
p

Such a definition does not require knowledge of the
molecular diameter, but is calculated directly via the
macroscopic quantities. The viscosities of all gases con-
sidered here are given in Table 2. The gas rarefaction pa-
rameter §, widely used in modeling rarefied gas flow, is

defined as
6 =h/¢, (8)

where & is a characteristic size of gas flow. For the flow
in question, gap size h = (d, — d;)/2 can be used in
Eq.(8). Parameter ¢ is inversely proportional to the Knud-
sen number, so that the limit § — 0 corresponds to the
free-molecular regime, while the opposite limit § — oo

corresponds to the viscous regime.

3.2. Flow-field around the tip: DSMC calculation

The tip considered here is shown schematically in
Figure 1. The direct simulation Monte Carlo (DSMC)
method [19, 26] is applied to calculate the flow-field near
the tip. The computational domain represents a cylinder
with a length and radius of d,. Since outlet pressure p,,, is
sufficiently low, the modeling can be performed assuming
the free-molecular flow regime (§ = 0). Experimental jus-
tifications for the free-molecular assumption are provided
in Section 4.2. The distribution function of the generated
particles is the Maxwellian, with a pressure p, and a tem-
perature Ty = 300 K at the exit of the coaxial structure.
The pressure pg of the generated particles should provide
the measured throughput g; thus, it is calculated via the

dimensionless flow rate W as

po = pinW, W =W(Gin), ©)
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Table 2: Properties of the gases under consideration: molecular weight M, most probable speed v, at Tp = 300 K according to Eq.(4), dynamic

viscosity u at Tp = 300 K taken from Refs.[21-25].

H2 He

Ne N, Ar Xe

M(g/mol) | 2.016 4.003 20.18 28.02 3995 1313

vm (m/s) | 1573
u(uPas) | 8.969 19.91

1116 4972 4219 3534 1949
31.86 1790 22.69 23.16

which depends on the rarefaction parameter é;, calculated
via p;, using Eqs.(7) and (8). Therefore, pressure py is
species-dependent. To model a more realistic distribution
of particles entering the outlet chamber, the particles are
generated inside the gap at a distance of 3% from the out-
let. Diffuse scattering of particles on all solid surfaces is
assumed. According to the scheme in Figure 1, the dis-
tance E between tip and extractor is about eight times
larger than the tip size H. Moreover, the hole diameter
¢ is about six times larger than the tube diameter d, see
Section 2. Given this distance and this diameter, these
calculations do not need to take account of the extractor.
Thus the free surfaces of the computational domain ab-
sorb all incident particles and do not emit particles into
the domain. The number of samples was large enough to

reduce the statistical scattering of the pressure to 0.1%.

3.3. Flow-field around the tip: velocity distribution func-
tion

Under some simplifying assumptions, the distributions
of pressure, temperature, and bulk velocity along the sym-
metry axis can be obtained analytically. Disregarding the
tip, i.e. in the configuration given in Figure 2, the an-
nular outlet is assumed to emit particles that obey the
Maxwellian distribution function corresponding to pres-

sure po and temperature 7y = 300 K. Far from the outlet,

PAS
04 T

da

Figure 2: Scheme of the CIS outlet without tip used for analytical cal-
culations.

the gas is assumed to be in equilibrium at pressure po,
and temperature T,. Under such conditions, the distribu-
tion velocity function f(x,v) at axis x is given as

ng at vegQ,

Now at v € Quyy, (10)

e~ ivm)

fxv) = m {
where v is the vector of gas molecular velocity, Qg is the
solid angle at which the annular outlet is visible, Q,,, is
the remaining solid angle, ny and n,,, are the number den-
sities corresponding to pressures pg and p,, respectively.
Then, local number density n, bulk velocity «,, and tem-
perature T of the gas along the symmetry axis [19] are
calculated via the distribution function (10) as

) 1 N
g mo ffdv -

no no

(11)

1 u
+ —(1 _ Mo ')(c0501 —cos8,),
2 no
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Us(x) =Lfvxfdv

VM annO _ no ’ " " (12)
= —— (sin® 6, —sin® 6;),
2y n(x) (sn’ )

TW _ 2 (o o, 2(w)
To _3nv,2,,f(v u)fdv=1 3(vm). (13)

Angles 6, and 6, shown in Figure 2 read
d; d,
tan @, = o tan@, = o (14)

Local pressure is obtained from the state equation

px) _ n)Tx)

(15)
Po noTo

4. Results
4.1. Data on flow rate W measured via two techniques

Two measurement techniques are used here to obtain
the dimensionless mass flow rate W (see Section 2). The
first technique consists in a measurement of the inlet pres-
sure. The experimental data regarding p;, as a function of
time for helium, neon, argon, and xenon with structure s,
(d, = 150 um) are shown in Figure 3 (a). For helium, the
pressure drops by one order of magnitude during the first
three hours, and then takes about ten hours more to lose
another order of magnitude. The pressure variations for
the other gases are even slower. The interpolating curves
are represented by the black lines in Figure 3 (a). A rel-
ative difference between the experimental data and inter-
polations is plotted in Figure 3 (b), which gives an idea
about the experimental error. The same measurements
performed for hydrogen and nitrogen show similar behav-

iors, so the corresponding results are omitted in Figure 3.

Pin (Pa)

Apiy (%)

t (hr)

Figure 3: (a) Inlet pressure p;, vs. time ¢ for d; = 150 um (s, in Table
1): colored lines - experiments, black lines - interpolation. (b) Relative
difference Apin = (p;," /pin — 1) - 100% between interpolation pi, and
experimental p::p data.

The interpolating parameters are described in Appendix
A, the time intervals being selected to ensure continuity
of pressure and of its derivative. The dimensionless flow
rates W, calculated via Eqs. (1) and (6) using the inter-
polating formulas to obtain the time derivative from the
values measured for p;,(t), are plotted in Figure 4 (left)
against the rarefaction parameter §;,. This parameter was
calculated from Eqgs. (7) and (8) using the inlet pressure
pin and the data given in Table 2. Figure 4 (left) shows

that W is almost identical for all gases considered here.
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Therefore, once this quantity is measured for one gas it
can be used for any other gas. When using the larger tube
of diameter d, = 170 um, W was measured only for nitro-
gen, with results also shown in Figure 4 (right).

The experimental values for the flow rate W obtained
by the second experimental procedure with structures sg;
and ss, calculated using Eq. (2), are presented in Figure
5 versus the inlet rarefaction parameter ¢;,. The behavior
of W in the range 1 < §;, < 20 is close to that plotted
in Figure 4. A qualitative difference in its behavior is,
however, observed for the largest values of 6;,, which will
be shown to indicate a non-constant pumping speed over
the outlet pressure range used in the experiment. Note
that the results obtained for d, = 150 ym and 170 ym
are very similar. This perfectly illustrates the uncertainty
due to manufacturing of the CIS and will be discussed in

Section 5.1.

4.2. Verification of free-molecular conditions

Once the flow rate W is known, the assumption of free-
molecular conditions in the outlet chamber can be veri-
fied. According to Eq. (9) and the results shown in Figure
4, pressure py is about two orders smaller than p;,, while
outlet pressure p,, is six orders smaller than p;,. This
means that p,, can be neglected in the region near the
tip but needs to be considered where it is far from the tip.
The quantity p, obtained with the larger tube diameter
d, = 170um is plotted versus p;, in Figure 6 for all gases
considered here (structure ss). As can be seen, pressure
po is dependent on gas species. To verify the assumption

on the free-molecular regime, the EFP ¢, calculated via

Eq. (7) for p = py is plotted in Figure 7 versus the inlet
pressure. The dashed horizontal line corresponds to gap
size h = 22.5 um, so that the curves above this line cor-
respond to the regime where £o > h and intermolecular
collisions can be ignored. It can be seen that collisions
are negligible for almost the whole range of inlet pressure
up to p;, = 1.5 X 10* Pa for the light gases, namely, H,,
He, and Ne. For Xe, the regime is free-molecular up to

Pin =4 X 103 Pa.

4.3. Flow-field around the tip

The flow-fields of local pressure p/po, temperature T
(in Kelvin), and speed u/v,, calculated under the free-
molecular conditions are shown in Figure 8. These quan-
tities are the same for all gases under the condition £, > A.
To obtain the pressure p for each gas species, the p, val-
ues given in Figure 6 should be used. As expected, pres-
sure p sharply drops from p, at the outlet to = 0.01pg
at the tip, x = 0.13mm. Temperature also sharply drops
from 300 K at the exit of the coaxial structure to about 80
K at the tip. The temperature is even lower (less than 50
K) in the region far from both outlet and tip. This behav-
ior is typical of an expanding gas. The dimensionless gas
speed u/v, has the magnitude order of the Mach num-
ber. According to Figure 8, the flow becomes transonic
far from the structure’s exit in the outlet chamber.

The functions p(x)/po, ux(x)/vnm, and T(x) given by
Eqgs. (11) - (15) are plotted in Figure 9 for two typ-
ical values of p,u/po = 104 and 10 ° in the range
0.1 < x(mm) < 1. The left and right limits correspond to

the tip and extractor positions, respectively. It can be seen
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Figure 4: Dimensionless flow rate W calculated via measured and then interpolated function pi, = pin(f) vs. rarefaction parameter &;,: left -

structure sq,, d» = 150 um, right - structure s4, d, = 170 um.
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Figure 5: Dimensionless flow rate W obtained from measured pumping
speed S and outlet pressure p,,, calculated via Eq.(2) vs. rarefaction
parameter &;, for structures sq, (d3 = 150 ym) and ss (d = 170 um).

0.2

0.1

0.05

0.02

0.01

-h

10

n

100

Figure 6: Pressure p vs. inlet pressure p;, for d = 170 ym.
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3 5 103 3 5 104 3 5
rinlPa]

Figure 7: Equivalent free path £y vs. inlet pressure p;, for d2 = 170 um.
The dashed horizontal line represents gap size.

that pressure p(x) sharply decreases just near the tip, then
smoothly tends toward p,,, far from the coaxial structure’s
exit in the outlet chamber. The velocity u,(x) near the tip
is close to v,, and then slightly increases up to 1.1v,,. The
temperature near the tip is almost half that of 7y = 300 K
and then continues to drop until it reaches about 50 K. The
influence of the value of p,,/po on all these functions be-
comes significant starting from the position x = 0.5 mm
and it increases farther from the tip. The asymptotic be-
havior of p(x), u,(x), and T'(x) far from the tip can be
obtained from Eqgs. (11) - (15) at x >> d;. Under this con-
dition, both ; and 6, become small, so that n(x) — n,u,
Uy (x) = 0, T(x) = Ty, and p(x) = p,u.- For the purposes
of comparing the analytical solution (11) - (15) with the
Monte Carlo results, the latter are shown in Figure 9 by

symbols. The comparison shows that the two solutions

10

PPy

0.1

=4 0.01

0.001

3 300
iy 250
2
200
150
1
100
0 50
0 1 2
iy
3
l'/d1
2
1
0
0 1 2 /dy 3

Figure 8: Flow-field in the outlet of tube of diameter d> = 170 um: top
- pressure p/po, middle - temperature in K, bottom - local speed u/vy,
where v, corresponds to T = 300 K.
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almost coincide. Thus, the analytical solution obtained in
the absence of the tip describes well the flow-field past the

tip along the symmetry axis.

4.4. Ion current intensity

Figure 10 shows how the intensity of the ion current
emitted by field ionization depends on the pressure mea-
sured in the low-pressure chamber, p,,,, for four differ-
ent experimental structures, see Section 2.3. One exper-
iment, denoted Sy (brown triangles), is performed at
static pressure. The other three, denoted s, s,, and s;
(blue, green, and orange symbols), are carried out when
the gas flows into the chamber through the coaxial struc-
ture. It is worth to note that there is one outlier point when
the intensity is measured with s3 configuration. This fact
can be explained by the evolution of the tip shape during
the pressure measurement, because the palladium layer
covered the tip is not stable. This hypothesis was con-
firmed by the measurements of I(V) characteristics and

by the SEM observation of the tip after the experiment.

The straight line in Figure 10 corresponding to the in-
tensity without the gas flow indicates a linear dependence
of the current on the pressure near the tip, which is equal
to the outlet pressure p,,, in this case. Since p,,, is known,
these data are used as an intensity calibration. The straight
lines corresponding to sy, s; and s3 are shifted to the left
with respect to the data for sy by a factor of 300, i.e.
the pressure p;;, is always proportional to p,,. The inten-
sity variation obtained for different structures is approxi-

mately 50% so that the pressure near the tip p; is related

11
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Figure 9: Local pressure p/po, bulk velocity uy/vy, and temperature T
vs. coordinate x for d» = 170 um. The values of py are plotted in Figure
6 against p;,,. The value of v,, is given in Table 2.
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Figure 10: Intensity measurements for 4 different structures, s;, s3, s3
and Sgur0, With tube diameter d = 170 ym: notations s, s, and s3
correspond to the cases when a gas flows through CIS; notation Sgaric
corresponds to the case of gas at rest. The black line shows the shift of
pressure indicating the ratio between the local pressure at the tip p;;, and
the outlet pressure pour.

0 pour aS
Piip = (3 £2) X 10%pou. (16)

5. Discussion
5.1. Uncertainty on local pressure deduced from flow rate

In this section, the empirical formula (16) is compared
with the modeled gas pressure at the tip obtained from Eq.
(15). The measured input data used to calculate this local
pressure involve uncertainties which affect the pressure
value obtained. The following measured data are used to
calculate the pressure near the tip. Inlet pressure p;, and

volume of inlet tank V;, are used to calculate throughput

g. Dimensionless flow rate W is obtained via the cross-
sectional area, A, see Eq.(5), using tube and wire diame-
ters d; and d,, respectively and, for some measurements,
outlet pressure p,,. Two other factors, pumping speed
and difference in structure assemblies, impact the local
pressure values. Below, all sources of uncertainty are an-
alyzed, and its budget is presented.

Throughput was calculated from Eq. (1) using the vari-
ation in inlet pressure with time and the volume V;,. The
17% volume uncertainty directly affects the uncertainty
on tip pressure pyip.

The dimensionless flow rate W is defined by Eq. (6)
via free-molecular throughput g, which is proportional to
area A, see Eq.(5). Its relative uncertainty, u,, is related to
those of tube and wire diameters u,, and uy,, respectively,
as

dyug, + diug,
Uy = 2—d% — t{f

where uy; = 0.1 and u4, = 0.08.

=042 17

As shown in Table 1, the inlet pressure measurements
involved in calculations both of throughput and of g, are
performed using a different structure from that used for
the intensity measurements. Figure 5 indicates that with a
different diameter d,, the function of flow rate W vs. the
gas rarefaction parameter is similar. However, this flow
rate W should depend on the characteristic size of gas flow
through the rarefaction parameter, which is a function of
h. Considering the positive uncertainties on d5, the uncer-
tainty on h gives by = (20+10) gm and A, = (30+10) um.
The value of 4 strongly impacts the gas rarefaction param-

eter d;, and the value of W is also weakly sensitive to A,

12
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which explains the apparently similar curves even for two
different structures. We therefore needed to estimate the
variation in flow rate due to the structure. To this end, we
chose to vary the dimensionless flow rate W obtained with
different structures assembled with d = 170um, using
throughput characterizations for four different structures
(54, S5, 510, and s;,), three of them determined via outlet
pressure measurement. In such cases, the pumping speed
used to calculate W with Eq. (2) should be corrected. The
difference in dimensionless flow rate observed for higher
pressures and presented in Figures 4 and 5 is due to the
non-constant pumping speed over the considered outlet
pressure range. Indeed, if we calculate pumping speed
from the throughput g calculated using inlet pressure vari-
ation and plotted in Figure 4, then pumping speed S is not
constant. Quantity S is plotted against EFP £,,, based on
outlet pressure p,,, in Figure 11. It can be seen that pump-
ing speed § is close to the measured values, the dashed
lines in Figure 11, provided EFP is large enough (see also
Section 2.2 for the measured values of S). However, the
recalculated values of S decrease with decreasing EFP
and then increase when £,,, < 0.4 m. This behavior of
pumping speed was predicted in Ref. [27].

Once pumping speed S is known as a function of out-
put pressure using the data plotted in Figure 11 and data
for pin vS. pow for d, = 170 um, throughput ¢ is calcu-
lated from Eq. (2). Then flow rate W is calculated from
Eq. (6) and plotted against §;, in Figure 12. In the range
din < 30, the flow rate W agrees with that plotted in Fig-
ure 5 (right). However, the flow rate W plotted in Figure
4 (right) is slightly larger than that plotted in Figure 12.

13
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Figure 11: Pumping speed S calculated via throughput g for a tube di-
ameter of 150 ym vs. outlet EFP £,,,. The dashed lines are the measured
pumping speed for each gas.

This is because the structures have the same dimensions,
but they are from different assemblies. The pressure mea-
surement error also contributes in the difference of W, but
not significantly. We have seen that the value of W is

weakly sensitive to tube diameter d,.

To estimate the influence of the configuration on flow
rate W, experimental data p,,, vs. p;, for different config-
urations can be used. Since the procedure used to calcu-
late W from p,./pin is the same for all configurations, the
relative difference in p,,, for a fixed p;, is equal to the rel-
ative variation in W for a fixed 6;,. The relative deviations
of the W of two different structures from a third structure
are plotted in Figure 13. The maximum variation is 25%,
which can be considered to represent the uncertainty due
to both sources: uncertainty of structure and uncertainty

of pressure measurement. As is shown in Figure 3, the
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Figure 12: Dimensionless flow rate W for d> = 170 um calculated via
S given in Figure 11 vs. parameter 6;,. Black line corresponds to that
given in Figure 4.

inlet pressure oscillation does not exceed 11%. The os-
cillation of the outlet pressure is even smaller so that the
uncertainty shown in Figure 13 is mostly due to the struc-

ture.

In the experiment, the position of the tip (see Figure
1) is set at H = (130 + 10) um, i.e., its uncertainty is
7.7%. This leads to an uncertainty of 15% on local pres-
sure, uy = 0.15, taking into account the pressure variation

along the symmetry axis shown in Figure 9.

The combined uncertainty u is calculated, based on all

the above uncertainties, as

u= i+l + i +ud =054 (18)

The budgets of uncertainties and combined uncertainty

are summarized in Table 3.

AW(%)

Figure 13: Relative variation in W for different configurations at d, =
170 pm.

Table 3: Budget of relative uncertainties.

source reference value

structure Fig.13 ug =0.25
volume V;, - uy =0.17
tip position H Fig.9 upg =0.15
area A Eq.(17) us =042

combined uncertainty  Eq.(18) u=054

5.2. Field ionization intensity vs. gas flow modeling

Pressure at the tip is plotted versus outlet pressure in
Figure 14. The theoretical values were calculated from
Eq.(15) at the tip position (x = H), where pg is given
by Eq. (9) and W is obtained from inlet and outlet pres-
sure measurements. The experimental values of p,;, were
extracted from the data presented in Figure 10. The the-
oretical and experimental results are in good agreement
considering the number of orders of magnitude between
the inlet and outlet pressures (6 to 7 orders of magnitude).

Figure 14 shows that the ionization intensity indicates a

14
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pressure at the tip of about (3 + 2) X 10? times the out-
let pressure, while the gas flow modeling gives a pressure
at the tip of about (8 + 3) x 107 times the outlet pres-
sure, thus higher than that measured. However, given the
uncertainties described above, the theoretical and experi-
mental values are very similar. Therefore, gas flow does
not cause a significant drop in ionization intensity. This
does not mean that there is no recombination at the tip,
but that reading the relative intensity gives an indication
of the local pressure. To draw any real conclusions about
the physical mechanisms occurring at the tip, it seems es-

sential to measure the spread of the ion beam energy.

108

Experilment —e—

pip [Pa]

3
10
10° 10° 1073 107
pout[Pa]

2 10

Figure 14: Local pressure py;, at the tip position vs. outlet pressure p,,;.

5.3. Precision of the tip as local gauge

The results presented above suggest that a field ion tip

can reliably be used as a local pressure gauge. With a

-1

15

fixed tip position, as in these experiments, local pres-
sure is measured with reasonable precision in a volume
of about 10 X 10 X 10 gm® around the tip.This value is
estimated from relatively precise tip positioning under the
optical microscope. For greater precision, these experi-
ments should be performed with the same tip made from
a noble metal to ensure high repeatability between inten-
sity measurements, and using a piezo actuator to place,
and if necessary move, the tip in the gas expansion. The
emission zone of a metal tip corresponds to the last part
of the tip: a half-sphere 100 nm in diameter. This is the
place where ionization takes place, and where the electric
field is sufficiently intense to produce field ionization. To
perform higher-resolution measurements, we propose the
following steps: register ion beam intensity with a tip for
some known pressure and then use the same tip in a plume
of a gas, moving it to perform pressure mapping. We as-
sume that this procedure is possible if radiative recombi-
nation is not dominant, i.e. when the EFP is sufficiently

small, £ < 10 um.

6. Conclusion

After re-exploring the gas flow rate through the coaxial
ion source by the constant volume method, we studied
the expansion of the gas into the outlet chamber both via
the DSMC method and via an analytical method using the
velocity distribution function. This allowed us to obtain
the distribution of pressure near the tip, especially in the
emission zone of the field ionization tip. The DSMC and
analytical methods yield reasonably similar results in the

zone considered in this paper, i.e. for a distance up to
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100 pum from the exit of the tube. From these results and
considering the dispersion in the structure assembly due
to manufacturing precision regarding tubes and wires, the
pressure in the emission zone is estimated to be (8 + 3) X
10? times the pressure in the outlet chamber.

The intensity ratio measured with the tip, with or with-
out using the coaxial structure to inject the gas into the
outlet chamber, indicates that when using it the pressure
in the emission zone is 3 + 2 X 10? times the pressure in
the outlet chamber. Thus, both calculated pressure and
that measured through the intensity of field ionization are
of the same order of magnitude. In the light of these re-
sults, we can conclude that the pressure at the tip is re-
liably measured through field ion intensity using a metal
tip, even in an expanding gas. It has been shown that the
pressure is measured with high spatial resolution: a tiny
cube having an edge of 10 um. This size depends on the
precision of the optical microscope in positioning the end
of the tip where measurement takes place. Considering
the size of the emission zone on the tip (a sphere 100 nm
in diameter), this procedure could constitute a very pre-
cise local pressure gauge if radiative recombination does
not become dominant. Summarizing, we have shown that
a field ionization tip can be considered as a local pressure
gauge with a current spatial resolution of 10 um that can
be further improved. Based on this work and experimental
verification, several extensions appear of interest. First,
gas-flow modeling will help to optimize the position of
the tip at the exit of the coaxial structure so as to achieve
the highest intensity beam without radiative recombina-

tion. Second, in a different field, our work suggests that a

16

field ionization tip can be useful to measure local pressure

in gas jets.
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Appendix A. Interpolation

The whole period of the experiment ¢,,, was divided

into seven intervals

iy <t<t, 1<i<7, (A.1)
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where to = 0 and t; = 1,,. In each interval, the pressure

is interpolated by the function

4
Pin(f) = pin(0) exp [— Z a;j(t - ti—l)j] , (A2)

j=0
where ajp = 0. Coefficients a;; (1 < j < 4) are obtained
by the least square method in the interval 0 < ¢t < #;. Then,
coefficients a;p and a;; (2 < i < 7) are obtained from the
continuity condition of the pressure and its derivative

4

ajp = Zai Liltio1 —ti2), (A.3)
=0
4 .

an =) jaijtio — 1), (A4)
j=1

while the remaining coefficients a;; (2 < j < 4) are
obtained by the least square method in the intervals
ti.1 £t <t; (2<i<7). Then, the throughput ¢ and di-

mensionless flow rate W are given as

4
90 = ViuPin® ) jai(t = ti-1) ', (A5)
j=1

8V, 4

W)= —— i
0= @ - am

jait—1; )7 (A6)
1

j:
Using Eqs.(A.2) and (A.6), the function W = W(J;,) is
plotted.
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