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IMPROVED GAS FLOW CONTROL

Field

The invention relates to gas Inlet systems for analytical apparatus, such as analyzers,

Including analyzers that operate under vacuum. The invention further relates to a

method for achieving rapid changes In gas pressure and/or gas flow into an analyzer.

Background

inductively coupled plasma mass spectrometry (ICP-MS) is an analytical method that
13 capable of detecting metals and ceriain non-metals at concentrations at very low
concentration, as low as one part in 10" {part per guadrillion, ppa) on non-interfered
low-background isotopes. The method involves ionizing the sample t© be analyzed
with an inductively coupled piasma and then using a mass spectrometer 10 separate

and quantity the thus generated ions.

The plasma is generaled by ionizing a gas, usually argon, in an electromagnetlic coil,

t0 generate a highly energized mixture of argon atoms, free elecirons and argon ions.

Certain elements are known to have relatively poor detection limits by ICP-MS. These
are predominantly those that suffer from spectral interferences generated by ions that
are derived from the plasma gas, matrix components or the solvent used to solubilize
samples. Examples include 4°Ar’°0 for determination of *°Fe, 38ArH for determination
of 3°K, 40Ar for determination of 4°Ca, 4°Art°Ar for determination of 8°Se, 40Ar3>Cl for
determination of "°As, °Ar'2C for determination of *2Cr and 3>CI'®Q for determination
of >1V.

One solution to this problem is provided by collision cell technology (ICP-CCT) that
INcludes a collision/reaction cell that Is positioned before the analyser. Into this cell,
which typically comprises a multipole operating in a radiofrequency mode to focus the
lons, a collision gas such as helium or hydrogen Is introduced. The collision gas
collides and reacts with the 1ons In the cell, to convert interfering i1ons to harmless non-

Interfering species or other ions that do not cause Interference.
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Due to the range of interfering species that may be present, in some cases it may be
advantageous to use more than one collision gas. This usually means bleeding one
type of gas Into the collision cell, collect data thus obtained, and subsequently switch
to another collision gas. The flow of collision gas Is usually in the range of about 0.2

to 10 mL/min, and is typically controlled by a mass flow controller.

In principle, it would be advantageous to use a single mass flow controller to control
the flow of different types of collision gas being used. However, due to the large dead
volume of mass flow controllers, a gas flush of more than 10 minutes Is required when
switching over collision gases before data can be collected. Therefore, In current
systems a separate mass flow controller i1s used for each collision gas being used.
Since mass flow controllers are fairly expensive, this leads to significant added cost of

each instrument.

It would be desirable to provide a gas control system that only requires a single flow
controller but should ideally allow more rapid switching of gases In a simple, cost-

effective manner.

Summary

The present invention provides improved gas Inlet systems.

In a first aspect, the invention provides a gas Inlet system for providing a stream of gas
INto an analytical apparatus. The system comprises (1) a gas inlet line, for delivering
gas Into the analytical apparatus, the gas inlet line being connectable to the analytical
apparatus to introduce gas into the apparatus, and to at least one gas supply, to deliver
gas Into the gas inlet line; (i1) at least one gas flow restriction assembly that Is arranged
on, or fluidly connected to, the gas Inlet line, the flow restriction assembly comprising
at least two switchable flow restrictions; (iil) at least one control line that Is fluidly
connected to the gas Inlet line at a control line junction, downstream from the at least
one gas flow restriction assembly, the control line comprising at least one back
pressure regulator and at least one valve for regulating gas flow into the control line

and at least one vacuum pump that Is arranged downstream from the back pressure

regulator; and (1v) at least one Inlet gas flow restriction that is arranged on the gas inlet

line, between the control line junction and, when In use, the analytical apparatus;
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wherein the at least one gas flow restriction assembly comprises a parallel
arrangement of flow restrictions arranged on separate flow restriction gas lines that
meet the gas Inlet line at a first restriction junction upstream from the flow restrictions
and at a second restriction junction on the gas control line, between the at least one

back pressure regulator on the gas control line and the control line junction.

In general, the gas Inlet system can be useful for delivering gas into an analytical

apparatus or analytical instruments. The invention can for example be extended to
provide such a gas Inlet system In, or in combination with, a mass spectrometer, In
particular a collision cell of a mass spectrometer, or an optical spectrometer. The
iInvention can further be extended to a mass spectrometer having a gas Inlet system
for introducing gas Into a collision cell of the mass spectrometer. Alternatively, the

system can be extended to an optical spectrometer having a gas inlet system for

Introducing gas Iinto the spectrometer.

In the present context, the term “constant value” Is intended to mean that the actual
value deviates by less than 1% from its set value. For example, for a gas pressure

setting of 100mbar, the term “constant value” i1s intended to mean that the measured

pressure deviates by less than 1mbar from the set value.

The portion of gas flow that is split away from the gas inlet line into the bypass gas line
can be In the range of about 0.00001% to about 99.99%o0of the total gas flow, such as
about 0.0001% to about 99.9%, about 0.001% to about 99.9%. about 0.01% to about
99.9%, or about 0.1% to about 99.9%. The lower range that Is split away can be about
0.00001%, about 0.0001%, about 0.001%, about 0.01%, about 0.1%, about 0.5% or
about 1%. The upper range that Is split away can be about 99.999%, about 99.99%,
about 99.9%. about 99.5%, about 99%. about 98%, about 97%, about 96% or about
95%. When provided as a plurality of bypass gas lines, the portion of gas flow that Is
split away from the gas inlet line into the bypass gas lines can be In the range of about
0.00001% to about 99.99% of the total gas flow, such as about 0.0001% to about

99.9%, about 0.001% to about 99.9%, about 0.01% to about 99.9%. or about 0.1% to
about 99.9%.

The ratio of gas flow rate through the gas inlet line to the gas flow rate through the
bypass gas line, for the same pressure difference across the restrictions, can be in the

range of about 1:20 to 1:1.5, preferably in the range of about 1:15 to about 1.1.5, more
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preferably in the range of about 1:10 to about 1:1.5, even more preferably in the range

of about 1:7 to about 1:2 and most preferably in the range of about 1:5 to about 1:2.

When provided as a plurality of bypass gas lines, the ratio of gas flow rate through the
gas Inlet line to the total gas flow rate through the bypass gas lines, for the same
pressure difference across the restrictions can be in the range of about 1:15 to about
1.1.5, more preferably in the range of about 1:10 to about 1:1.5, even more preferably
INn the range of about 1:7 to about 1:2 and most preferably In the range of about 1:5 to
about 1:2.

The second restriction junction can be provided on the gas control line, upstream from
gas flow controllers that are arranged on the gas control line (i.e., closer to the control
line junction). In such a configuration, there are preferably no flow restrictions on the
control line between the second restriction junction and the control line junction, so that
the pressure at the control line junction (P4a) and the pressure at the second restriction

junction (Pr2) are substantially similar at any given time. ‘Upstream’ Is referred to in

the context of the direction of gas flowing towards the analytical apparatus.

By having multiple paths for gas flowing through the gas inlet line, it I1s possible to
rapidly change pressure/gas flow In the gas inlet line by switching from a higher to a
lower restriction. For this purpose, the downstream connection (second restriction
junction) of the flow restriction gas line(s) should be upstream of gas flow controllers
on the gas control line, but can suitably be arranged anywhere (1) upstream from such

gas flow controllers on the gas control line, or (i) at the control line junction.

It Is also possible to provide the flow restriction assembly as an arrangement

comprising additional flow restrictions. Thus, the system can comprise at least one

further flow restriction, wherein each such further flow restriction Is arranged on a
separate further gas line that 1s arranged parallel to the first and second flow

restrictions In the flow restriction assembly.

The assembly of flow restrictions can comprise a plurality of parallel gas lines that each

comprises one or more flow restriction and that meet at a first restriction junction
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upstream from the gas flow restrictions and a second restriction junction downstream

from the gas flow restrictions.

GGas flow rate through gas lines and/or flow restrictions is in general determined by the
pressure difference across gas line or flow restrictions. For example, gas flow through
a first flow restriction on the gas inlet line and/or on the gas flow restriction assembly,
will be determined by the pressure difference between the Inlet pressure, e.g. pressure
from a gas supply feeding Into the gas Inlet line (Pin), and the pressure at the control
line junction (Pa). Arranging multiple, switchable, flow restrictions on the gas inlet line
therefore provides improved gas flow control. It can therefore be suitable to arrange a
plurality of such flow restrictions. It can be especially suitable to arrange such a
plurality of restrictions as a parallel arrangement of restrictions on the gas inlet line.
The plurality of restrictions can be switchable, 1.e. gas can be selectively directed

through one or more of the restrictions as appropriate.

One or more valves can be arranged on the gas inlet line and/or the restriction gas

lines, for selectively directing flow of gas through the gas inlet line and the parallel
restrictions. For example, there can be a plurality of parallel flow restrictions provided
IN the system. The flow restrictions thus provided can be fluidly connected to the gas
Inlet line at a first restriction junction, and to the gas inlet line at a second, downstream
restriction junction. Alternatively, the flow restriction lines can be connected to the
control line, downstream from the gas flow controller on the control line. The restriction
gas lines, when provided as a plurality of gas lines, can merge downstream from the
restrictions, upstream from their junction with the gas inlet line and/or the gas control

line.

Valves can be suitably arranged either upstream or downstream from the flow
restrictions so as to be able to selectively direct and/or control gas flow through each
flow restriction. The valves can be arranged as valves on each of the restriction gas
ines. Alternatively, there can be at least one switch valve arranged upstream of a
plurality of flow restrictions, for selectively directing gas flow through one or more of
the restrictions. Thus, by adjusting the position of suitably arranged valves, gas flow

through the flow restrictions can be selectively controlled.

In some embodiments, the restriction assembly can comprise two parallel flow

restrictions that provide a ratio of gas flow through the two flow restrictions, for the
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same pressure difference across the restrictions, that is in the range of about 1:20 to
1:1.5, In the range of about 1:15 to about 1:1.5, In the range of about 1:10 to about

1:1.5, In the range of about 1:7 to about 1:2 or In the range of about 1:5 to about 1:2.

The restriction assembly can also be provided as multiple parallel flow restrictions that
provide a ratio of gas flow through any two of the flow restrictions, for the same

pressure difference across the restrictions, that i1s in the range of about 1:20 to 1:1.5,

IN the range of about 1:15 to about 1:1.5, In the range of about 1:10 to about 1:1.5, In

the range of about 1:7 to about 1:1.5 or In the range of about 1:5 to about 1:2.

Flow restrictions, as described herein, can be selected from any suitable restrictions
that are known In the art for restricting flow in gas lines. The flow restrictions can in
some embodiments be fixed flow restrictions. Capillaries having appropriately small

INnner diameters can be used as flow restrictions for example.

In general, the gas Inlet line and the gas control line can be any channel, tube, condult,
caplllary or the like for transporting gas. Further, it will be apparent to the skilled person
that additional components can be arranged on either or both of these gas lines, such
as junctions, valves, flow restrictions, flow controllers, gauges and the like. These
components can sometimes also be In fluid connection with the gas inlet line and/or
the gas control line. Gas lines that are herein described as being connected can be
directly connected, or they can be fluidly connected through suitable means that are

known to the skilled person.

The gas flow controller on the gas control line can preferably be provided downstream
from a valve for controlling gas flow in the gas control line. The gas flow controller can
be open to atmosphere, or it can be connected to another gas line or a gas supply that

can preferably be at or near atmospheric pressure.

The gas flow controller on the gas control line can be a back pressure regulator.

At least one vacuum pump Is fluidly connected to the gas control line, downstream
from the gas flow controller. The vacuum pump can be provided as a single pump.
The vacuum pump can also be provided as a plurality of vacuum pumps that are
sequentially arranged. The exhaust of the vacuum pump can be open to atmosphere.

The vacuum pump can also be a part of a vacuum pumping system of a mass
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spectrometer. The analytical apparatus Is preferably under vacuum, e.g. using the

same vacuum pump or arrangement of vacuum pumps.

The gas Inlet system according to the invention can also be provided as a system that
comprises a plurality of gas control lines. When provided as a plurality of gas control
lines, It can be preferable that the gas control lines be connected to a single gas flow
controller. As a result, a single gas flow controller can be used to regulate the flow of
multiple gas types, such as collision gases. A separate mass flow controller i1s not
required for each gas Inlet line, thus saving cost. Further, It 1Is advantageous to not
position the gas flow controller directly on a gas line that feeds into the analytical
apparatus. This Is because gas flow controllers, such as mass flow controllers, have
a fairly large dead volume that is typically not very well flushed and that moreover takes
a long time to flush after changing gases. The gas inlet system in accordance with the
Invention provides a system that uses a single flow controller that I1s not in-line but
rather on a separate line to control the back pressure In the gas Inlet line, and as a
consequence the time required for the system to reach equilibrium after switching

gases Is minimal, compared with conventional in-line solutions.

In one arrangement, the gas Inlet system according to the invention Is provided In
combination with an apparatus operating at low pressure, such as a collision cell of a
mass spectrometer. The gas inlet line can thus be fluidly connected to a collision cell

of a mass spectrometer.

If the valves on the gas inlet line and the gas control line are both open, gas will be
able to flow through the gas inlet line and the gas control line. The input pressure from
a gas supply (Pin) can be defined by an external pressure reducer, e.g. at a gas flask.
The gas flow controller on the control line will regulate the flow of gas in the line. The
gas flow controller can be a back pressure regulator. In such a configuration, the
pressure at the gas control junction (Pa) will be determined by the back pressure
regulator. Flow of gas through the gas Inlet line towards the gas control junction will
be determined by the difference In pressure from the gas supply (Pin), and the pressure
at the gas control junction (Pa) and the restrictions that are arranged on the gas inlet

ine. The system responds more slowly to changes In setting In the back pressure

regulator, e.g. when there Is a change to an increased pressure, when relatively large

restrictions are present on the gas Inlet line. Following a change In pressure setting
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by the back pressure regulator, the system (i.e., the pressure Pa) may therefore
respond slowly. A switch to a smaller restriction on the gas inlet line, e.g. by switching
gas flow to a restriction line that has less restriction (e.g. a larger inner diameter
caplllary), will lead to increased gas flow towards the control line junction A. As a
consequence, the system reaches equilibrium faster (i.e., pressure P4 stabilizes more
quickly when gas flows through the lower restriction). When the system has reached

equilibrium based on the new setting by the back pressure regulator, gas flow can be

switched to the larger restriction (reduced gas flow), to minimize gas consumption in

the system.

In general, pressure at the gas control line junction A can be adjusted to range from
the pressure in the analyser (which is typically very low, in particular when the analyser
IS @ mass spectrometer) and as high as the pressure at the gas supply (Pin). By
adjusting the pressure using the back pressure regulator and the parallel restrictions
on the gas Inlet line, gas flow Into the analyser (which will be determined by the
pressure difference at A (Pa) and the analyser (very low)) can be regulated in a reliable

and efficient fashion.

In an arrangement where the gas flow controller on the control line, for example a back
pressure regulator, I1s open to atmosphere, the minimum pressure at the gas control
line junction Is approximately 1bar (ambient pressure). However, to achieve a greater
dynamic range In flow ranges In the system, 1t can be advantageous to operate the
system at lower pressure, for example due to valve ratings, and also so as to achieve

a higher range of flow rates.

Accordingly, In some embodiments of the system, at least one vacuum pump is fluidly
connected to the gas control line, downstream from the gas flow controller. The
vacuum pump can be provided as a single pump. The vacuum pump can also be
provided as a plurality of vacuum pumps that are sequentially arranged. The exhaust
of the vacuum pump can be open to atmosphere. The vacuum pump can also be a
part of a vacuum pumping system of a mass spectrometer. The analytical apparatus

IS preferably under vacuum, e.g. using the same vacuum pump.

The flow restrictions In the system, iIn combination with the adjustable pressure at the

control line junction, can be selected so as to provide any desirable gas flow rate

downstream from the control line junction and into the analytical apparatus. Thus, gas
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flow rates into the analytical apparatus can in general be In the range of about 0.1 to
about 100 mL/min, or about 0.2 to about 50 mL/min, or about 0.3 to about 30 mL/min.
Further, depending on the gas pressure into the gas inlet line, and the gas pressure at
the gas control line junction, the ratio of gas flow through a first and second flow
restriction (e.g., the Inlet gas flow restriction between the control line junction and the
analytical apparatus) on the gas inlet line (which are preferably arranged upstream and
downstream from the control line junction, respectively), when present, can take on
any desired value. The first flow restriction can, in this context, be any one of, or a
combination of (when more than one restriction I1s open to gas flow), the flow
restrictions on the flow restriction assembly. In some embodiments, the ratio of gas
flow through the first and second flow restriction, at a fixed gas pressure at the gas
Inlet, and depending on the back pressure set by the flow controller, can be In the
range of about 1:1 to about 1000:1, about 1:1 to about 500:1, about 1:1 to about 100:1,
about 1:1 to about 50:1 or about 1:1 to about 20:1. In some embodiments, the ratio of
gas flow through first and second flow restriction can be in the range of 1:1 to 1000:1,
INn the range of 1:1 to 500:1, In the range of 1:1 to 100:1, In the range 1:1 to 30:1, or In
the range 1:1 to 20:1. In some embodiments, the restrictions are structured such that
the ratio of gas flow through the first and the at least one second flow restriction, for
the same pressure difference across both restrictions, Is in the range of 1:10 to 10:1,

IN the range of 1:8 to 8:1, In the range of 1:5 to 5:1 or Iin the range of 1:3 to 3:1.

It should also be noted that when the system Is used with different gases, each gas
can be connected to a different gas inlet line. Since different restrictions can be placed
on the different lines, different flow rates can be achieved for different gases, even In
the case where gas supply pressure I1s maintained constant. Each such gas inlet line,
when present, can comprise switchable flow restrictions as described herein, to allow

rapid change in gas flow rate at the control line junction A.

The flow controller on the gas control lines sets the pressure In the gas Inlet line, In
particular at the control line junction. Gas flow through a second flow restriction that
may be present on the gas Inlet line, downstream from the gas control line junction, Is
proportional to the difference between this pressure (Pa) and the pressure In the
analytical apparatus. The pressure In the analytical apparatus can be less than 200
mbar, less than 100 mbar, less than 50 mbar, less than 40 mbar, less than 30 mbar

less than 20 mbar, less than 10 mbar, less than 5 mbar, less than 1 mbar, less than
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0.05 mbar, less than 0.01 mbar, less than 0.005 mbar or less than 0.001 mbar. The
pressure In the analytical apparatus for a first type of apparatus can be in the range of
about 5 to 200 mbar, about 10 to 100 mbar, about 1 to 0.001 mbar, about 0.1 to 0.001
mbar or about 0.01 to 0.001 mbar. For a second type of analytical apparatus, the
pressure in the apparatus may be about 0.1 to about 10* mbar, about 0.01 to about
10* mbar, or about 0.001 to about 10* mbar. Thus, for any given configuration of flow

restrictions Iin the system, the gas flow controller can be used to set the back pressure

IN the gas control line and thereby the flow rate into the analytical apparatus.

By adjusting the setting of the gas flow controller, a second back pressure In the gas
control line can be set, different from the first back pressure, which results in a second
flow rate into the analytical apparatus. By allowing gas flow through alternative and/or
additional restrictions on the gas inlet line, upstream from the gas control line junction,
the system can reach rapid equilibrium (constant pressure and/or gas flow rate at the
control line junction) when pressure at the control line junction Is increased. VWhen the
system has reached equilibrium (i.e. the pressure at the control line junction has
stabilized at a new, higher value), a switch to a higher restriction that minimizes gas
flow In the system (by minimizing the amount of gas that is vented through the control
line) can be made. Further adjustment of the back pressure can be made by changing
the setting on the gas flow controller, so as to achieve different flow rates into the
analytical apparatus. For each such further adjustment, the switchable flow restrictions
on the gas Inlet line can be used to reach rapid equilibrium following each change In

gas flow controller settings.

A change between settings at the gas flow controller can comprise diverting gas flow
through a first bypass gas line for a first period of time to achieve a first gas flow rate
at the control line junction, and diverting gas flow through a second bypass gas line
that 1s arranged In parallel with the first bypass gas line for a second period of time to
achieve a second gas flow rate at the control line junction, wherein the first and second
bypass gas lines comprise different flow restrictions so that flow through the two
bypass lines Is different for a given fixed gas pressure difference across the bypass
lines. As a result, gas flow at the control line junction can be adjusted from a first flow
rate to a second flow rate by selectively allowing gas flow through the first bypass gas
line, and gas flow at the control line junction can be adjusted to a third flow rate by

selectively allowing gas flow through the second bypass gas line. In a similar fashion,
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gas flow can be diverted through two or more parallel bypass gas lines to adjust gas

flow rates to further gas flow settings.

The back pressure In the gas control line can in general be any value less than Pj,, the
pressure Into the gas inlet line (the pressure at the gas supply). In the present context,
‘bar(g)’ refers to "bar (gauge)’, which is the pressure above atmospheric pressure, and

‘bar(a)” refers to "bar (absolute)”, which Is the absolute pressure. In some

embodiments, the back pressure Is less than S bar(g), less than 1.5bar(g) less than 1
bar(a), less than 500 mbar(a), less than 200 mbar(a) or less than 100 mbar(a). The
back pressure In the gas control line may be more than 1 mbar(a), or more than 10
mbar(a) or more than 50 mbar(a) or more than 100 mbar (a). A preferred range back
pressure In the gas control line may be 1.5 bar (a) to 100 mbar (a), or may be 1.5 bar
(a) to 50 mbar(a), or may be 1.5 bar (a) to 10 mbar (a), or may be 1 bar (a) to 100
mbar(a), or may be 1 bar(a) to 50 mbar(a), or may be 1 bar(a) to 10 mbar(a). A wide
range of flow rates can thus be achieved, for example flow rates that differ by a factor

of up to 10, or up to 50, or up to 100, or up to 150, or up to 200, or up to 250.

The valve for controlling gas flow In the gas control line can suitably be provided as a
valve on, or In fluid communication with, the gas control line. It Is also possible that a
plurality of gas control lines be provided In the gas inlet system, and wherein at least
one valve for controlling gas flow In the plurality of lines Is provided. The plurality of
gas control lines can be each connected to a respective gas inlet line. Each such gas
Inlet line can comprise switchable flow restrictions as described herein. The plurality
of gas control lines can also merge at one or more gas control line junction. The control
lines can all merge at one junction, or they can merge at a plurality of junctions. It can
be preferable that the control lines merge, through one or more gas control line
junctions, Into a single gas control line upstream from the gas flow controller on the
gas control line. This way, a single gas flow controller can be used to regulate gas
flow Iin the gas control lines. One or more valves can be provided on the gas control
lines, for selectively controlling gas flow In the plurality of gas control lines. The valves
can be provided on the Individual lines and/or at the one or more gas control line

junctions.

Accordingly, In a further embodiment, there can be provided In the gas Iinlet system

according to the invention:
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- aplurality of gas Inlet lines, each line being fluidly connected to the analytical

apparatus;

- at least one gas flow restriction assembly that 1s arranged on, or fluidly
connected to, the gas Inlet lines, the flow restriction assembly comprising at

least two switchable flow restrictions

- a plurality of gas control lines, each fluidly connected to a respective gas
INlet line: and
- wherein the gas control lines merge at one or more gas control line junction

downstream from the gas flow controller.

In one embodiment, there can be a gas flow restriction assembly arranged on, or
connected to, each of the plurality of gas Inlet lines. The thus arranged gas flow
restriction assembly can comprise two or more parallel flow restrictions, as described

INn the foregoing.

The gas Inlet system can further comprise at least one Inlet gas flow restriction
("second gas flow restriction”) that is arranged on the gas inlet line, between the control

line junction and the analytical apparatus.

When the gas Inlet system according to the invention I1s provided as a system
comprising a plurality of gas inlet lines, flow of gas in each gas Inlet line can therefore
be controlled by splitting away a portion of gas flow In each of the gas inlet lines. The
flow of gas In each of the gas Inlet lines can be provided by at least one gas supply.
When multiple gas supplies are used, the plurality of gas inlet lines are useful for being
able to switch between gases that flow Iinto the analytical apparatus, with minimal
switching time being required to reach an equilibrium with respect to gas composition

IN the analytical apparatus.

When provided as a plurality of gas control lines, it can be preferable that the gas
control lines be connected to a single gas flow controller. One advantage of such a
setup Is that a single gas flow controller can be used to regulate the flow of multiple
gas types, such as collision gases. A separate mass flow controller 1s not required for
each gas Inlet line compared to the prior art, thus saving cost. Further, it Is
advantageous to not position the gas flow controller directly on a gas line that feeds

Into the analytical apparatus. This I1s because gas flow controllers, such as mass flow
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controllers, have a farrly large dead volume that takes a long time to flush after

changing gases.

By combining with switchable flow restrictions on the gas inlet line, there Is provided a
solution that uses a single flow controller that is not in-line but rather on a separate line
to control the back pressure In the gas inlet line, and, by use of the switchable flow
restrictions, the time required for the system to reach equilibrium after switching gases
and/or after changing pressure setting 1Is minimal, compared with conventional in-line

solutions.

There can also be provided at least one flow restriction on the gas control line, or when
provided as a plurality of gas control lines, on one or more of the thus provided control
lines. By means of such flow restrictions, gas flow in the gas control line can be further
controlleq, for example to prevent or minimize risk of back-diffusion in the gas control

line.

Accurate calibration of gas flow In gas inlet systems is critical to ensure that the system

IS Indeed delivering gas at the appropriate gas flow rate. (Gas inlet systems can be
sensitive to changes In external conditions, In particular temperature, that may have
significant Impact on their physical properties. For example, mass flow through a gas
line Is temperature dependent due to effects of temperature on gas density and gas
viscosity. As a consequence, temperature fluctuations can have significant impact on
the actual gas flow rate. For example, In a gas Inlet system that contains flow
restrictions downstream from the gas flow controller (or controllers) that 1s used to
regulate gas flow In the system, there can be a significant effects of temperature
fluctuations, such that the actual flow rate of gas into the analytical apparatus to which

the system Is connected may be different from gas flow at the gas flow controller.

Precise calibration of gas flow in gas inlet systems can be problematic. This is In part
due to the fact that precise calibration of mass flow dependence on control pressure Is
not possible due to mechanical tolerances of the caplillaries that are typically used.
Furthermore, to achieve high precision calibration, various properties of the system,

Including temperature, would have to be known to high precision.

In general, gas density Is linear in pressure for any given temperature, 1.e.,
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P =RT

As a consequence, the density changes linearly with pressure. Mass flow can be

determined by the equation

mrd

— 8—77[(611})2 + aOP)

m

where a1 and ao are coefficients that describe the linear relationship between density

and pressure:
p(P) =a,P + ay

Furthermore, the mass flow into the collision cell is temperature dependent, due to the
effect of temperature on gas density and viscosity. As a consequence, it Is desirable
to maintain at least the portion of the gas Inlet line downstream of the control line

junction at a fixed temperature.

It would therefore be desirable to, on one hand, keep the gas inlet system (or at least
a portion of it) at a constant temperature and, on the other hand, determine gas flow
downstream from any gas flow controllers on the line and/or other physical
components In the system that may affect flow rate and are sensitive to e.g.

temperature fluctuations.

Embodiments of the invention provide means for achieving this. Thus, in embodiments
of the Invention there Is provided a system for calibrating gas flow in a gas inlet system
for an analytical apparatus, the system comprising (1) a gas inlet line, for providing gas
INto an analytical apparatus; (1) a gas flow calibration line that i1s fluidly connected to
the gas Inlet line via a first calibration junction, the gas flow calibration line comprising
at least one gas flow meter; and (i) at least one valve, for selectively directing gas flow
either into the analytical apparatus via the gas inlet line or into the gas flow calibration
line via the first calibration junction. Thereby, gas flow In the system can, In a first gas
flow setting of the at least one valve, be directed into the analytical apparatus via the
gas Inlet line, bypassing the gas flow calibration line, and In a second gas flow setting
of the at least one valve be directed via the gas flow calibration line into the analytical
apparatus. As a consequence, gas flow that 1Is measured In the gas flow calibration

line In the second gas flow setting I1s, given a constant gas flow In the gas inlet line
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towards the calibration junction, a measure of the gas flow into the analytical apparatus

IN the first gas flow setting.

In a related further embodiment, there Is provided a method of calibrating gas flow rate
IN a gas Inlet system of an analytical apparatus, wherein the gas inlet system comprises
at least one gas Inlet line comprising at least one gas flow controller, for providing gas
from at least one gas supply and into the analytical apparatus, and at least one gas
calibration line that Is fluidly connected to the gas Inlet line at a calibration line junction,
downstream from the at least one gas flow controller, the calibration line comprising at

least one calibration gas flow meter.

The method can comprise steps of. (a) setting the gas flow rate Iinto the analytical
apparatus by means of the at least one gas flow controller; (b) for a first time period,
flowing gas through the gas calibration line at a first flow rate that is determined by the
calibration gas flow controller, and simultaneously preventing gas from flowing through
the gas Inlet line, downstream from the calibration line junction; (c) determining gas
flow rate in the gas calibration line by means of the gas flow meter during at least a
portion of the first time period; (d) for a second time period, subsequent to the first time
period, flowing gas through the gas Inlet line and into the analytical apparatus and
simultaneously preventing gas flow through the gas calibration line; wherein during the
first and second time period, the gas flow setting at the gas flow controller Is Is
maintained at a constant value, and wherein the gas calibration line and at least the
portion of the gas Inlet line that lies between the calibration line junction and the
analytical apparatus Is maintained at a constant temperature. As a result, gas flow
rate that 1s determined In the gas calibration line during the first time period Is a
measure of gas flow In the gas inlet line and into the analytical apparatus during the

second time period.

The calibration system should In general be placed downstream of flow controlling
means In the gas Inlet system, so that gas flow as calibrated by the system i1s not
dependent on the setting of flow control parameters In the regular gas flow into the

analytical apparatus, I.e. gas flow that does not pass through the calibration line.

In some embodiments, the calibration 1s at one end connected to the gas Inlet line,

downstream from gas flow controlling means, such as gas flow controllers, on the gas
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Inlet line. At the other end, the calibration line may be connected to the gas inlet line
at a downstream position, which can be close to the junction of the gas inlet line and
the analytical apparatus. In one such embodiment, the calibration line iIs connected to
the gas Inlet line at a first position, downstream from gas controlling means In the
system, and a second, downstream position that is just upstream from the junction of

the gas inlet line and a collision cell of a mass spectrometer.

Thus, In one embodiment, the gas flow calibration line Is further connected to the gas
Inlet line at a second calibration junction, such that gas flow In the system can, In the
second setting, be directed through the gas flow calibration line, from the first
calibration junction to the second calibration junction, and into the analytical apparatus
via a portion of the gas Inlet line that connects the second calibration junction and the

analytical apparatus.

Alternatively, the calibration gas line may be connected to the analytical apparatus
through a connection that i1s separate from the connection of the gas Iinlet line with the
analytical apparatus. In other words, the calibration gas line may be connected to the
gas Inlet line at one of its ends, downstream from gas controllers in the gas Inlet
system, and at a downstream end to the analytical apparatus, through a connection
that Is physically separate from the connection of the gas Inlet line and the analytical

apparatus.

Accordingly, In some embodiments, the gas flow calibration line is further connected
to the analytical apparatus through a calibration inlet junction that is fluidly separate
from the gas inlet junction, such that gas flow in the system can, in the second setting,
be directed through the gas flow calibration line, from the first calibration junction to the

calibration inlet junction and into the analytical apparatus.

It should be appreciated that in general, the calibration gas flow system can be
combined with any gas flow system for which it I1s desirable to be able to calibrate gas

flow rates, In particular gas flow systems as described herein.

To ensure that the gas flow In the system does not deviate from gas flow during
calibration of the system, it can be preferable to keep the calibration line and at least a
portion of the gas Inlet line at a constant temperature. In general, it would be

advantageous to maintain the calibration line and any component of the gas inlet
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system that may be sensitive to changes In temperature and that are located

downstream from gas flow controllers in the system at a constant temperature.

Thus, It can be preferable to maintain at least the portion of the gas Inlet line that Is
downstream from the first calibration junction at a constant temperature. In some
embodiments, 1t can be preferable to maintain the portion of gas inlet system that
stretches from the gas flow controlling means on the gas Inlet line to the analytical
INnstrument at a constant temperature. VWhen gas flow In the gas Inlet line 1s controlled
by means of a gas flow controller that I1s positioned on a gas control line, as described
herein, It can be advantageous to maintain the portion of the gas inlet line that lies
between the gas control line junction and the analytical apparatus at a constant

temperature.

Preferably, the temperature i1s constant to less than 10% of its set value (in °C), more
preferably less than 5%, even more preferably less than 4%, less than 3% or less than
2% of its set value. The temperature can alternatively be constant to less than +/- 5°C,
more preferably less than +/- 4°C, even more preferably less than +/- 3°C, less than
+/- 2°C, less than +/- 1°C, or less than +/- 0.5°C.

Accordingly, the system can further comprise a housing that i1s adapted to enclose the
system and that further comprises means for maintaining the housing and components
within the housing at a constant temperature. In general, the housing can enclose the
calibration line and components of the gas inlet system that may be sensitive to effects
of changes In temperature on gas flow and that are located downstream from gas flow
controllers In the system. The housing can enclose at least the gas flow calibration
line and the portion of the gas Inlet line that stretches from the first calibration junction
to the analytical apparatus. Alternatively, the housing can enclose the portion of the
gas Inlet line that lies between the gas control line junction and the analytical

apparatus.

The system for calibrating gas flow can in general be a component of a gas inlet system
as described In general herein, wherein the calibration system can typically be
arranged between the inlet gas flow restriction and the analytical apparatus. In one
embodiment, the calibration system Is arranged to be, at an upstream end, connected

to the gas Inlet line, downstream from the Inlet gas flow restriction, and at a
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downstream end to the gas Inlet line, upstream from the analytical apparatus.
Alternatively, gas flow calibration system can at its downstream end be connected

directly to the analytical instrument, bypassing the gas inlet line.

It should be appreciated that gas Inlet systems according to the invention can be

provided In combination with at least one gas supply. Preferably, there is also provided
at least one valve for controlling flow of gas from the gas supply into the gas Inlet line
IN the system. The system can also be configured to be used with a plurality of gas
supplies. In such an arrangement, each gas supply can be connected to a respective

gas Inlet line. Furthermore, when present, multiple gas inlet lines can be provided with

gas flow calibration lines as described In the foregoing.

The gas Inlet systems described herein can be configured to Include at least one
controller for controlling valve position of at least one valve. The controller can
preferably be adapted so that it can receive an Iinput about at least one system
parameter, for example a parameter that reflects the presence and/or absence,
concentration, gas flow and/or pressure of gas in the system (e.g. at one or more points
IN the system), and provide a signal to at least one valve based on the parameter
information. The system parameter can also include data about gas composition
and/or concentration and/or pressure In a collision cell to which the gas inlet system Is
connected. In some embodiments, the controller Is adapted to recelve an input about
the concentration or pressure or flow rate of at least one gas, and wherein the controller
IS able to adjust the position of at least one of the valves In the system based on the
iINnput parameter. In some configurations, the controller 1s adapted to adjust the position
of at least one valve, such as at least one switch valve. The valves can therefore also
be adapted to be able to receive Input from a controller, to change their position
depending on the signal from the controller. The controller can also be adapted to
receive an Input about time that has passed during one or more stages of the system,
for example time that has lapsed since the type of collision gas in the system has been
changed. The controller can thus be adapted to regulate the position of one or more
valves based on sample gas concentration, sample gas presence or sample gas
absence, or time parameters. The one or more valves controlled by the controller may

comprise any one or more of the valves on any of the gas lines as described herein

(e.g. valves on the gas Inlet line, gas control line etc.) The controller can also be
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adapted to regulate the position of at least one flow controller in the system, such as a

mass flow controller or back pressure regulator.

In certain embodiments of the invention, one or more of the junctions of the system are
provided as a T-junction. In this context, a THjunction means any junction of three flow
channels, 1.e. a junction that contains three arms. The T-junction can be provided as
a [-plece, as a Y-plece, or as a junction of three orthogonal channels. The junction
can further be provided as a two-dimensional junction, wherein the three channels lie
within the same plane, or the junction can be provided as a three dimensional structure,

INn which the three channels do not all lie in the same plane (i.e., as a three-dimensional
‘tripod”).

Components of the system according to the invention, for example the gas inlet line,
the flow restriction assembly, the calibration line and the gas control line, and including
junctions that are described herein, can be provided in a machined block, 1.e. as one
mechanical piece. This means that manufacturing of the system, or portions of the
system, can be performed by machining out of a bulk of material, such as a metal
block. Further, using T-junctions, with or without manufacturing in a machined block,
ensures that flow through the openings In the junction are under full mechanical control.
The T-junction design ensures that diffusion paths are well separated, which facilitates
setup and calibration of the system, because its flow properties are well determined

and predictable.

Further, 1t should be appreciated that the invention can be combined with gas inlet
systems that are known In the art, Including for example carrier gas inlet systems that

provide gas flow for transporting gas in analytical systems.

The above features along with additional details of the invention, are described further
IN the examples below, which are intended to further illustrate the invention but are not

Intended to limit its scope In any way.

Brief description of the drawings
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The skilled person will understand that the drawings, described below, are for
llustration purposes only. The drawings are not intended to limit the scope of the

present teachings in any way.

FIG. 1 shows a gas inlet system that includes a gas control line on which a gas flow

controller Is arranged.

FIG. 2 shows an embodiment of the gas Inlet system of the invention and which
INncludes a bypass gas line which downstream end in (A) Is connected to the gas control

line and In (B) connected to the gas Inlet line.

FIG. 3 shows the change in pressure at the control line junction A in the absence (A)

or presence (B) of gas flow through a bypass junction as a function of time following a

change In pressure setting.

FIG. 4 shows change in mass flow at the collision cell of a mass spectrometer for a
change in pressure as indicated in FIG. 3 of a gas Inlet line that delivers gas into the

collision cell.

FIG. 5 shows a gas inlet line for delivering gas into the collision cell of a mass
spectrometer that contains a calibration gas line, a portion of the gas inlet line and the

gas calibration line being within a thermostated chamber.

Description of various embodiments

In the following, exemplary embodiments of the invention will be described, referring
to the figures. These examples are provided to provide further understanding of the

iInvention, without limiting its scope.

In the following description, a series of steps are described. The skilled person will
appreciate that unless required by the context, the order of steps Is not critical for the
resulting configuration and its effect. Further, it will be apparent to the skilled person
that irrespective of the order of steps, the presence or absence of time delay between

steps, can be present between some or all of the described steps.

It should be appreciated that the invention Is applicable for analytical methods,

INcluding Isotope analysis, of gases In general, by optical spectrometry, mass
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spectrometry or other types of spectrometry techniques. In general, therefore, the gas
that 1s being analyzed in the system will be variable. Further, the system and method
according to the invention is illustrated in the embodiments that follow with a preferred
embodiment of an optical spectrometer, but it should be appreciated that the invention

IS also applicable to other spectrometers, including mass spectrometers.

Turning to FIG. 1, there i1s shown a gas inlet system for delivering gas from a gas
supply 10 to a collision cell 16 of a mass spectrometer. The collision cell Is pumped
by a vacuum pump; as a consequence, the system delivers gas into the collision cell
from a high to low pressure. A single gas supply 10 Is shown although it will be
appreciated that, in other embodiments, the gas supply 10 could be a plurality of
different gas sources that are switchable In order to supply a selected gas to the
collision cell. The system has a gas control line 2, that iIs connected to the gas inlet line
1 at a gas line junction A. A first flow restriction 12 and a second flow restriction 13
are arranged on the gas inlet line. There are also valves 11, 14 arranged on the gas
Inlet line and valve 19 on the gas control line 2. A back pressure regulator 20, which
functions as a flow controller, I1s arranged on the gas control line, downstream from the
valve 19. Downstream from the back pressure regulator 20 there 1s a vacuum pump
21. In other embodiments, the back pressure regulator may not be pumped and may

Instead simply exhaust to atmosphere through an exhaust line.

If gas Is not to be delivered into the collision cell, valve 14, and optionally valve 19 (or
valve 11) are kept closed. Opening the valves results in gas flowing through the
restriction 12 towards the control line junction A. The pressure at this point in the
system (Pa) 1s regulated by back pressure regulator 20. Gas flow through the
restriction 12 i1s therefore determined by Pin, the pressure from the gas supply, and the
pressure Pa at the control line junction A. Gas flow continues from the control line
junction, through the second flow restriction 13 and into the collision cell 16. Since the
pressure In the collision cell I1s very low, e.g. 0.01 mbar or less, flow rate through the

second restriction 1s controlled by Pa, in accordance with the Poisseullle formula.

In general, mass flow In the gas inlet system can be calculated by the equations:

| 1
mg = ﬁGﬂPizn — P Py)
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| 1
My = ﬁGz(Pj — Py Pp)

ms = my; — my

Where m,, m, and m,; are the mass flow at restrictions 12, 13 and 19, respectively as

shown In figure 1, G1 and G2 I1s the conductance of the gas inlet line upstream and
downstream of junction A, respectively; Pin, Pa and Po Is the pressure at the gas
source, control line junction and collision cell, respectively; T Is temperature; and R I1s

the gas constant.

Flow rates in the system can be adjusted by altering Pin and/or Pa, and/or by changing
the flow restrictions 12, 13. For example, doubling Pa results In a roughly 4-fold
Increase In flow rate through the second flow restriction 13, a five-fold increase Iin Pa

results in more than a 20-fold increase In flow rate, and so on.

Care must be taken when configuring the system that the flow rate through the control
ine 2 I1s always high enough so that no back diffusion into the gas inlet line occurs.
However, this Is achievable by adjusting the pressure and restrictions In the system,

and by adjusting the restriction of the gas control line.

The vacuum pump 21 can have an exhaust that Is open to atmosphere. However,
multiple vacuum pumps can also be used with the system, for example pumps that are
sequentially arranged, with a final pump In the sequence having an exhaust to
atmosphere. The vacuum pump 21 can also be a part of, or be connected to, the
vacuum pump system of a mass spectrometer. The vacuum pumps 21 and 16 can, In

some embodiments, be the same pump or part of the same pumping system.

The system can be set up so that gas flow of multiple gases can be individually
controlled using a single flow controller. As an example the gas control line 2 can be
branched so that it has a first branch that has a first junction with a first gas line carrying
a first gas and has a second branch that has a second junction with a second gas line
carrying a second gas. Each branch would have a valve to control the flow from each
gas line (e.g. to have gas flow Iinto one branch from one gas line but not into the other
branch from the other gas line). Although the skilled person will appreciate that such a

setup can be equally applied for any number of gases, through additional gas lines.
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With the set-up of FIG. 1, making a transition from a low gas to a high gas pressure In
the collision cell (I.e. a transition from a low gas flow rate into the cell to a high gas flow
rate into the cell) can take longer than Is desired. The Invention aims to address this

problem.

In FIG. 2A, a gas Inlet system is shown that is similar to the system of FIG. 1 and
therefore like parts have like references. The gas inlet system Iincludes a bypass gas

line 3 that Is connected to the Inlet gas line 1 at a first junction 4 and to the control line
at junction 5. The bypass gas line contains a restriction 18 and a valve 17 to regulate
gas flow In the bypass line. In this way, it can be seen that the additional restriction 18
IS provided on the bypass line In parallel to the restriction 12 on the gas Inlet line. The
restriction 18 Is preferably provided so as to allow greater gas flow for any given
pressure at the control line junction A than restriction 12 on the gas inlet line 1.
However, even a restriction 18 that provides the same or less flow than restriction 12
will still provide an increased flow rate from the gas supply 10 to control line junction A
when both valves 11 and 17 are open as the total gas conductance Is the sum of the

conductances through restrictions 12 and 18.

The system illustrated in FIG. 2B differs from that illustrated in FIG. 2A only in that the
junction 9 (second restriction junction) Is located on the gas Inlet line, upstream from
the control line junction A. It will be appreciated that the two configurations will provide
identical results In terms of the regulation of flow rates/pressure at the control line
junction. Other parts and their functionalities are identical in the illustrated systems.

The following description applies to the system as illustrated in both FIG. 2A and FIG.
2B.

By allowing gas flow from the supply 10 through the bypass line 3 (by opening valve
17), there can be an Increased gas flow to the control line 2 (and thereby control line
junction A) when required. As a consequence, If the setting of the back pressure
regulator 20 i1s changed to an increased pressure setting, so as to provide an increased
pressure at the control line junction A (and thereby increased flow rate into the collision
cell), the flow In the system will reach the new equilibrium faster when the bypass line
IS open compared to allowing flow through the gas inlet line 1 and restriction 12 alone.
This 1s a consequence of the fact that the overall conductance will be increased, I.e.

the total conductance Gr in the two gas lines leading away from the gas source, G1
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(the gas inlet line) and Gopp (the gas bypass line) is an algebraic sum of the two

conductances:
GT — G]_ + Gbp

If additional parallel bypass lines were provided In the system, the overall gas
conductance Is the sum of individual conductance of each gas line that is open to gas

flow:

where Gn Is the gas conductance of individual gas lines.

To minimize gas consumption In the system, the bypass line can be kept open to gas
flow until the gas pressure at A (Pa) has reached or substantially reached a constant
value (equilibrium). At this point, valve 17 can be closed and gas flow from gas tank

10 to the control junction A be determined by restriction 12.

The advantage of the setup is illustrated by the data shown in FIG. 3. Gas pressure
at the gas control line junction A (Pa) 1s shown as a function of time, following the
switch In back pressure regulator setting from 0.2 bar to 0.6 bar. The lower curve (A)
shows the pressure change for a gas inlet system as shown in FIG. 1, i1.e. a system
that does not contain a bypass junction. Obviously, this behaviour will also be
observed when there is no gas flow through the bypass gas line of the system in FIG.2.
Following change In setting of the back pressure regulator, the system responds rather
slowly as shown In (A), because gas flow towards the control line junction A Is
determined by restriction 12. The upper curve (B) shows the advantage of the system
as shown in FIG. 2. By allowing gas flow through the bypass gas line, the system
responds much faster to change In pressure settings, in the illustrated case by a factor
of more than 3. In the example shown, the gas inlet line and the bypass line both have
an Inner diameter of 0.1mm and a length of 10cm and 5cm, respectively. Alternatively,
the equilibrium could be reached even faster If the restriction on the bypass line has a
larger Inner diameter than the restriction on the gas inlet line. The restrictions on the

gas lines herein are effectively provided by the minimum inner diameters present on
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the respective lines. A portion of the gas line or the whole gas line could be provided

with the inner diameter that provides the restriction.

When the pressure at the control junction A has reached a constant value (equilibrium)
(In the Illlustrated case after slightly less than 5s), valve 17 can be closed and gas flow
thereby reduced to minimize gas consumption in the system. The corresponding time
to equilibrium when there Is no flow through the bypass gas line (or when there I1s no
pypass gas line In the system) 1s, by comparison, about 16s. The significantly shorter
time needed to reach the new equilibrium pressure In the collision cell when analytical
measurements can be taken enables a more efficient use of the apparatus for
measurements because the apparatus 1s spending less time adjusting between

different collision cell pressures.

For rapidly lowering the pressure at the control line junction A, the gas pump can be
used to pump away excess gas. This will be most efficient If the bypass gas line Is
kept closed and thereby minimizing mass flow towards the control line junction, while
the pump removes excess gas via the control line to reach a reduced steady state

pressure.

In FIG. 4, corresponding data are shown, monitoring mass flow with a mass flow meter
(MFM) immeadiately upstream of the collision cell, I.e. downstream from the gas inlet
system. Due to the measurement being performed downstream from the control line
junction A, there is a slight time delay in the data shown in FIG. 4 compared with the
data in FIG. 3. Nevertheless, the data shows clearly the advantage of using the bypass
line; the mass flow Into the collision cell has reached an approximately constant value
about 6 seconds after the change In pressure settings, while in the absence of the
bypass line, the system takes about 1/ seconds to reach equilibrium. The advantage

of using the bypass line Is therefore abundantly clear.

The system can be adapted to minimize gas consumption, while simultaneously
allowing changes in flow rate within a significant range. Consider for example the case
where It IS desirable to be able to regulate flow rate between 1 and 10 mL/min into the
collision cell 16. To achieve this with a single gas Inlet line (no bypass gas line), there
would need to be a gas flow from the gas source of at least 10mL/min. At low gas flow

settings, e.g. TmL/min, most of the gas (9mL/min) Is pumped away into the gas control
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line, and only 1/10 of the gas actually enters the collision cell. When the gas flow Into
the collision cell is set to 10mL/min, there I1s no gas flow In the control line. Practically
speaking, a minimal gas flow of about 1TmL/min Is maintained in the gas flow control
line, which means that for a total flow rate of 10mL/min from the gas supply, a maximal
gas flow Into the collision cell of about 9mL/min can be achieved. Nevertheless, If the
system Is used for significant periods of time at low gas flow rates into the collision cell,

there will be significant and unnecessary gas consumption.

The gas consumption In the system can be reduced by using one (or more than one)
bypass gas line. For example, there can be two parallel gas lines (one of which Is the
bypass gas line), one allowing gas flow up to SmL/min, and the up to 10mL/min. For
low gas flow rates into the collision cell (for example flow rates ranging from 1 to 5
mL/min), the first gas line can be used exclusively. When higher flow rates are
required, gas flow can be diverted into the other gas line (e.g., the bypass gas line)
which allows flow rates up to 10mL/min. Thereby, there Is Increased use of the gas
that Is delivered into the system, and the amount of gas that goes to waste (via the gas
pump on the gas control [ine) 1Is minimized. Alternatively, each of the parallel gas lines
can allow a gas flow of up to SmL/min, which means that in a first setting, gas will be
allowed to flow through one of the lines, for regulating gas flow rates up to SmL/min
Into the collision cell, and In a second setting, gas flows through both lines (the gas
Inlet line and the bypass line), for regulating gas flow rates into the collision cell from

SmL/min up to 10mL/min.

Obviously, additional control lines can be provided to achieve any desired flow rate, by
directing gas flow through one, or any combination of, the individual gas lines. The
advantage resides In the possibility to minimize excess gas flow into the system, and

thereby reduce gas consumption by minimizing the amount of gas that is pumped away

through the back pressure regulator on the gas control line.

In FIG. 5, a gas inlet system that comprises a calibration line for gas flow is shown.
The gas inlet system shown comprises a gas inlet system as illustrated in FIG. 1, with
an additional calibration line 26. There Is a gas flow controller 24 on the gas calibration
line, as well as two valves 23, 25. The gas calibration line meets the gas inlet line at a
first calibration junction C1 and a second calibration junction C2. The first calibration

junction C1 is located downstream of the flow restriction 13 on the gas inlet line.
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Between the first calibration junction C1 and the second calibration junction C2 there Is
a valve 22 on the gas Inlet line. Preferably, the gas calibration line I1s located
downstream of any gas flow controllers on the gas Iinlet line (such as the back pressure
regulator in FIG 1 or FIG 2), i.e. in this example downstream of the control line junction
A: thereby gas flow calibration that 1s based on gas flow In the line will be

representative of gas flow in the gas inlet line and that flows into the collision cell.

The gas calibration line and the portion of the gas Inlet line that stretches from the first
to second calibration junction (C1, C2) are placed within a thermally insulated chamber
30. The flow restriction 13 on the gas Inlet line, downstream of the control line junction
A, Is also placed within the thermally insulated chamber. Temperature in the chamber
can be adjusted using additional heating or cooling means and/or other conventional
means, such as by means of a thermostat housing. Preferably restriction 13 and valve
14 are also placed within the thermally insulated chamber 30, as indicated. This way,
the effects of temperature fluctuations on mass flow rate downstream of the control

line junction can be minimized, thereby providing a precise calibration.

In the example shown, the calibration line meets the gas Inlet line at a second
calibration junction Caz, just upstream from the gas inlet 27 into the collision cell 16.
Alternatively, the calibration gas line may be separately connected to the collision cell,

.e. via a gas connection/gas Inlet 28 that is fluidly separate from the gas inlet 27, as
indicated by the dashed line in FIG. 5.

Thus, by keeping the calibration line and the portion of the gas Inlet line that Is
downstream of the control line junction (e.g. Including the flow restriction 13 on the gas
INnlet line) at a fixed temperature, the effects of temperature fluctuations on mass flow
can be minimized. As a consequence, gas flow In the gas inlet line can be determined
by feeding the gas flow into the gas calibration line, by closing valve 22 on the gas inlet
line and opening valve 23 (and valve 25 If previously closed), and determine gas flow
rate using the mass flow meter (MFM 24) on the calibration line. Following calibration
of the flow rate, valve 23 and valve 25 can be closed and valve 22 opened to allow gas
flow along the gas Inlet line Into the collision cell that has been calibrated. The
relationship of pressure versus gas flow rate as measured using the mass flow meter
on the calibration line can be used to accurately set the flow rate into the collision cell,

with the gas Inlet line Inside the thermostatic housing 30 kept at a constant
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temperature. A further advantage of this setup, with the mass flow meter on the
separate calibration line, Is that there 1s no large dead volume In the gas flow leading
Into the collision cell when, In use, the gas Is flowed through the gas flow line into the
collision cell. It will be appreciated that the calibration system shown in FIG § can be

used in combination with the ‘restriction bypass assembly’ system of FIG 2.

The embodiments of FIG 1 and FIG 2 could be modified for calibration purposes to
provide Inside a thermostatic housing the gas Inlet line 1 downstream of the control
line junction A, Including flow restriction 13, along with a flow meter MFM on the gas
Inlet line itself, between the control line junction and the collision cell. However, this
setup would not have the advantage of avoiding the dead volume caused by the

presence of the MFM.

Obviously, additional components of the gas inlet system, for example the gas control
line, can be temperature controlled, for example by placing the components within a
thermally controlled housing. The housing can for example comprise heat-insulating
walls and comprise one or more air thermostats that maintain the housing at a constant

temperature.

Further, the calibration function described Iin the above may be implemented on gas
Inlet lines In general, as long as the calibration line Is placed downstream of any gas
flow controllers In the gas inlet line and downstream of flow restrictions on the gas inlet
line. For example, the calibration line may be implemented in any gas inlet system as
described herein, e.g. gas Inlet systems that contain at least one bypass line for
achieving rapid steady-state gas flow following change in gas flow settings. However,
the skilled person will appreciate that the calibration function may also be implemented

In other gas lines of analytical systems.

Whilst the gas inlet system of the invention has been described above In the context
of providing a gas flow Into a collision cell, e.g. of a mass spectrometer, it will be
appreciated that the iInvention can be used to supply gas into other types of analytical
device, especially vacuum pumped devices where gas Is to be provided at a number

of different selected pressures.

As used herein, Including In the claims, singular forms of terms are to be construed as

also Including the plural form and vice versa, unless the context indicates otherwise.
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Thus, It should be noted that as used herein, the singular forms "a,” "an,” and “the”

Include plural references unless the context clearly dictates otherwise.

N

Throughout the description and claims, the terms “comprise”, “including’, “having”, and

‘contain” and their variations should be understood as meaning “including but not

limited to”, and are not intended to exclude other components.

It will be appreciated that variations to the foregoing embodiments of the invention can
be made while still falling with the scope of the invention can be made while still falling
within scope of the Invention. Features disclosed In the specification, unless stated
otherwise, can be replaced by alternative features serving the same, equivalent or
similar purpose. Thus, unless stated otherwise, each feature disclosed represents one

example of a generic series of equivalent or similar features.

b ke

Use of exemplary language, such as “for instance”, "such as”, "for example” and the
like, IS merely Intended to better Iillustrate the Invention and does not Iindicate a
limitation on the scope of the invention unless so claimed. Any steps described In the

specification may be performed In any order or simultaneously, unless the context

clearly indicates otherwise.

All of the features and/or steps disclosed In the specification can be combined In any
combination, except for combinations where at least some of the features and/or steps
are mutually exclusive. In particular, preferred features of the invention are applicable

to all aspects of the iInvention and may be used Iin any combination.
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Claims

1.

A gas Inlet system for providing a stream of gas into an analytical apparatus,

comprising:

o a gas Inlet line, for delivering gas into the analytical apparatus, the gas
Inlet line being connectable to the analytical apparatus to introduce gas

Into the apparatus, and to at least one gas supply, to deliver gas into the

gas Inlet line;

o at least one gas flow restriction assembly that I1s arranged on, or fluidly
connected to, the gas Inlet line, the flow restriction assembly comprising

at least two switchable flow restrictions;

o at least one control line that Is fluidly connected to the gas inlet line at a
control line junction, downstream from the at least one gas flow restriction
assembly, the control line comprising at least one back pressure
regulator and at least one valve for regulating gas flow into the control

ine and at least one vacuum pump that i1s arranged downstream from

the back pressure regulator; and

o at least one inlet gas flow restriction that is arranged on the gas inlet line,
between the control line junction and, when In use, the analytical

apparatus;

wherein the at least one gas flow restriction assembly comprises a parallel
arrangement of flow restrictions arranged on separate flow restriction gas lines
that meet the gas Inlet line at a first restriction junction upstream from the flow
restrictions and at a second restriction junction on the gas control line, between
the at least one back pressure regulator on the gas control line and the control

line junction.

The gas inlet system of the previous claim, wherein the flow restriction assembly
IS provided as a parallel arrangement of two flow restrictions, wherein one of the
flow restrictions Is arranged on the gas Inlet line and wherein the second of the
flow restrictions Is provided on a bypass gas line that I1s arranged parallel to the

gas Inlet line and that meets the gas Inlet line at the first restriction junction
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upstream from the flow restrictions and the second restriction junction on the

control line, between the back pressure regulator and the control line junction.

. The gas Inlet system of the previous claim, further comprising at least one

further flow restriction, wherein each such further flow restriction i1s arranged on
a separate further gas line that 1s arranged parallel to the first and second flow

restrictions in the flow restriction assembly.

. The gas Inlet system of the previous claim, wherein the restriction assembly

comprises a plurality of parallel gas lines that each comprises a flow restriction
and that meet at the first restriction junction upstream from the gas flow
restrictions and the second restriction junction downstream from the gas flow
restrictions on the control line, between the back pressure regulator and the

control line junction.

. The gas Inlet system of any one of the previous claims, wherein the restriction

assembly comprises two parallel flow restrictions that provide a ratio of gas flow
through the two flow restrictions, for the same pressure difference across the
restrictions, that is in the range of about 1:20 to 1:1.5, in the range of about 1:15
to about 1:1.5, In the range of about 1:10 to about 1:1.5, In the range of about

1:7 to about 1:2 or in the range of about 1:5 to about 1:2.

. The gas Inlet system of any one of the previous clams 1 to 5, wherein the

restriction assembly comprises multiple parallel flow restrictions that provide a
ratio of gas flow through any two of the flow restrictions, for the same pressure
difference across the restrictions, Is in the range of about 1:20 to 1:1.5, In the
range of about 1:15 to about 1:1.5, In the range of about 1:10 to about 1:1.5, In

the range of about 1:7 to about 1:2 or In the range of about 1:5 to about 1:2

. The gas Inlet system of any one of the previous claims, wherein the restriction

assembly further comprises at least one valve for selectively directing gas flow

through the flow restrictions.

. The gas Inlet system of any one of the previous claims, wherein the at least one

vacuum pump Is provided as a single vacuum pump.
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9. The gas inlet system of any one of the previous claims 1 to 7, wherein the at
least one vacuum pump Is provided as a sequential arrangement of vacuum

ouUMpPS.

10. The gas Inlet system of any one of the previous claims, further comprising at
least one controller, for controlling the position of valves and/or gas flow

regulators In the gas Inlet system.

11.An analytical apparatus with a gas inlet system according to any one of the

preceding claims.

12. The analytical apparatus of the preceding claim, wherein the analytical

apparatus 1S a mass spectrometer.

13. The analytical apparatus of the previous claim, wherein the gas Inlet line Is

fluidly connected to a collision cell of a mass spectrometer.

14. The analytical apparatus of any one of the previous claims 11 to 13, wherein

the at least one vacuum pump connected to the control line Is part of a vacuum

pumping system of a mass spectrometer.

15. The analytical apparatus of any one of the previous claims 11 to 14, wherein
the at least one vacuum pump comprises an exhaust that Is open to

atmosphere.



	Page 1 - BIBLIOGRAPHY
	Page 2 - DRAWINGS
	Page 3 - DRAWINGS
	Page 4 - DRAWINGS
	Page 5 - DRAWINGS
	Page 6 - DRAWINGS
	Page 7 - DRAWINGS
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - DESCRIPTION
	Page 30 - DESCRIPTION
	Page 31 - DESCRIPTION
	Page 32 - DESCRIPTION
	Page 33 - DESCRIPTION
	Page 34 - DESCRIPTION
	Page 35 - DESCRIPTION
	Page 36 - DESCRIPTION
	Page 37 - CLAIMS
	Page 38 - CLAIMS
	Page 39 - CLAIMS

