If You Hate Vacuum Systems Read On
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Let's face it, nobody became a microscopist because they wanted
to become an expert in Vacuum Science. The fact is that most of us were
shown the proverbial "fly's eye" micrograph and fancied ourselves as the
Ansel Adams of Electron Microscopy. As a consequence, during the
progress of our careers, we have had to come to grips with Vacuum
Science, usually on a "need to know" basis. Specifically, when the system
has broken down, we need to know who can fix it . . . when they can fix it

. and why they can not fix it sooner . . .

Nevertheless, the fact is that we ignore vacuum science at our
peril.  Although microscopes can withstand a lot of abuse before they
catastrophically fail, they respond to poor vacuum practice with poor
vacuum quality. In the final analysis it's extremely valuable to have some
“vacuum savvy". .

If the thought of wading through the vacuum texts fills you with
dread, don't feel bad. ['ve taught many classes and most attendees are
reluctant students. Over the years I've learned to teach vacuum science
with ENTHUSIASM (to keep people interested). I've also learned to begin
each class with a quick overview of what happens during the pump-down
process of a typical instrument. It seems that although people find vacuum
technology a little dry, they find vacuum science quite interesting.

So let's consider the process of pumping down an SEM. We begin
with an instrument that contains a lot of gas molecules and we end up with
an instrument that contains a lot fewer gas molecules. At first glance this
seems pretty boring. Well, the fact is that the process of pump-down is
much more interesting than that.

If we were to look inside our vacuum system on a microscopic
scale we would see that at atmospheric pressure it contains 10' gas
molecules / cm®, the mean distance between molecule - molecule is about
5 nm, the average journey between molecule - molecule collisions (mean
free path) is 0.1 pm and a freshly cleaved surface would stay clean for
about 1 ns (time for monolayer coverage). The major species would be
nitrogen and oxygen with a little water vapor (even in Nevada) and other
gases.

When we start pumping we typically use a Rotary (Mechanical)
Pump. Rotary pumps work forever provided we maintain them and a
modern pump can bring the instruments pressure down to about 102 Torr.

If we were to look inside our vacuum system after this initial
pumpdown, we would note that there are 10" gas molecules / cm3, the
distance between gas molecules is 0.2 um, the mean free path is 1 cm and
the time for monolayer coverage is about 0.1 ms. Finally the major
constituents of the vacuum system show a change, with nitrogen and
oxygen being less dominant and water vapor being more dominant.
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At first glance it might seem as if nothing significant has changed. We
started off with a lot of molecules and now have a lot less molecules. Isn't that
what pumping is all about?

Well, the significant change is that the distance between molecule -
molecule collisions (the mean free path) is now greater than the diameter of
many parts of our instrument. This means that an individual gas molecule in
this region is more likely to travel from one inner surface of the instrument to
another than it is to collide (or interact) with another gas molecule. As a
consequence, each molecule behaves independently and it's behavior depends
upon the structure and geometry of the vacuum enclosure. Whereas at higher
pressures we could picture the gaseous atmosphere flowing around components
during pump-down (viscous flow) now we must picture individual molecules
bounding from wall to wall (molecular flow).
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One extremely significant consequence is that an individual molecule is
just as likely to head away from the pump as it is to head towards it.
Furthermore, an oil molecule within the pump can freely enter the vacuum
system unless we specifically design the system to prevent this
“backstreaming”.

So we begin evacuating our instrument and the consequence of our
success is that the way the gas molecules behave changes on us.

If we want to evacuate our system to a greater extent we have to add
pumps that operate at lower pressures. These are commonly the Diffusion
Pump or the Turbomolecular Pump. Generally they can be relied upon to get a
vacuum system down to 107 Tor. This is the high vacuum regime commonly
used for SEM's.

If we were to look inside our vacuum system on a microscopic scale we
would see that a typical high vacuum instrument contains 10° gas molecules /
cm’, the mean distance between gas molecules is about 10 pm, the molecular
mean free path is about 10° cm (over a half mile) and, the time for monolayer
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coverage is 10 seconds. The major constituent of the free molecule
population is water vapor.

Here again, it might seem like little of significance has occurred but
once again the vacuum system is significantly different.

At this stage it is significant that water vapor is the major
constituent of the free molecules with the system. It's as if our pump only
removed the nitrogen and oxygen but ignored the water vapor.

The fact is that the water vapor molecules being pumped under
high vacuum conditions come from the walls of the SEM. It turns out that
when we evacuate an SEM we don't just remove the atmosphere from
inside the instrument, we also remove the molecules that evolve from the
walls of the system. The key fact is that the progress of evacuation
becomes limited by the rate of water vapor evolution from the walls, rather
than the rate at which the pumps can remove water vapor molecules from
the free space inside the instrument.

So we continue to evacuate our instrument and the consequence of
our success is that the type and source of our gas load changes on us.

Now that we realize that we must consider the molecules that
evolve from the inner walls of the instrument we can see that we have to

minimize the system's exposure to moisture and other materials that have .

a vapor pressure. As a consequence it's a good idea to backfill a system
with dry nifrogen and also to wear gloves when handling components (and
specimens). It's also a good idea to be careful of home built attachments
because these might incorporate materials with a high vapor pressure or
have machined surfaces that have not been properly cleaned and baked.

If we work on the principle that continued pumping will exhaust
even the most abundant reserve of water vapor we might expect our
standard SEM to head towards the exalted status of ultra high vacuum.

'f we were to look inside an ultra high vacuum system (10-° Tor)
we would note that there are 10° gas molecules / cm®, the distance
between gas molecules is 100 um, the distance a gas molecule fravels

between molecule - molecule collisions at 108 m (greater than 50 miles) and the
time for monolayer coverage is about 10,000 seconds. Finally the major
constituents of the vacuum system are hydrogen and helium.

At this stage it is significant that the major constituents are hydrogen
and helium. These species originate outside our instrument but are so mobile
that they can permeate through the very walls of the system.

Nevertheless before we sit back and relax waiting for ultra high vacuum
status to reward our patience it might be useful to consider that the process of
water vapor evolution is temperature dependant, as is the process of dissolved
gas out-diffusion. It turns out that if we just pump even an ideal system it would
take a mind numbing 10° seconds to reach 10 Torr. Now | like a well pumped
vacuum but to wait some 30 years seems a bit excessive.

Ultra high vacuum can be produced and is regularly attained in a whole
host of instruments. The trick is to bake the instrument during pump-down. A
UHV system such as a Scanning Auger Microprobe, can be pumped from
atmosphere to 10" Torr automatically in about 12 - 24 hours. Nevertheless,
this does mean that these systems have to be designed to withstand the bake-
out process and so they tend to be of different design than the standard SEM.
Even so, the popularity of cold FEG electron source instruments is bringing
UHYV into many microscopists lives.

When the science of vacuum is considered, the design and behavior of
our instruments make more sense. We also understand why good vacuum
practices help us while poor vacuum practices hurtus. W
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Why Pressure Scales Cause So Much Confusion
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Pressure scales can be extremely confusing to new operators. This is not surprising. To my mind, there
are three primary areas of confusion.

Firstly, the pressure of gas inside an instrument changes over many orders of magnitude during pump-
down. The change is about 9 orders of magnitude for a traditional Scanning Electron Microscope and about
13 orders of magnitude for an ultra-high vacuum instrument such as a Scanning Auger Microprobe.

To give an idea about the scale of change involved in vacuum, consider that the change in going from
ambient pressure to that inside a typical ultra high vacuum system is like comparing one meter with the mean
radius of the planet Pluto’s orbit. The fact is that we don’t often get to play with things on that scale. As a
consequence, many of us have to keep reminding ourselves that 1 X 10" is one thousand times the value of
1X10° - not twice the value.

The second source of confusion has to be the design of pressure gauge displays. Although modern
gauges are digital and consequently frivial to read, most instruments have older, moving coil gauges in which
a needle indicates the value of pressure. The visual layout of these gauge displays can be extremely confus-
ing. Many instruments use a single gauge display, which not only indicates different pressure ranges, but also
has the scales so arranged that, on one scale, the needle sweeps right for falling pressure, but on another
scale, the needle sweeps left.

A third source of confusion has to do with the units we use to characterize pressure. There are an
incredible variety of pressure scales. Although most of us will not encounter all of these scales except in
textbooks, all of us will encounter enough of them to marvel at technologies’ ability to make life “interesting”.

The fact is that 1 Torr of gas pressure equals:

1333 dyne per square centimeter 1.35 Guericke

1333 microbar 0.0393 inches of mercury

1333 Bayre 0.0193 pounds per square inch

1000 microns of mercury 0.1333 Pieze

133.3 Newton per square meter 0.00135 technical atmosphere
1333333 Gaede 0.00 kilograms per square centimeter
13.59 millimeters of water 0.00135 Bar ‘
13.59 kilograms per square meter 0.00131 physical atmosphere

1.33 millibar 133.3 Pascal

1.35 centimeters of water

One might ask why there is such a variety of scales?

Well, pressure is force per unit area so we can pick out the units that are consistent with this (for
example, dyne per square centimeter and the Newton per square meter).

In addition, we used to describe a force as a mass unit acted on by gravity, so we can pick out those
units that describe pressure as a mass per unit area (for example, kilograms per square meter, pounds per
square inch, and kilograms per square centimeter).

Now, we can also characterize pressure by the height of a column of liquid that it can support (for
example, microns of mercury, millimeters of water, centimeters of water and inches of mercury).

Some are “honorary” scales where a scale is renamed in honor of a significant vacuum scientist (Pascal,
for Blaise Pascal, which is the same as the Newton per square meter scale; Torr, for Evangelista Torricelli,
which is the same as the millimeters of mercury scale; Gaede, for Wolfgang Gaede, which is the same as the
Newton per square meter scale, and Guericke, for Otto von Guericke, which is the same as the centimeters
of water scale).

Mix in the fact that some countries used pounds and inches, giving pounds per square inch, while other
countries used kilograms and meters giving kilograms per square meter and kilograms per square centimeter.

Finally, as all had access to mercury and water, many measured in microns of mercury, millimeters of
water, centimeters of water, and inches of mercury.

Pretty soon 20 pressure scales seems like a shortlist of options.

In the end, pressure units are like antiques. They give us a taste of how vacuum technology developed.
Each scale has it's story and was someone’s confribution. We are left with the clutter or, if we prefer, the
charm.

In the U.S. we traditionally use the Torr scale when characterizing gas pressure inside a vacuum sys-
tem. Nevertheless, the designated Standard Industrial Unit (S) is the Pascal scale. As above noted, 1 Torr
is equal to 133.3 Pascal.

So, the next time someone brags about being in the “low negative sevens”, ask them is that's in Pieze,
Guerickes, Gaedes, Bayres or just plain Torr. I

(Dr. Anthony Buonaquisti is an independent consultant specializing in "At-Your-Site” Training)
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