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ABOUT THIS BOOK

Vacuum systems are critical to many industries. They are vital to establishing required process pressures, estab-
lishing a clean process environment, and removing reaction by-products from the process chamber. Often vac-
uum systems are taken for granted until there is a malfunction that changes the process environment, resulting
in unplanned personnel time fixing equipment, improperly processed products, and ultimately, a loss of rev-
enue for the company.

Technicians with the knowledge and skills to maintain, troubleshoot, and repair vacuum systems are highly-
valued in manufacturing and research organizations. These technicians are vital to keeping an organization’s
vacuum equipment up and running. But vacuum equipment/systems and their operations pose unique chal-
lenges to maintain and support. Author David Hata’s Introduction to Vacuum Technology, published in 2008,
was a textbook written specifically for individuals preparing to maintain and troubleshoot vacuum equipment
systems. Hata’s book was a great companion textbook for any vacuum course included in a two-year technical
program-of-study.

As of 2019, publisher Pearson Prentice Hall decided to discontinue printing copies of the Introduction to
Vacunum Technology textbook. The publisher reverted the copyright for the book back to the author David
Hata. The author, Dr. Elena Brewer from Erie Community College (Williamsville, NY), and Nancy Louwagie
from Normandale Community College (Bloomington, MN) submitted a proposal to the National Science
Foundation Advanced Technological Education (NSF-ATE) program in consideration of a project which
would convert Hata’s textbook to an e-book version. The updated textbook resource would be made easily
accessible via on-line platforms and incorporate resources in the textbook design to promote active learning
styles for the benefit of today’s student population. The NSF awarded funding in support of the project (DUE
#2000454).

The first four chapters of Introduction to Vacuum Technology is an open e-book version of Hata’s textbook.
Like the previous version, this textbook addresses basic topics in vacuum technology and is written for individ-
uals who are tasked with maintaining vacuum systems. It is also written for instructors, especially those who
teach technician-level courses at community colleges who are looking for materials to support vacuum tech-
nology instruction. For these instructors, a laboratory manual and accompanying instructor’s guide have also
been developed to support the delivery of lecture-laboratory courses.

Most vacuum books approach the subject topically. That is, separate chapters are devoted to rough vacuum
pumps, high vacuum pumps, pressure gauges, vacuum materials, and other topics. This organization is appro-
priate for a reference book but not for a teaching text.

This book approaches vacuum systems from a pressure regime viewpoint. That is, after covering some basic
vacuum science, the first pressure regime covered is the rough vacuum regime. Within the study of rough
vacuum systems, the following topics are covered: gas load, pumping mechanisms, pressure measurement,

vacuum system construction, and basic troubleshooting concepts. The discussion of rough vacuum is then fol-
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lowed by the study of high vacuum systems. The same topics are revisited, but this time from a high vacuum
perspective. Once both rough vacuum and high vacuum systems are covered, then the topics of leak detection
and residual gas analysis are introduced.

This pedagogical approach lends itself to laboratory experimentation. During the review of gas laws from
chemistry, experiments and demonstrations can be performed to reinforce basic laws and concepts. Then, dur-
ing the study of rough vacuum systems, pump-down times can be calculated and pump-down operations per-
formed in the laboratory. Likewise, during the study of high vacuum systems, pump-down operations as well
as other lab exercises, such as leak detection and residual gas analysis, can be performed.

Our intent was not to create an exhaustive treatment on vacuum science nor cover all the various vacuum
technology components. Some topics have been consciously omitted, such as ultrahigh vacuum systems and
the pumps that are used to create these very low pressures. The questions driving decisions to include or
exclude material in the book focused on the needs of technicians in a production environment and the types
of vacuum systems used.

This book is the result of years of teaching vacuum at the community college level. Many thanks go to the
former students for challenging the authors to learn more about vacuum science, the variety of vacuum sys-
tem designs and how these systems work. It was rewarding to work with them in the vacuum laboratory and
experience their joy of discovery while making the connections between the science and the technology. The
satisfaction in observing people putting these pieces together is the biggest motivation to write this book.

Please complete a short survey (surveymonkey.com/r/2P5693M) if you: want to provide feedback, found
any mistakes and/or typos, or would like to add problems or activities. Your feedback will greatly help us to
maintain and improve this E-book which was developed under National Science Foundation grant #2000454.
Your time and expertise are greatly appreciated. Click on this link to access the survey: surveymonkey.com/r/
2PS5693M.

N K . . . . .
- ~ £ This work is supported by the National Science Foundation under grant number

e o
(‘\jb

2000454. Any opinions, findings, and conclusions or recommendations expressed
in this e-book are those of the authors and do not necessarily reflect the views of
the National Science Foundation.
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“Demand. for products made using vacuum-enhanced processes is growing +10% per year. Applications including
semiconductors, solid-state lighting, and space simulation continue to apply pressure on manufacturers, like the
Lesker Company, who are capacity-limited because of the deficit in our vacunm-skilled workforce. The availability
of modern, interactive teaching materials will belp streamline the process to build a capable labor supply to meet
growing demands and maintain our country’s competitive advantage in vacuum technology.”

J.R. Gaines, Technical Director of Education, The Kurt J. Lesker Company

“The importance of vacunm science as general industrial skill set cannot be overstated. A program that trains
future technicians, engineers, and scientists on this vital subject provides a solid career foundation with ample
room for growth. Vacuum technology is widely deployed in many critical areas — such as medical, analytical
metrology, reliability, food sciences, semiconductors, and optics, to name a few. As the technical needs in different
professions grow, so will the application of vacuum science.”

Jeft Salzmann, Senior Research Engineer, Advanced Materials Technology Group

This work is supported by the National Science Foundation under grant number
2000454. Any opinions, findings, and conclusions or recommendations expressed
in this e-book are those of the authors and do not necessarily reflect the views of
the National Science Foundation.
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Learning Objectives

Chapter 1introduces the concept of vacuum and why it is important to be able to create a vacuum
condition in a controlled space. After you read this chapter, you will be able to:

- |dentify a variety of everyday items that are manufactured using vacuum technology.

« Define the meaning of the word “vacuum” as it will be used in this text.

« Describe some common processes enabled using vacuum technology.

- Explain reasons why a vacuum condition is beneficial in manufacturing and research
processes.

- Describe different ways to create a vacuum condition.

- ldentify other resources that provide information on vacuum technology.

A Brief Vignette

The impact of vacuum technology on today’s world is extensive. But like the air that surrounds us,
the use of vacuum technology is mostly invisible to us, so we don’t necessarily appreciate that it exists
despite how much it influences our everyday lives.

You look out the window and it’s raining outside. You've been studying awhile on the computer
and are ready for a break. You turn on the lights in the kitchen, pour a glass of water from the faucet
and open a bag of pre-popped popcorn. You decide to watch a show on television this evening. You use
the remote contvol to turn on the TV. As you scan through the viewing options, you see an advertise-
ment for a pair of sunglasses you want to buy. Out of the corner of your eye, you notice that one of the

Jramed pictures hanging on the wall next to the TV is crooked. Your hand moves to straighten the
picture, but you brush across a spider web. Ugh! Need a vacunm cleaner to get rid of that! Then your
cell phone goes off. Well, so much for your TV time!

For many of the products mentioned in our vignette, vacuum technology played an important, if not critical
role, in its manufacture. In the case of the window, faucet, bag, sunglasses, and framed pictures, it is one or
more thin material coatings on the surface which enhance the function of each product. In the case of the com-
puter, television, remote control, and cell phone, vacuum plays a critical role in the manufacture of the inte-

grated circuits that determine their function. And, the kitchen lights, if incandescent or fluorescent, would not
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work if the air inside the bulb were not removed. Without vacuum, none of these products would exist in their

present form.

1.1 Introduction

Vacuum technology is an “enabling technology”
that makes it possible to achieve other goals. This
concept was expressed by Lars Montelius, President
of the International Union for Vacuum Science,
Technique, and Applications (IUVSTA) when he
shared his view on the creative nature of vacuum
science and how vacuum has enabled innovations
that help to build a more sustainable society. Here is
a quote from an article in the publication 2018
Physics World Focus on Instruments and Vacuum:

“Vacuum systems are used in all kinds of

One or more interactive elements has been
E excluded from this version of the text. You can
.//miln ishing.
seo.edu/introtovacuumtech/?p=27#oembed-1

view them online here: h

Video 1.1. Vacuum as an enabling technology

in industry. Source: Busch Vacuum Solutions,
www.buschusa.com

equipment, and not only in the sciences. There is a long history of using vacuum for industrial

machines and processes. Within the sciences, vacuum is important if you want to understand mate-

rials at a very small scale, because to do that you need very clean and stable conditions. In industry,

one of the major applications is in industrial machines. For instance, vacuum is used to lift, posi-

tion, and move objects. Simply speaking, without vacuum many industries would not exist. An

example is the semiconductor industry. Once upon a time, the electronics industry ran on vacuum

tubes: vacuum was an essential requirement for switching electrical currents. Although these

switches have been replaced by solid-state electronics, manufacturing the electronics and circuits

still requires vacuum conditions. I think vacuum is one of the most important elements of modern

society, but it’s a paradox because vacuum itself is maybe not so important — it’s what you do with

» (1)

it that’s important. Vacuum is an enabler.

1.2 What is “Vacuum™?

ou proba ave a notion o e meaning o e term " vacuum. s a noun, it can refer to a “vacuum
Yc bably h t f th g of the term “ 7 A t fer to a

cleaner” or some other contraption that picks up objects. In another sense, one might say that when someone

leaves a group, their departure creates a “vacuum” in the group. So, with multiple definitions, and uses, for the

term, it makes sense for us to define how we intend to use it in our discussions ahead.


http://www.buschusa.com/
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In the ideal sense, a vacuum is a space that con-
tains absolutely nothing, a space totally devoid of
.. a vacuum is created when gas molecules matter. However, in actual practice, such a perfect
are removed so that the density of gas mol- vacuum does not exist, even for the best vacuum
ecules in an enclosed space is less than the systems. Under the best of vacuum conditions, a

density of molecules in the surrounding chamber still contains hundreds of thousands of

environment. gas molecules per cubic centimeter. A variety of use-

ful processes are accomplished under very different
levels of vacuum. So, in this sense, a vacuum is cre-
ated when gas molecules are removed so that the density of gas molecules in an enclosed space is less than the
density of molecules in the surrounding environment.

The definition of vacuum for the purposes of this text is a space partially emptied (to the degree necessary
to support a process) by artificial means (using a vacuum pump). This results in a volume containing far fewer
gas molecules than the same volume in the surrounding atmosphere, that is, a degree of rarefaction below
atmospheric pressure. If the surrounding atmosphere is at normal atmospheric pressure, then a vacuum exists
if the density of the gas molecules in the chamber is less than the density of gas molecules outside the chamber

in the ambient atmosphere.

Section 1.2 Quiz

\_@ An interactive H5P element has been excluded from this version of the text. You can view it online here:
imi ichj i op= _

1.3 Vacuum as an “Enabler”

In this section, we will examine examples of how vacuum “enables” various processes that benefit our lives
today. We will examine how vacuum is used in food preservation, in thermal insulation, in surface coating

materials, and in manufacturing processes used to manufacture integrated circuits.

1.3.1 Food Preservation

There are three things that cause food to deteriorate: heat, water, and oxygen. Vacuum sealing, freeze-
drying and proper packaging overcome all three of those factors to allow long term food storage, up
to 15 to 25 years in some cases. Furthermore, freeze-drying food causes little damage to the nutritional
value of the food being preserved compared to other methods that use higher process temperatures,

like canning and dehydration.


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=27#h5p-3
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Vacuum sealing removes air from the package containing the food prior to sealing. The intent of
vacuum sealing is to remove oxygen from the package to extend the shelf life of foods, thereby limiting
the growth of aerobic bacteria or fungi. Vacuum sealing can also reduce “freezer burn” which occurs
when the surface of the food dehydrates while it is frozen leading to a dried, leathery appearance and a

change in flavor and texture. Figure 1.1 shows a vacuum sealer that can be used at home.

Figure 1.1. Vacuum sealer used for food preservation. Photo provided by Nancy
Louwagie, Normandale Community College.

One example of a freeze-dried food item is astronaut ice cream, a slab of ready-to-eat dehydrated ice
cream like the one shown in Figure 1.2. Unlike regular ice cream, astronaut ice cream can be kept at
room temperature without melting. It was first developed by Whirlpool Corporation under contract
to NASA for the Apollo mission, but it was never actually used on any Apollo missions. Other freeze-
dried foods were developed to reduce the weight of food by removing its water and oxygen content.
Lighter-weight foods packaged for a longer shelf life could be sent on long-duration spaceflights.

Freeze-drying, also known as lyophilization, is a dehydration process that removes water from a
frozen food. To make astronaut ice cream, the ice cream is placed in a vacuum chamber and frozen
until the water crystallizes. Air is then evacuated from the chamber to create a partial vacuum. The
crystallized water then begins to sublimate, that is, change from a solid to gas. Heat can be applied
to speed up the sublimation process. And finally, a freezing coil captures the vaporized water. This

process continues for hours and eventually results in a freeze-dried slice of ice cream.
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Freeze-dried Neapolitan ice cream

Figure 1.2. Freeze-dried Neapolitan ice cream. Freeze-dried neapolitan ice cream by

Evan-Amos, Publi main

Vacuum technology enables food preservation through vacuum sealing and freeze-

drying.

1.3.2 Thermal Insulation

Vacuum enables “thermal insulation”. Thermal insulation retards, or slows down the flow of thermal
energy. Consider a simple vacuum flask. You might commonly refer to it as a “thermos bottle.” It can
be used to keep cold drinks cold, and warm drinks warm. Thermos bottles come in a variety of designs,
but each design’s construction is essentially the same. As shown in Figure 1.3, a thermos bottle is basi-
cally two chambers, historically glass, but now typically metal, one inside the other with a partial vac-
uum between the two chambers.

What happens when the contents of the flask are surrounded by air at atmospheric pressure? The
contents within the flask might be cold with warm or hot air outside the flask, or the opposite, hot
inside and cooler or very cold air on the outside. In either case, a temperature difference exists between

the surrounding air and the contents of the vacuum flask. Heat transfer occurs when molecules collide


https://en.wikipedia.org/wiki/Freeze-dried_ice_cream
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. S

| vacuum |

Figure 1.3. Diagram of a vacuum flask.
Vacuum Dewar Flask by Acdx, Creative
Commons Attribution-Share Alike 3.0

Unported.

with each other and transfer energy. Heat flows from the warmer region to the colder region. A space
in which more molecules are present supports a higher rate of heat transfer than the same space with
fewer molecules. Different gas molecules have different energies, so the type of gas molecules present in
the space also affects the rate of heat transfer.

How does a vacuum condition impede heat transfer? Suppose we have filled the thermos bottle with
a cold liquid. Between the inner and outer surfaces, most of the air is removed to create a vacuum. If
we remove enough of the air molecules, the air molecules will be able to travel between the inner and
outer surfaces without colliding with another air molecule. So, an air molecule hits the warmer outer
surface and picks up some energy. After rebounding off the outer surface, the air molecule then travels
toward the inner surface where another collision results in a transfer of energy from the air molecule
to the inner surface, providing energy to warm the cold liquid. The goal is to minimize the number

of gas molecules transferring heat energy from the outer surface to the inner surface. The fewer the air


https://en.wikipedia.org/wiki/Vacuum_flask
https://en.wikipedia.org/wiki/Vacuum_flask
https://en.wikipedia.org/wiki/Vacuum_flask
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molecules in the vacuum space, the slower the heat transfer to our cold liquid, and the longer our cold

liquid will remain cold.

Vacuum technology can create insulating layers to slow down the transfer of heat

energy.

1.3.3 Vacuum Gripping

Vacuum gripping is useful in lifting, moving, or holding objects in place. Consider a simple suction
cup. Air is removed by pressing a flexible membrane against a surface. Then the membrane is pulled
away from the surface, expanding the volume that is captured underneath the membrane. The pres-
sure in the volume between the flexible membrane and the surface is lower than the pressure exerted
on the opposite side of the surface keeping the membrane in place.

For example, the cell phone holder pictured in Figure 1.4 uses a suction cup at its base to adhere
to a smooth surface. The cell phone holder consists of a flexible base with a moveable diaphragm, a
lever attached to the diaphragm, a ball joint to allow positioning of the holder, and the cell phone
holder. When the cell phone holder is placed on a non-porous surface and the lever is moved down, it
mechanically pulles the diaphragm away from the surface creating a vacuum by expanding the space
with trapped air molecules. The atmospheric pressure of 14.7 psz now provides the holding force for
the cell phone holder. To release the holder, the lever is moved up, or away from the base of the holder,
and the space created by the deformed diaphragm shrinks so that the holder can be moved, or re-posi-
tioned.

Glass handles operate in a manner similar to the cell phone holder. They allow a person to hang onto
a large sheet of glass, for example, a large storm window. The glass handle is positioned on the pane
of glass and a lever lifts the diaphragm creating a void next to the glass. Again, atmospheric pressure
applies pressure to the glass handle, keeping it securely attached to the glass. Figure 1.5 shows a glass
handle with the diaphragm base.

A vacuum chuck is another example of vacuum gripping and is primarily used on non-ferrous mate-
rials, for example, glass, plastic, copper, aluminum, and even wood. In a vacuum chuck, air is pumped
from a cavity behind the workpiece and again atmospheric pressure provides the holding force. In Fig-
ure 1.6, vacuum chucks are placed under a wooden workpiece and the vacuum holds the workpiece
while it is milled. Vacuum clamping is a technique to prevent marring or damage to a workpiece that
might occur if it was otherwise mechanically clamped in place. Vacuum gripping can also allow greater

access to the work piece being machined.



CHAPTER 1. VACUUM: AN ENABLING TECHNOLOGY | 9

Figure 1.4. Photo of Cell Phone Holder with diaphragm base. Photo provided by
David Hata.

Figure 1.5. Photo of a glass handle. Photo provided by David Hata.
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Figure 1.6. A work piece is held in place with vacuum chucks while it is being milled. Source: Pierson
Workholding website, https://piersonworkholding.com/media/..

Creating a partial vacuum underneath a flexible membrane enables the gripping

function to adhere to a smooth surface.

1.3.4 Thin Film Deposition by Metal Evaporation

Vacuum systems are used to establish conditions necessary to carry out manufacturing processes. Con-
sider metal evaporation. In this manufacturing process, the goal is to coat a surface with a thin metal
layer. In semiconductor manufacturing this metal layer can be patterned to form the interconnects
between various points on a silicon wafer.

The basic evaporation process involves two steps: (1) in a crucible, a hot metal source evaporates
creating a vapor of metal atoms and (2) the metal atoms travel to the substrate and condense on the
substrate’s surface. However, before this two-step process is performed, the chamber is put under vac-
uum. A vacuum condition ensures that metal atoms, once vaporized can travel to the substrate with-
out being impeded by other gaseous atoms or molecules, or colliding with foreign particles that may

react with them. When evaporation is performed in a poor vacuum, or close to atmospheric pressure,



CHAPTER 1. VACUUM: AN ENABLING TECHNOLOGY | 11

Vacuum chamber

\ Substrate holder

~—— Substrate

—— Vapor flux

Crucible -y —]

containing
target matenal

To pumping system

Figure 1.7. Diagram of a metal evaporator.
Public domain, generated by CNEU staff for free use.

the resulting layer of metal is generally non-uniform both in thickness of the deposition and quality of
the material deposited. Figure 1.7 shows a typical diagram of metal evaporator used for such processes.

One advantage of metal evaporation is that multiple substrates can be processed at the same time,
but it does pose a challenge. Because the metal vapor originates at a point source, the evaporated metal
atoms attack the substrate surface from a single direction. Protruding features can block the metal
atoms and “shadowing” can occur. To limit this problem, a different thin film deposition process called

“sputtering” can be used.

Before metal evaporation can be done, the chamber must be placed under vacuum.

1.3.5 Other Examples

The examples of vacuum as an “enabler” described in Section 1.3.1 through 1.3.4 are just a few of the
many processes where vacuum is used. Table 1.1 lists other processes carried out in each of three pres-
sure regimes. This is by no means an exhaustive list, but it does give you a view of the breadth of appli-

cations where vacuum is used.
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Table 1.1. Processes that use vacuum.

Rough Vacuum High Vacuum Ultrahigh Vacuum
Food Processing/Packaging Heat Treating Materials Research
Freeze Drying Vapor Deposition Metallurgy

Gas Lasers and Neon Signs Ion Implantation Surface Analysis
Sputtering Surface Coating Molecular Beam Epitaxy
Distillation Thermal Insulation Physics Research
Electric Conduction Chemistry Research Space Research

In many applications that require pressures in the high vacuum and ultrahigh vacuum pressure
regimes, specialized tools and instruments are needed. For example, in the semiconductor industry,
complex manufacturing tools are needed for chemical vapor deposition and ion implantation. These
tools are composed of multiple subsystems, one of which is the vacuum subsystem. In other applica-
tions, specialized tools such as electron microscopes utilize vacuum to establish the operating environ-
ment in which measurements can be made. Vacuum technology and the application of vacuum is so
pervasive in our world today that without vacuum technology, we would not have many of the prod-

ucts we use on a daily basis.

Vacuum technology is used to manufacture a wide range of products in today’s

world and to support scientific research.

Section 1.3 Quiz

\_@ An /nteract/ve H5P e/ement has been excluded from this version of the text. You can view it online here:
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1.4 Benefits of Creating a “Vacuum”

We have described the types of applications enabled by vacuum technology such as food preservation, freeze-
drying, thermal insulation and metal evaporation. Now, let’s examine why one would want to create a vacuum
in a semiconductor manufacturing process, for example, chemical vapor deposition, sputtering, or ion implan-
tation.

Removing gas molecules from an enclosure or process chamber achieves several objectives. First, it results
in a cleaner process environment by removing potential contaminants. Contaminants can be particles as well
as unwanted gases that, if allowed to remain in the chamber, can participate in the chemical reactions taking
place in the chamber and ultimately, produce unwanted by-products. For example, if two gases are to reactin a
process chamber to deposit a coating on a silicon wafer, you don’t want the oxygen and nitrogen present in air
to combine with the reactant gases. Therefore, before introducing the reactant gases into the process chamber,
the air in the chamber is first removed from the chamber to reduce the amount of oxygen and nitrogen mole-
cules present. After the desired chemical reaction has taken place, the unused reactant gases must be pumped
out of the chamber before the chamber pressure can be brought back to atmospheric pressure and the wafer
removed.

Second, creating a vacuum in a process chamber increases the mean free path (1) of the gas molecules.
The mean free path of a gas molecule is the average distance the gas molecule will travel before colliding with
another gas molecule. As the chamber pressure is reduced, fewer gas molecules occupy the volume. When the
number of gas molecules in the space is reduced, the molecules remaining in the space collide with each other
less frequently as shown in Figure 1.8. This is important in manufacturing processes such as sputtering, evap-
oration, and ion implantation. In these examples, a high molecular density of gas molecules would impede
particles from reaching the substrate, for example, a wafer.

Third, creating a vacuum in a process chamber is a way of controlling the number of collisions of molecules
against a surface, for example, a wafer. This is important when sputtering metal layers or in controlling the rate
of film growth in chemical vapor deposition.

Fourth, creating a vacuum lowers the molecular density. Consider the case of the ordinary incandescent light
bulb. If the inside of the light bulb were not first evacuated to remove air, any oxygen molecules left in the bulb
when the filament is heated would react with the metal and the metal filament would burn up.

Fifth, creating a vacuum can result in a force that is useful in many manufacturing processes. For example,
a force can be created to secure a wafer to a vacuum wand when the wafer has to be moved from one place to
another, or to a chuck so that the wafer cannot move during a manufacturing process.

Sixth, creating a vacuum reduces the rate of heat flow. A reduction in pressure decreases the molecular den-
sity and hence, a reduction in the number of molecule-to-molecule and molecule-to-surface collisions. Fewer
collisions result in less heat transfer.

Seventh, creating a vacuum can increase vaporization. Vaporization occurs when liquid molecules leave a

surface and do not return. It works like this: if the chamber containing a liquid is evacuated, fewer molecules
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Figure 1.8. Effects of vacuum on mean free path. (Courtesy of Nancy Louwagie, Normandale Community

College)

will be above the liquid surface. Thus, a molecule that evaporates from the surface of the liquid is less likely to
collide with another gas molecule because there are fewer molecules in the space adjacent to the liquid surface.
With fewer molecules present for collisions, vaporizing molecules travel enough distance from the liquid sur-
face so that they cannot readily return to the liquid surface.

Finally, creating a vacuum can protect materials from reacting with air. To accomplish this, the chamber is

first evacuated and then backfilled with an inert gas in order to remove as many reactive gas molecules as the

process dictates.
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Table 1.2. Benefits of a vacuum.

Benefits of a Vacuum

Produces a cleaner pI'OCGSS environment

Increases mean free path

Controls the number of surface collisions

Lowers molecular density

Creates a force

Reduces heat flow

Increases vaporization

Protects materials

Section 1.4 Quiz

\_@ An interactive H5P element has been excluded from this version of the text. You can view it online here:
imi ichj i op= _

1.5 How to Create a “Vacuum”

In our discussion in this chapter describing how vacuum is an enabling technology, we have described several
ways to create a vacuum. The simplest way to create a vacuum is to mechanically increase the volume of the
enclosed space. The cell phone holder and glass handles are examples. Deforming a flexible diaphragm and
pulling it away from a non-porous surface creates a space underneath the diaphragm with a gas density much
lower than the atmospheric conditions above the diagram. However, for this to work, the seal at the edge of the

diaphragm must be airtight.


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=27#h5p-5
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Another way to create a vacuum is to lower the
temperature of the gas in the enclosed volume. As

Ways to Create Vacuum: the temperature is lowered, the gas molecules travel

slower. When they hit the walls of the enclosed
space, the force they exert will be smaller and there

will be less pressure inside the closed space.

- mechanically increase the volume of
the enclosed space

- lower the temperature of the gas in
the enclosed volume

- change from a gas to a solid when
molecules strike a cold surface and

Now consider this, if the temperature is low
enough and the gas molecules are able to freeze,
that is, the molecules change directly from the gas
state to a solid state, there will be fewer gas mole-
cules in the gaseous state and they will be traveling

i e iz slower, hence reducing the pressure. Consider a

. change gas to a solid using chemically freezer in your home. Have you ever noticed that
reactive material. when you try to open the freezer door immediately
. remove gas molecules from the cham- after closing it, it often takes a little more force to
ber open the door? This occurs because room air enters

the freezer while the door is open. When you close

the door, the room air is cooled by the cooling coils

in the freezer and some of the water vapor may
adsorb on the coils. This effectively reduces the pressure inside the freezer and the atmospheric pressure condi-
tion external to the freezer door, which remains constant, tends to hold the freezer door closed.

Another method to create a vacuum without lowering the temperature is accomplished by reacting the gas
molecules with a chemically-reactive material to create a solid material. For example, within a closed chamber,
the oxygen gas molecules in air will react with titanium to form titanium oxide, a solid compound that sticks
to the chamber walls. By permanently removing oxygen from the gaseous state, the pressure level within the
chamber is lowered to create a vacuum.

A more common and more efficient way of creating a vacuum is to displace, and remove, gas molecules from
the chamber. There are many ways to accomplish this result using a variety of pumps of different sizes and
designs. If the chamber pressure is near atmospheric pressure, mechanical pumps like rotary vane pumps,
diaphbragm pumps, and scroll pumps are used. As the gas density is reduced, these mechanical pumps become
less effective in removing air from the chamber. To further reduce the chamber pressure, turbomolecular
pumps, cr’yo pumps, and sublimation pumps are used. We will describe some of these pumps in more detail as

we study various vacuum pressure regimes.
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There are several ways to create vacuum including mechanical, chemical, and ther-

mal mechanisms. All of them require an understanding of gas behaviors which will

be discussed in Chapter 2.

Section 1.5 Quiz

\_@ An /nteract/ve H5P e/ement has been excluded from this version of the text. You can view it online here:

1.6 Sources for Information on Vacuum Technology

The material presented in these chapters is not intended to be an exhaustive treatment of vacuum and vacuum
systems. Instead, it is intended to provide a fundamental understanding of vacuum systems for technicians and
others who will be working with vacuum systems on a regular basis. Nevertheless, there will be times when you

will want to research topics in vacuum technology in more depth.

1.6.1 Professional Societies

There are two major professional societies in the United States that focus on vacuum technology and

its applications. They are the AVS and the Society of Vacuum Coaters (SVC).

AVS (formerly known as the American Vacuum Society): From the avs.org website,

As an interdisciplinary, professional society, AVS supports networking among academic, indus-
trial, government, and consulting professionals involved in a variety of disciplines — chemistry,
phystcs, biology, mathematics, all engineering disciplines, business, sales, etc. through common interests
related to the basic science, technology development, and commercialization of materials, interfac-

ing and processing area.

Founded in 1953, AVS is organized into technical divisions and technical groups that encompass a
range of established as well as emerging science and technology areas. There are also regional chapters,
international chapters and affiliates, and student chapters that promote communication and net-
working for professionals and students within a geographical region. AVS is comprised of approxi-
mately 4,500 members worldwide.


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=27#h5p-14
http://avs.org/
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Society of Vacuum Coaters (SVC): From the svc.org website:

SVC is a non-profit, international, professional organization primarily devoted to coating and sur-
face finishing using vacuum processes. Our organization consists of industry, academia and members
from national research laboratories. Our industry membership includes coating companies, materials
suppliers, process designers, equipment manufacturers. Our industry applies coatings and treatments
to a wide variety of consumer and industrial products in all business sectors.

As with most professional societies, both AVS and SVC provide resources on their website that can

be accessed for free.

1.6.2 Publications

Vacuum Technology € Coating is a readable monthly magazine on vacuum instrumentation, plasma
processing, and thin film deposition. Each month, the magazine has feature articles on “Vacuum

»

Technology,

“Photonics and Microelectronics,” “Thin Films and Materials,” “Nanotechnology,” and

“Biotechnology.” Website: www.vtcmag.com

1.6.3 Vacuum Equipment Manufacturers

There are a number of companies that make and sell vacuum components, instrumentation, and
related products. These companies include Pfeiffer Vacuum, Leybold Vacuum, MKS, Inc., Edwards
Vacuum, Agilent, and Kurt J. Lesker Company. There is a wealth of information on vacuum on these

websites. Here is a list of their websites:

* Pfeiffer Vacuum: Pfeiffer-vacuum.com

* Leybold Vacuum: leybold.com

* MKS: mksinst.com

* Edwards Vacuum: edwardsvacuum.com

* Agilent: agilent.com
* Kurt]. Lesker Company: lesker.com

1.7 Looking Ahead

Our study of vacuum systems will begin with a review of the behavior of gases. You may have studied gas laws
in another class, for example, chemistry, so the material in Chapter 2 may be familiar. For a more in-depth treat-

ment, a general chemistry text would be a good reference on this topic.


http://svc.org/
http://www.vtcmag.com/
http://pfeiffer-vacuum.com/
http://leybold.com/
http://mksinst.com/
http://edwardsvacuum.com/
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Chapter 3 will introduce vacuum systems and
the components used to construct them. The pre-

sentation by design will be general. Chapters 4 and Looking Ahead

S will then provide a more detailed discussion of
vacuum systems used in the rough vacuum

regime and then the high vacuum regime. The dis-

« Chapter 2 - Behavior of gases
. Chapters 3 and 4 - Rough vacuum sys-
tems

cussion will follow a specific pattern and answer the

following questions:

« Chapter 5 - High vacuum
« Chapters 6,7, 8,9 - Leak detection and
other advanced topics

o What is the “gas load”? What gases
must be pumped out of the chamber?

> How will the gas be removed from the
chamber? What type of pump will best
serve the need?

> How will the chamber pressure be measured? What type(s) of pressure ganges will be needed?

> How should the system be constructed? What types of fittings, valves, and other vacuum compo-
nents will be needed?

> Are there other types of measurement and diagnostic equipment that will be needed, for example,

residual gas analyzers and leak detectors?

Chapter 6 will describe an instrument called the residual gas analyzer. Unlike pressure gauges that require you
to know what gas that is being pumped, the residual gas analyzer measures the partial pressure of each gas
being pumped.

Chapter 7 will describe vacuum leak detectors. Unfortunately, leaks do occur, and leak detectors are used to
find leaks in a vacuum system. In the case of vacuum systems, we will be looking at the ways that unwanted gas
gets into the vacuum system.

Chapter 8 will provide a brief introduction to gas delivery and pressure control. The mass flow controller
will be described along with several pressure control strategies.

Finally, Chapter 9 will conclude our discussion of vacuum systems with an overview of the safety issues

related to vacuum systems.
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Summary

Vacuum Technology is an “enabling” tech-

nology for a wide range of manufacturing

processes.

Vacuum technology is an “enabling” technology
making possible a wide range of manufacturing
applications. Examples are food preservation, ther-
mal insulation, vacuum gripping, metal evapora-
tion and other semiconductor manufacturing
processes. A vacuum environment is beneficial, and

in many cases necessary, to produce certain prod-

ucts. Using vacuum allows us to control contamination, aid in material deposition processes, reduce heat flow,

produce large forces, increase vaporization, and protect materials from reactions with air. There are several

viable ways to create vacuum by using mechanical, chemical and thermal processes. These processes and corre-

sponding technological solutions will be discussed in the following chapters.

Chapter 1 Quiz

@ An interactive H5P element has been excluded from this version of the text. You can view it online here:
https:/milnepublishing.geneseo.edu/introtovacuumtech/?p=27#h5p-26
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Questions and Problems

1. How do you define vacuum? Draw an image that illustrates vacuum.

2. Explain how a vacuum condition enables the food canning process. How do you recognize the can is

sealed? How is the presence of a vacuum condition confirmed?
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. Many food products are vacuum sealed. Provide two or more reasons or advantages for vacuum sealing

food products.

. What’s another product where a vacuum condition usefully serves to slow heat transfer? Explain in gen-

eral terms how slowing the rate of heat transfer benefits the product.

. Consider a pot of boiling water on a stove top. You pass a plate above the rising steam. Describe what

happens and why.

. Pick one of the “Other Examples of Vacuum Processes” listed in 1.3.5. Explain the process in general

terms. Roughly, what is the amount of pressure required for that process?
. Go to the latest edition of vtcmag.com. Identify a new product enabled by vacuum.

. Go to the website of one of the vacuum manufacturers listed. Identify some of the vacuum related prod-

ucts they sell.

. The following individuals are recognized to have made significant contributions to the development of

vacuum science and vacuum technology. Use online resources to describe their work related to vacuum

science/technology:

a. Torricelli, Evangelista
b. Pascal, Blaise

c. Boyle, Robert

d. Von Guerike, Otto

e. Amontons, Guillaume
f. Gay-Lussac, Joseph Louis
g. Charles, Jacques

h. Dalton, John

i. Clausius, Rudolf

j. Maxwell, James Clerk
k. Boltzmann, Ludwig
I Sprengel, Hermann
m. McLeod, Herbert

n. Swan, Joseph

o. Edison, Thomas

p. Pirani, Marcello

q. Gaede, Wolfgang
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Learning Objectives

Chapter 2 provides an overview of the behaviors of gases that are key to understanding the opera-
tion of vacuum systems. After you read this chapter, you will be able to:

- ldentify the states of matter and describe characteristics of the underlying molecular behav-
iors in each state.

- Convert pressure measurements from one unit of measure to another.

« Describe the underlying assumptions related to the kinetic theory of gases.

- Explain the relationship between molecular density and pressure.

- Explain the effect of temperature on the shape of speed distribution for gas molecules.

- Apply Boyle's law, Charles’s law, Gay-Lussac’s and the ideal gas law to solve for unknown
system parameters.

- Apply Dalton’s law to relate partial pressures of gas constituents and the total pressure.

« Define the term mean free path and explain how it changes as the pressure decreases.

- Describe the processes of adsorption, desorption, diffusion and permeation.

« Describe the differences in the thermal conductivities of air, argon and helium.

- Explain the processes associated with vapor pressure and how changes in temperature
impact vapor pressure.

2.1 Introduction

The key to understanding the operation of vacuum systems is the ability to visualize how gases behave. This is
where our discussion of vacuum systems begins. Some of this information will be familiar to you, because liv-
ing on Earth teaches us many things about the behavior of gases. For example, we have observed objects being
scattered on a windy day and enjoyed the cool breeze from an electric fan on a hot day. We have seen steam

rising from a lake in the early morning. Each of these situations occurs because of gas molecules in motion.
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We also observe varying effects due to different
gases. A helium-filled balloon, for instance, rises
into the air, whereas balloons filled with room air This chapter overviews the laws of chem-
fall to the floor. Dry ice, the common name for car- istry and physics that govern the behavior

bon dioxide in solid form, when placed in water of gases.

sublimes readily from solid to gas to create a dra-
matic fog effect. We know that air is a life sustaining
gas. But other gases, like carbon monoxide, are toxic.

We have used pumps to concentrate gas in a confined space, as when we pump up the tires of a bicycle or
car. We have enjoyed the benefits of a reduction in gas molecules between the walls of a Thermos bottle that
slows the movement of heat and keeps liquid refreshments hot or cold. We have observed the results of matter
changing from the gaseous state to the liquid state (condensation), or from the solid state to the gaseous state
(sublimation). These are only a few examples, and you can probably think of many more.

The goal of this chapter is to review the laws of chemistry and physics that govern the behavior of gases. The
material in this chapter will help you develop a mental picture, or model, of the behavior of gases so that you

will be able to visualize what is actually happening inside a vacuum system.

2.2 States of Matter

Before we begin our study of gases, let’s briefly review concepts related to the states of matter. Matter exists in
one of four states: a solid, a liguid, a gas, and a plasma. Water, plain old H»O, serves as a familiar example to
address the first three states.

In its lowest energy state, water exists as ice at temperatures below 0°C at standard atmospheric pressure
at sea level (1 atmosphere). The water molecules are held in a rigid structure that gives ice shape, forming a solid
material. When a piece of ice is placed in a container, the ice will partially fill the container but will not take
the shape of the container. The surface of the ice behaves as an interface between the molecules held in solid ice
form and the air that surrounds the ice. At the ice-air interface, water molecules, if they have enough energy,
can cross the solid-gas boundary. The process of a water molecule escaping from the solid structure at the ice-
air interface and entering into the air is called sublimation. The process in which a water molecule in the air
strikes a very cold surface and becomes frost, a solid form, is called adsorption.

When the ambient temperature is increased
above the freezing point, water begins to change
from the solid state to the liquid state. Water exists Matter can exist in one of four states: a
as a liquid between the temperatures of 0°C and solid, a liquid, a gas, and a plasma.

100°C at standard atmospheric pressure. As a lig-

uid, water molecules can now move, and the water
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can conform to the shape of the container into which it has been placed. For example, water placed in a pitcher
conforms to the pitcher’s shape. The surface of water behaves as an znterface between the water below and
the air above. At this water-air interface, water molecules, if they have enough energy, can cross the liquid-gas
boundary. If the movement of the water molecules is from the liquid state to the vapor state, then the process
is called evaporation. Conversely, water molecules can move from the vapor phase to the liquid phase. We
know this process as condensation.

At100°C and standard atmospheric pressure, the boiling point of water is reached. As more energy is added,
the temperature of the water will remain at the boiling point until all the water is converted to a vapor. When
in the gaseous state, the water vapor (steam) can now fill the entire enclosed space above the boiling water. In
the gaseous state, water molecules are able to move independently. It is the behaviors of water vapor and other
gases that we will study in the chapters to follow.

In the last state of matter, plasma, the gas molecules are ionized, forming a mixture of particles. There are
electrons, ions, radicals, neutrals, and other energetic particles. Plasmas hold the promise of energy generation
through fusion and are used in a variety of manufacturing processes that produce products we use every day.
Plasma is a fascinating state of matter and one that is the basis for important vacuum-based processes.

Looking at the periodic table of elements, illus-
trated in Figure 2.1, we find elements that exist nat-

Gas is one of the four basic states of matter. urally in one of three states of matter, that is, solid,

liquid, or gas. A majority of the elements exist as
solids at the normal temperature and pressure
(N'TP) condition, that is defined as 20°C and 1 atmosphere (101,325 Pa): copper, iron, and silicon are exam-
ples. Only two elements, mercury and bromine, exist at room temperature as a liquid. The remaining elements
exist as gases at room temperature, for example nitrogen, oxygen, and argon.

With this brief review of the states of matter, let’s begin our study of gases. We will start with an explanation
of gas pressure as a physical property and the units of measure used to express gas pressure quantitatively. We

will focus on units of measure used to express pressures in the vacuum regime.

Section 2.2 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
imi ichj i op= _

2.3 Gas Pressure

A gas is made up of many gas molecules in rapid motion. Inside a closed chamber, the gas molecules collide

with each other and with the chamber walls. Each collision with the chamber wall exerts a small force on the
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Figure 2.1. Periodic Table of Elements.

chamber wall as shown in Figure 2.2. The cumulative effect of all the molecules-wall collisions can be expressed

For the most precise values and uncertainties visit ciaaw.org and pml.nist.gov/data.
NIST SP 966 (July 2019)

as a force per unit area, or pressure, such as pounds-per-square-inch, or psz:

Pressure =

force exerted by gas molecules

unit area of surface

There are a great many units of measure used to
specify the pressure of a gas. In the United States,
the most familiar units are pounds per square inch
(psi) and inches of mercury (in Hg). For example,
the air pressure in car tires is specified in psi. Tire
pressure is also what is called gage pressure or pres-

sure measured in reference to the atmospheric pres-

Gage pressure is a pressure measured in

reference to the atmospheric pressure.

Absolute pressure is referenced to the ideal
state of zero pressure.
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w = width

AN

Area=hxw

h = height

Pressure = Force/Area

Figure 2.2. Gas molecules within a chamber. Graphics is provided by
MATEC.

sure. This means that a tire pressure of 30 psi (or 30 psig), for example, is 30 psi higher than the local atmos-
pheric pressure.

In contrast, absolute pressure is measured with reference to ideal zero pressure. Absolute pressure can be
measured in units of atmospheres, torr, bar, mbar, and pascal. The pressure unit, torr, is often used in the
United States and is the standard unit of pressure used in this textbook. In other parts of the world that have
adopted the Systeme international des unites (SI), the standard unit of pressure is newton per square meter
(N/mz) or pascal (Pa), although millibar (mbar) is used as well.

It is important for you to be able to convert from one system of units to another. The following pressures
are equal to 1 atm of pressure:

1 atm = 760 Torr
= 101,325 Pa (N/m?)
=101.325 kPa
=1.01325 bar
=1013.25 mbar
1 mmHg = 1.0000004 Torr (approximately 1 Torr)
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Some books on vacuum technology give conver-
sion tables for equating a pressure value in one sys-
tem of units to an equivalent pressure value in There are many units used for pressure.
another. This is helpful when you happen to have Some of the examples are mmHg, torr, pas-
the table with you or have committed the table to cal, kilopascal, bar, and mbar.

memory. It is also useful to understand how to con-

vert units of measurement. Unit conversion is based

on the mathematical fact that multiplying the original pressure by the number 1 does not change the value of
the original pressure. The ratio of 1 atm/760 Torr is exactly equal to 1, and the ratio of 760 Torr/1 atm also
equals 1. The trick is to find the right form of the number 1. The form of 1 that should be used has 1 atm
expressed in the new unit of pressure in the numerator and 1 atm expressed in the original unit of pressure in
the denominator. The original pressure is then multiplied by this ratio. Mathematically, it can be expressed as

follows:

(latm)pew

P, new — 4 original
( 1 atm) original

The following example illustrates how using the method adapted from dimensional analysis works. Note

that the original units should cancel, leaving only the new unit of pressure.

Convert 100 Torr to pascals.
Solution:

To convert pressure in torr to an equivalent pressure in pascals, we need to know, from memory or
a table, the number of each unit in one atm.

latm = 760 Torr

latm = 101, 325 Pa

The pressure unit torr (Torr) is our original pressure and the pressure unit pascal (Pa) is our new
pressure unit. Hence
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P, new — 4 original (1atm)new
( 1atm) original
101, 325 Pa

orr 760 T'orr

Prew = 13,300 Pa

Despite the myriad of pressure units, one would think that measuring pressure in a chamber would be
no more complicated than measuring temperature. One would reasonably expect that just like thermometers
which are used for a variety of purposes and to measure different temperature ranges, pressure gaunges are also
available in a variety of types. However, as we will see, accurately measuring the pressure of a gas is not a trivial
task, and is certainly more complex than measuring temperature.

In the rough vacuum regime (760 Torr to 1 millitorr), there are basically two types of pressure gauges:
direct reading gauges and indirect reading pressure gauges.

Direct reading gauges measure the force
exerted on a surface by the gas molecules. One exam-
Direct reading gauges measure the force ple of a direct reading gauge is a Bourdon gauge. A
exerted on a surface by the gas molecules. Bourdon gauge is a purely mechanical gauge that

uses a curved copper tube which deflects in

response to the difference between atmospheric
pressure on the outside and the chamber pressure on the inside. Another type of direct reading gauge is a capac-
itance diaphragm gauge, also known as a capacitance manometer. In a capacitance diaphragm gauge, a thin
diaphragm is deformed by the force exerted by the gas molecules. This deformation changes the capacitance
between the diaphragm and a reference electrode. The gauge controller electronics converts this change in
capacitance into a pressure reading.

One type of indirect reading gauge uses the
heat conduction property of gases to determine the
Indirect reading gauges are based on the density of the gas which infers the pressure in the
heat conduction or ease of ionization prop- chamber. The more gas molecules, the greater the

erties of gases to infer the corresponding rate of heat transfer, and thus the higher the pres-

pressure condition. sure. Thermocouple and Pirani pressure gauges are

examples of indirect reading pressure gauges.
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In the high vacuum regime (pressures less than 1 millitorr), neither mechanical force nor the heat transfer
mechanism can be used to measure pressure. To measure pressure in the high vacuum regime, gas molecules
are converted from neutral atoms and molecules to ions. The ions are then collected, and the resulting electrical
current is measured. The amount of current is converted to a pressure reading. A decrease in the current corre-
sponds to a decrease in pressure.

The heat-conduction properties and the ease of ionization of gases differ based on the type of gas. Therefore,
the pressure reading obtained will have to be adjusted depending on the gas or gas mixture. This makes accurate
pressure measurement more complex than just reading a number on the pressure readout or display. We will

talk more about this later in the book.

Section 2.3 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
imi ichj i op= _

In the next section, we will start developing a mental picture of how gases behave. Our mental picture will

be based on the kinetic theory of gases.

2.4 Kinetic Theory of Gases

The kinetic theory of gases attempts to explain the physical behavior of gases. As is typical of theories in science,
itis based on a set of assumptions. In the case of the kinetic theory of gases, the underlying assumptions include

the following:

* Gases are composed of a very large number of separate, independent atoms or molecules that are in con-
stant, straight-line motion. These molecules are so widely spaced that, on the average, the total volume of
the molecules is very small compared to the volume of the space those molecules are contained within.

* In the absence of collisions, the gas atoms and molecules display no attraction, or repulsion, toward one
another.

* The straight-line motion of the gas molecules may be interrupted by collisions with other gas molecules
or with the walls of the chamber enclosing the gas. The collisions are assumed to be completely elastic,
resulting in no energy being converted to heat or another form of energy or a change in the atoms, or
molecules, involved in the collision.

* Because gas molecules are in constant motion, they possess a certain amount of kinetic energy. Since the
gas molecules can have different velocities, each gas molecule can have a different kinetic energy. The
total kinetic energy possessed by the gas is proportional to the temperature of the gas in units of Kelvin

(K) and is a function of the combined molecular velocities of all the gas atoms, or molecules, in the


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=36#h5p-7
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chamber. The underlying speeds of the gas molecules also vary by molecule type at any given tempera-

ture. Heavier molecules move on average more slowly than lighter molecules at the same temperature.

Sometimes it is helpful to draw a picture to help visualize this concept. First, draw an enclosed space of any
shape that we will call the “chamber.” Inside this chamber, draw small circles to represent the gas molecules.
Since the gas molecules are not static but in motion, we can represent this motion with arrows to represent the
direction of travel and the speed at which it is traveling (length of the arrow) as shown in Figure 2.3. Some of

the gas molecules will collide with each other, and some will collide with the walls of the chamber.

° helium atom

© nitrogen molecule
@ oxygen molecule
@ argon atom

Figure 2.3. Gas molecules within a chamber. Graphics provided by Gigi Bocek, Normandale Community
College.

The kinetic theory of gases can be used to explain the following properties of gases:

° Gases fill a chamber completely, irrespective of pressure and the shape of the chamber.



CHAPTER 2: THE BEHAVIOR OF GASES | 33

o Gases are compressible (relates to Boyle’s Law).

° Gases expand/contract with changes in temperature (relates to Charles’s Law).

> Gases of equal volume and pressure have an equal number of molecules (Avogadro’s Law).

° The total pressure of a mixture of gases is equal to the sum of the partial pressures of each gas in

the mixture (Dalton’s Law).

The kinetic theory of gases attempts to explain the behavior of gases on the microscopic

level.

2.4.1 Distribution of Gas Molecules in an Enclosed
Volume

When a certain amount of gas is placed within an enclosed volume or chamber, the gas fills the entire
volume and the population density of gas molecules is uniform throughout the chamber. If this were
not true, there would be areas of greater concentration of gas molecules and areas of lesser concentra-
tion. This concentration difference would produce a flux that would cause the gas molecules to move
from areas of higher concentration to areas of lesser concentration. This movement of gas molecules
would continue until the concentration difference and the flux are reduced to zero. Hence, the density
of gas molecules must be uniform throughout the entire enclosed volume.

The density of gas molecules varies with pressure. The relationship between pressure and molecular

density is shown in Table 2.1.
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Table 2.1. Molecular density as a function of absolute pressure.

Pressure (Torr) # of Molecules Per Cubic Centimeter
760 3x10"
1 4x10'
1x107 4x107
1x10° 4x10"
1x10” 4x107

At 760 Torr, there are approximately 3 x 10" air molecules per cubic centimeter, about 30 million
trillion molecules. That is a lot of gas molecules and they are constantly in motion and are bumping
into each other as well as nearby surfaces. In fact, they are so close together that, on average, each mole-
cule travels only 6 x 10" millimeters before colliding with another molecule. When a chamber is sealed
with air at atmospheric pressure, the molecular collisions occurring within the chamber volume are
overwhelmingly gas molecules running into each other compared to gas molecules striking the interior
walls of the chamber.

If we reduce the pressure by six orders of magnitude to a pressure of one millitorr, the number of gas
molecules per cubic centimeter is approximately 4 x 1013, or 40 trillion. That still seems like a lot of gas
molecules, but at this pressure, the distance traveled by gas molecules between collisions approaches 2
inches, or approximately 5 centimeters. In large chambers, the number of gas molecules to gas mole-
cule collisions dominates, whereas there are proportionately fewer collisions against chamber walls.

If the pressure is further reduced to 1 x 107 Torr,
another reduction of six orders of magnitude, the
As pressure in the chamber is reduced, the number of gas molecules per cubic centimeter is
average distance a molecule travels before now 4 x 107, or 40 million. That is still a lot of gas

colliding with another molecule increases. molecules in a small space, but now the distance

that gas molecules travel between collisions with
each other is 31 miles (50 kilometers), a distance
much greater than the dimensions of almost any chamber. At these pressures, the collisions between

gas molecules and the chamber walls dominate. This change from majority of gas molecule to gas mol-
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ecule collisions at atmospheric pressure to majority of gas molecule to chamber wall collisions at very

low pressures is important in processes carried out at these very low pressures.

2.4.2 Compressibility of Gases

One of the qualities that distinguishes gases from solids and liquids is compressibility. From our life
experiences, we know this to be true. For example, we have probably experienced the compressing of
air when pumping up a bicycle or car tire.
The compressibility of gases can be
explained quite easily using the kinetic the-
ory of gases. Gas molecules are seen as very One of the qualities that distinguishes
small molecules separated by great distances gases from solids and liquids is compress-

compared to their size. Reducing the vol- ibility.

ume enclosing the gas molecules crowds
them together. As the gas molecules move
within a smaller volume, the number of collisions between them increases, as does the number of colli-
sions between the gas molecules and the chamber walls. The cumulative effect of all the collisions
between the gas molecules and the wall of the chamber creates a greater force on the chamber wall, or
chamber pressure, as shown in Figure 2.4.

The relationship between the volume of gas and the absolute pressure exerted by a constant amount
of gas is stated in Boyle’s Law. Boyle's law states that if the temperature and the amount of gas are held
constant, the volume of gas is inversely proportional to the pressure exerted by the gas. The relation-

ship can be expressed in equation form as

1
V ~ 7 (temperature is held constant) (2.1)

The proportionality can be changed to an equality by inserting a proportionality constant, . Hence,

1
V=EFkx B (temperature is held constant) (2.2)

If a fixed volume of gas at a constant temperature is compressed or expanded, then
P x Vi =k

where P;and V;is the initial or first condition, and

PfXVf:k

where Pfand Vfis the final or second condition.
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Figure 2.4. Pressure-volume relationship. Photo provided by Fouad A. Saad/
Shutterstock.com.

Since the two equations equal the same constant, we can set an equals sign between them. This

yields,

_Pi X V; =Pf X Vf. (23)
This is the mathematical statement of Boyle’s law.
If the amount of gas and the temperature are constant, we can use Boyle’s law to solve for the missing
parameter if the other three parameters are known. For example, if we know the initial absolute pres-

sure and volume and the final volume, we can solve Equation 2.3 for Py This yields,

_ P xV
-

Itis important to note that P;and Prrepresent absolute pressure in equation 2.4.

P; (2.4)

Before doing numerical examples, let’s first see how an ideal gas behaves when the temperature is
held constant and the volume of the gas changes. We are going to use the embedded “Introduction to
Gases” Simulation 2.1 below. When you open the simulation, choose the “Laws” option at the bottom

of the simulation. Introduce a small number of gas molecules into the chamber by using the simulated
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pump. One “pump” of gas is enough. Choose the option to hold temperature constant and increase
the volume to the maximum value allowed. Note the pressure indicated on the pressure gauge. Then
reduce the volume to half of the original volume and note how the pressure in the chamber changes.
You should be able to see that cutting the volume in half results in doubling the pressure if temperature

is held constant. This is consistent with Equation 2.4.

@ One or more interactive elements has been excluded from this version of the text. You can view them online
here: https://miln lishin n introtov. mtech/?p=

Simulation 2.1. Introduction to Gases Simulation. PhET Interactive Simulations, University of Colorado Boul-
der, bttps://phet.colorado.edn.

It is important to note that a gage pressure value must be converted to an absolute pressure value

when performing a calculation using Boyle’s law.

A gas is compressed at a constant temperature from an initial volume of 1.5 liters to 1.0 liter.
If the initial pressure is 800 Torr, what is the final pressure in torr?

Solution:

Using Equation 2.4,

(800 Torr) x (1.5liters)
(1.0 liter)

Pr =

Py = 1200 Torr


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=36
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How does Boyle's law help explain why a bag of potato chips seems to have more air in it
while in flight than on the ground at the boarding gate.

Solution:

Consider the situation of purchasing a bag of potato chips at the airport in Miami, a location
that is very near sea level. The pressure within the bag when it is completely sealed and
you are standing at the boarding gate should be near 1 atm. The temperature within the
bag can be assumed to be the same as the temperature inside the terminal which may be
close to 20°C.

After the plane takes off and reaches cruising altitude, the cabin is pressurized to approxi-
mately 0.7 to 0.8 atm in order to maintain a suitable level of oxygen for passengers. The
temperature in the plane’s cabin will likely be close to 20°C.

A potato chip bag is a relatively flexible material. Since the temperature in the terminal and
the temperature in the plane’s cabin is the same, we can use Boyle's law to understand
what should happen to the sealed bag.

Pj=1atm within the sealed potato chip bag when you're at the boarding gate in
the terminal

Pr= 0.8 atm within the sealed potato chip bag when the plane is at cruising alti-
tude

Vi = volume of the sealed potato chip bag at the boarding gate

V= volume of the sealed potato chip bag at cruising altitude

P XV
Vi=——
f j2
(latm x V;)
(0.8 atm)

Vi =

V=125 %V
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Boyle's law predicts that the volume of the bag will be 1.25 times larger when the plane is at
cruising altitude than its volume when you were standing at the boarding gate. An impor-
tant point here is that even though the volume of the sealed bag is expanded and looks like
it contains more air during an airplane flight, it still contains practically the same number of
gas molecules as it did when you were standing at the boarding gate!

2.4.3 Effects of Temperature

Since gas molecules are in constant motion, each gas molecule has a certain amount of kinetic energy.

The kinetic energy of a gas molecule is equal to

L

KE = 5 mY (2.5)

where 72 is the mass of the gas molecule and v is the velocity magnitude or speed of the gas molecule.
The gas molecules in the chamber do not all have the same velocity or speed. The distribution of the
velocities of gas molecules follows a curve known as the Maxwell-Boltzmann distribution. Difterent gas
types will have slightly different Maxwell-Boltzmann distributions.

Figure 2.5 shows the velocity distribution for four gases at the same temperature. Examining the
graph, we see that the number of gas molecules with zero speed is essentially zero because few, if any,
gas molecules are standing still at any instant. Moving to the right along the horizontal axis represents
the increasing speeds of individual gas molecules at a given temperature. The vertical axis represents
the probability that a molecule has a particular speed. In other words, for a given speed, out of all the
gas molecules present, a certain number of them, not all of them, are moving at that speed. The graph
peaks at a point that represents the most probable speed — that is the speed at which the largest num-
ber of molecules out of all the gas molecules present are moving. Moving right from the most probably
speed, the numbers of molecules present that are moving at higher speeds decreases and approaches
zero. The average speed of the gas molecules is higher than the most probably speed because the curve

is not symmetric.
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Distribution of Speeds for Three Gases at Room
Temperature
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Figure 2.5. Distribution of speeds for four gases at the same temperature. Graph
provided by E. Brewer at SUNY Erie Community College.

When the temperature of a gas changes, the
shape of the curve described by the Maxwell-Boltz-
Speed distribution of the molecules at mann distribution changes. For example, if the tem-
higher temperature is wider resulting in perature of a gas is increased, the kinetic energy of

larger percentage of molecules at higher the gas molecules increases corresponding to

speeds. increased molecule speeds. The shape of the curve

flattens out, and more gas molecules exhibit higher
speeds. Corresponding increases are seen in both
the most probable speed and the average speed. Figure 2.6 shows the effect of increasing or decreasing
temperatures on the speed distribution for a gas.

The “Gas Properties” Simulation 2.2 below also shows the effects of temperature change on the
speed distribution of molecules in a gas. To run the simulation, open the “Energy” tab and introduce
gas into the system by using the bicycle pump. Note the current temperature, average speed and real-
time speed distribution graph. Now, increase the temperature by heating the bucket and observe what
happens to the temperature, average speed and the shape of the speed distribution. As temperature
increases, you should be able to see that the average speed increases and the distribution of the speeds

becomes wider, as a larger number of molecules have higher speeds.
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Distribution of Speeds for 0z at 25°C and 1000°C
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Figure 2.6. Speed distribution for the same gas at different temperatures. Graph
provided by E. Brewer at SUNY Erie Community College.

@ One or more interactive elements has been excluded from this version of the text. You can view them online
here: https:/milnepublishing.geneseo.edu/introtovacuumtech/?p=36

Simulation 2.2. Gas Properties Simulation. PhET Interactive Simulations, University of Colorado Boulder,
bttps://phet.colorado.edu.

The relationship between volume and temperature, at a constant pressure is given by Charles’s law,
which is named after the eighteenth-century French chemist Jacques Alexander Charles. Charles’s
law states that the volume of a gas is directly proportional to the absolute temperature at a constant

pressure. Mathematically, Charles’s law can be expressed as

V~T (at a constant pressure) (2.6)

where V7 is the volume of the gas and 7 is the absolute temperature. Charles’s law can also be

expressed as an equality:

% = k = constant (2.7)

If gas is kept at a constant pressure while its volume and temperature change, then
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Vi
“L—k
T;

where V;and T; is the initial or first condition, and
Vi
T,

where Vfand Y}is the final or second condition.

k

Since the two equations equal the same constant, we can set the equal sign between them. This

yields,

. V
i _ 4 (2.8)
T, T
This is the mathematical statement of Charles’s law.
If the amount of gas and the pressure are constant, we can use Charles’s law to solve for the missing
parameter if the other three parameters are known. For example, if we know the initial volume and

temperature and the final temperature, we can solve Equation 2.8 for final volume Vr. This yields,

v
V; = ?j: x T. (2.9)

It is important to note that when using the equation for Charles’s law, temperatures must be in units
of Kelvin. That is, temperature given in Celsius or Fahrenheit must be first converted to Kelvin in order

to perform the calculation using Charles’s law.

Example 2.4

A certain amount of gas occupies a volume of 3.0 liters at a temperature of 30°Cand a
pressure of 1atm (atmosphere). How many liters will it occupy at a temperature of 75°C
and an absolute pressure of 1atm? Assume the pressure remains constant.

Solution:

From the data given, the pressure remains constant, while volume and temperature
change. According to Charles’s law given by Equation 2.8,

v, Vg

T, Ty
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Solving for Vf,

vi—v (L
=vi()

Before this calculation can be performed, all temperatures must be converted from
degrees Celsius to Kelvin:

T, = (30 + 273K) = 303 K

T; = (75 + 273 K) = 348 K

Then,
348K)

Vi = 3.45 liters

Use Charles’s law to explain why an empty plastic water bottle collapses when it remains in

a space that cools off.
Solution:

Consider a situation in which you are traveling in a car and drinking water from a plastic
bottle. When you are finished drinking the water, you screw the cap on the bottle. The
temperature inside the car is 20°C. The atmospheric pressure experienced inside the car is
nearly identical to the pressure outside the car.

You happen to be traveling in Minnesota during January, and it is very cold outside. The car
is parked, turned off and left to sit outside overnight. The capped bottle is left in the car
while the temperature inside the car drops to -25°C.

A plastic water bottle can be a relatively flexible material. Since the atmospheric pressure
experienced inside and outside the car is nearly identical, we can use Charles’s law to
understand what should happen to the water bottle as the temperature in the car cools.
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And finally, Gay-Lussac’s law , also known as Amonton’s law, describes how the absolute pressure

of a gas depends on its temperature while the volume of the gas is held constant. According to this law,
the absolute pressure of a gas at a constant volume is directly proportional to the absolute temperature.

Stated in equation form,

P~T (at a constant volume) (2.10)

or using a proportionality constant,

P
T = k = constant. (2.11)

If gas is kept at constant volume, while its pressure and temperature change, then
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by
T;

where P; and 77 is the initial or first condition, and

where Pfand Tris the final or second condition.
Since the two equations equal the same constant, we can set an equals sign between them. This

yields,

— = (2.12)

This is the mathematical statement of Gay-Lussac’s law.

If the amount of gas and the volume are constant, we can use Gay-Lussac’s law to solve for the miss-
ing parameter if the other three parameters are known. For example, if we know the initial absolute
pressure and temperature and the final temperature, we can solve Equation 2.12 for final absolute pres-

sure Pr. This yields,

Py
P, =— xT,. (2.13)
T
This can be illustrated by using the “Introduction to Gases” Simulation 2.3 below. When you open
the simulation, choose the “Laws” option at the bottom of the simulation. Introduce a small num-
ber of gas molecules into the chamber by using the simulated pump. One “pump” of gas is enough.
Choose the option to hold volume constant. Take a note of the current pressure and temperature val-

ues. Use the bucket control below the chamber to increase the temperature. You should be able to see

that as temperature increases, pressure is also rising.

@ One or more interactive elements has been excluded from this version of the text. You can view them online
here: https://miln lishing.gen ) introtov. mtech/?p=

Simulation 2.3. Introduction to Gases Simulation. PhET Interactive Simulations, University of Colorado Boul-
der, https://phet.colorado.edu.
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Example 2.6

A gas exerts a pressure of 500 Torr at 25°C. What pressure in torr will the gas exert if the
temperature is raised to 40°C? Assume the volume remains constant.

Solution:

From Gay-Lussac’s law given, as by Equation 212,

P, Py
T, Ty
Solving for Pr,
T
Py =P,
T;

The temperatures, given in Celsius, must be converted to absolute temperatures in degrees
Kelvin.

T, =25°C =25+ 273K = 298K

T, =40°C = 40 + 273K = 313K

Substituting for P;, Tj, and Tr in the Pr equation,

313K
P; = (500T
s = (500Torr) oo
Pf = b25Torr

Example 2.7

Use Gay Lussac’s law to calculate the pressure inside of a glass bottle that sat in a cold car
overnight. Assume the cap is secured to the bottle just before the bottle is transferred to a
warmer environment.
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2.4.4 Gases of Equal Volume and Pressure

Amedeo Avogadro proposed Avogadro’s law, which states that equal volumes of gases at the same tem-
perature and pressure contain equal numbers of gas molecules. Avogadro’s law was subsequently used
to show that gases such as hydrogen, oxygen, and chlorine must be diatomic in structure.

If we examine one mole, that is, an amount of 6.02x 10%3 atoms or molecules, of a gas at a temper-
ature of 0°C, or 273 K, and a pressure of one standard atmosphere, or 760 Torr, we can measure the
molar volume at conditions defined as Standard Temperature and Pressure (S7TP). Table 2.2 gives the
molar volume for some common gases. From the results of these measurements plus measurements for
other gases, the average volume occupied by one mole of gas at STP is 22.4 liters, and this value is there-

fore taken to be the molar volume of an ideal gas at STP.

Table 2.2. Molar volumes for some common gases.

Gas, symbol Molar Volume in liters
Argon, Ar 22.397
Carbon Dioxide, CO» 22.260
Helium, He 22.434
Hydrogen, H 22.433
Nitrogen, N3 22.402
Oxygen, Oy 22.397

(Source: Adapted from Brady, General Chemistry, Table 11.1, p. 343.)

2.4.5 Mixture of Gases

When two or more gases that do not react chemically are placed in the same confined space, the pres-
sure exerted by each gas in the mixture is the same as it would be if it were the only gas in the confined
space. The pressure exerted by each gas in a mixture is called its partial pressure. The total pressure is
equal to the sum of the partial pressures of each gas in the mixture. This statement is called Dalton’s

law of partial pressure. Mathematically, it can be expressed as,
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Ptotal :PgasA +PgasB +PgasC+--' (214)
where
P to141 = the total pressure of the gas mixture,
P g45 4 = the partial pressure of gas A,
P g45 p = the partial pressure of gas B,
and so on.
Consider the composition of our atmosphere at STP. Table 2.3 lists the gases that make up our
atmosphere, the percentage by volume, and the partial pressure of each constituent gas. If we add all the

partial pressures for the constituent gases that make up air, the sum of the partial pressures is approxi-

mately 760 Torr.
Table 2.3. Gas composition of air at STP.
Gas Symbol Percent by Vol- Partial Pressure
ume (Torr)
Nitrogen N> 78 593
Oxygen 0O, 21 158
Argon Ar 0.94 7.1
Carbon Diox- | 0.03 0.25
ide
Helium He 0.0005 4x107
Hydrogen H, 0.00005 4x107*
0-17.5
Water H,O 0-23 based on relative
humidity
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Example 2.8




Percent by Volume
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Partial Pressure (Torr)

Nitrogen

Oxygen

Argon

Carbon Dioxide

Helium

Hydrogen

Section 2.4 Quiz

0.00005

\ﬁ An interactive H5P element has been excluded from this version of the text. You can view it online here:

https.//milnepublishing.geneseo.edu/introtovacuumtech/?p=36#h5p-6
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2.5 Ideal Gas Law

The three gas laws explained in Section 2.3 can be combined into one law known as the combined gas law. The

combined gas law can be expressed as

PxV
T

As with Boyle’s law, Charles’s law, and Gay-Lussac’s law, the amount of gas is assumed to be constant. The

= constant

combined gas law allows us to analyze situations where two of the three parameters change at the same time.

Equation 2.15 below represents the combined gas law:

P, xV;  PrxVj
T, Ty

where P; and Prare initial and final absolute pressure, and 7; and Trare initial and final temperature in

(2.15)

Kelvin (K). The following example illustrates the use of the combined gas law.

Example 2.9

A sample of gas, stored in a 0.5-liter container at 25°C, exerts a pressure of 750 Torr. What would
be the pressure of the gas if the gas sample were transferred to a 1-liter container at 50°C?

Solution

Let us begin by organizing the given information in tabular form as shown below.

Initial Conditions Final Conditions
Pressure, P 750 Torr ?
Volume, V 0.5 liter 1.0 liter
Temperature, T 25+273K 50+273K

Solving the combined gas law equation (Equation 2.15) for the final pressure, Pr, yields
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If we allow the amount of gas to vary, then the constant (PV/7) in the combined gas law will also vary. For
example, if the number of moles of gas is doubled, the value of the constant will double. If the number of moles
of gas is reduced by one half, the value of the constant in the combined gas law will likewise be reduced by one

half.

If n represents the number of moles of gas, then the combined gas law can be written as

PV
=X (another constant)

Many chemistry textbooks use the letter R to represent this other constant and they name it the universal

gas constant. Hence, this relationship can be written as

PV =nRT (2.16)
Equation 2.16 is also known as the ideal gas law. Using the ideal gas law, if three of the variables are known,
the fourth can be found.
The value of the universal gas constant, R, can be found experimentally by finding the volume of one
mole of gas under a known condition. As was stated in Section 2.4.4, one condition that can be used is STP.

Although the volume that one mole of gas occupies at STP varies somewhat for different gases, the average

- (3

liter - atm
mol - K

The universal gas constant can be expressed using other units, for example, milliliters, torr, moles, and K.

molar volume is 22.4 liters.

From the ideal gas law,

R =0.0821 (

This conversion can be performed as follows,
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R= (0.0821W—'“Z”) x (1000 mL ) x (760 TW)

mol - ) atm

iter

10° mL - Torr

R =06.24 x
mol - K

Example 2.10

What volume will 24.0 g of nitrogen (N2) occupy at 20°C and a pressure of 0.755 atm?
Solution:

Algebraically solving the ideal gas law for volume, V, yields

nRT

V:P

Since pressure is given in atmospheres, we can use the gas law constant 0.0821 (liter-atm)/(mol-K)
and convert the given data to the units used in this constant. Hence,

2 gof Ny x TN cemotof N
n — o X ——— = U. mol o
& 2 2890f N2 2

T=20"C=20+ 273K = 293K

Substituting these values into the equation for volume yields,

(0.86mol) (0.0821%) (293K)

0.755atm

V=

V = 27.4liters
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Section 2.5 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
https.//milnepublishing.geneseo.edu/introtovacuumtech/?p=36#h5p-16

2.6 Mean Free Path

In a process chamber at atmospheric pressure, the gas molecules are constantly colliding with one another and
with the walls of the chamber. The distance traveled by a given gas molecule before colliding with another gas
molecule is called the free path. The distance a gas molecule travels and the direction of travel are randomly
distributed. Hence, the mean free path is the average of the free paths traveled by the gas molecules in the

chamber. According to kinetic theory, this can be represented mathematically as

\ = _ (2.17)

(v/2) mdin

where 4 is the mean of the free paths, dis the molecular diameter in meters, and 7 is the gas density in mol-

ecules per cubic meter.

Use the equation for A to estimate the mean free path of air molecules at 760 Torr and 0°C.
Solution:

From a table of physical properties of gases, the molecular diameter of air molecules is 0.372 nm at
T=0°C. The density of air at 760 Torr is approximately 3 x 10%° molecules per cubic meter. Hence,

1

A=
(v/2) 7(0.372 x 10~ m)? (3 x 10% melecules )

=542 x 108 m

A=5.42x10%cem
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The mean free path of gas molecules is related to
gas density and thus to the pressure of the gas
The average distance traveled by gas mole- within the chamber. The lower the pressure, the
cules between molecule-to-molecule colli- lower the density and the greater the spacing

sions is called the mean free path. between gas molecules. In this case, because the gas

molecules are more widely spaced, a gas molecule

will travel a greater distance before colliding with

another gas molecule. Conversely, a higher pressure means a greater density of gas molecules and a shorter dis-
tance between collisions, that is, a shorter mean free path.

If the temperature is relatively constant at 20°C, a rule-of-thumb relationship between mean free path and

air pressure can be described mathematically as

)\ — 5 X 10_3;"0?7' -cm (2.18)

where 1 is in centimeters and Pis in torr.

Use equation 218 to find the approximate mean free path of air at 760 Torr.
Solution:

Substituting 760 Torr into Equation 218 yields,

)\ — 5% 1073 Torr - em
a 760 Torr

A=6.58 x 10 % cm

Note that the result obtained using Equation 218 is close, but not exactly equal, to the value
obtained earlier using Equation 2.17. That is OK. The important idea here is the relationship between
mean free path and pressure. The mean free path and the pressure are inversely related. As the
pressure goes down, the mean free path goes up, and conversely, as pressure goes up, the mean
free path goes down.



Why is the mean free path of atoms and mole-
cules an important parameter in manufacturing
processes? As we described in the metal evaporation
process in Chapter 1, in order to create a thin film
of pure metal material on a substrate surface, the
metal vapor must travel from the crucible to the
substrate surface without being impeded or reacting
with another element along the way. Lower pressure
conditions correspond to a longer mean free path as

shown in Table 2.5. So lower pressure conditions
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The mean free path is important in thin
films deposition manufacturing processes.
A rule-of-thumb relationship between
mean free path and gas pressure at tem-

peratures near 20°C is given by Equation
2.18.

enable molecules to travel longer distances without colliding with other molecules.

Table 2.5. Relationship between pressure and mean free path.

Pressure | Mean Free Path
760 Torr | 6.6x10°cm
1 Torr 5x10° cm
1x10™ Torr 5x107cm
1x 10 Torr 5cm
1x 10 Torr 50 m
1x10” Torr 50 km

Section 2.6 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
https://milnepublishing.geneseo.edu/introtovacuumtech/?p=36#h5p-8
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2.7 Adsorption and Desorption

Adsorption and desorption are processes that
occur at surfaces. Adsorption is a process whereby
Adsorption is a process whereby atoms and gas phase atoms and molecules stick to the surface
molecules stick to the surface of something of something else. The “surface” is all of the interior

else. surface of the process chamber including the surface

of the wafer, or other substrate material, being
processed in the chamber. In a vacuum system, the
molecules that stick to a surface are usually water vapor, because water vapor, in the form of humidity, is always
found in air.

Since gas molecules are in constant motion, water
molecules in the gas phase strike the surfaces in the

@ One or more interactive elements has been chamber at a steady frequency. When the water

excluded from this version of the text. You can molecules hit the surface, some of them will attach

view them online here: https.//miln lish- .
to the surface and are said to be adsorbed on the sur-

ing.geneseo.edu/introtovacuumtech/?p=36#oem-
bed-1 face. The attachment occurs because there are stable

positions for the water molecule to form a bond on

ATTEIEN S0 A SO A0 T A e, AUTE the surface. In addition, the impinging atoms or

tion provided by Gigi Bocek.

molecules must give up enough of their kinetic

energy to adsorb on the surface. Sometimes, the
impinging atoms or molecules do not lose the
required amount of kinetic energy and are quickly reflected from the surface. The likelihood that a molecule
will stick to a surface varies with the gas and the surface material.

The polar nature of water molecules does not simply cause them to adhere to the chamber surfaces; they also
adhere to each other in ever-weakening bonds as the layers of adsorbed molecules become thicker and thicker
and more disordered. Over time, the adsorbed water molecules can form many monolayers of water molecules
on surfaces. Figure 2.7 and Animation 2.1 show the hydrogen bonding between water molecules.

Any material exposed to air for any length of time will come to equilibrium with the surrounding water
vapor — that is, a point where the number of water molecules attaching to the surface will equal the number of
water molecules leaving the surface. At this point, the surface is said to be saturated.

As a pump-down cycle proceeds to reduce pressure in the chamber, the adsorbed water molecules begin to
desorb, that is, leave the surface to which they have bonded. In fact, water vapor becomes the dominant gas
source and determines the gas load for the vacuum system. The weakly held outer layers will desorb quickly,

and the more tightly held layers will take longer to desorb, as shown in Animation 2.2.
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Figure 2.7. Hydrogen bonding between water molecules.
Graphics provided by Gigi Bocek, Normandale Community College.

Desorption of water from a surface can be sped up
by adding energy to the surface and the water mole-
cules. One method is to heat the vacuum-exposed @ One or more interactive elements has been

surfaces with a radiant energy source such as a heat excluded from this version of the text. You can

view them online here: https.//milnepublishing.gene-

lamp. Energy from the heat source provides the )
seo.edu/introtovacuumtech/?p=36#oembed-2

energy needed for water molecules to break the
hydrogen bonds that hold them to each other. Animation 2.2. Desorption Animation. Anima-

Another method is to put vacuum components tion provided by Gigi Bocek.

into an oven or wrap their surfaces on the outside of

the vacuum chamber in heating tape to thermally
drive the water molecules from the vacuum-exposed surfaces. This method is called bake out.

Purging the chamber with a dry gas will also remove water adhering to the interior surface of the chamber.
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A gas often used for this purpose is dry nitrogen. The nitrogen gas molecules strike the surface and dislodge

water molecules.

Section 2.7 Quiz

?n= _

\_@ An /nteract/ve I—I5P e/ement has been excluded from this version of the text. You can view it online here:

2.8 Diffusion and Permeation

Diffusion and permeation are often confused. Let’s review these phenomena and differentiate between these

two terms. Both, diffusion, and permeation are shown in Animation 2.3 below.

Animation 2.3. Diffusion and Permeation Animations

0000
0000000
*""""""."‘.‘

SURFACE

Diffusion Animation. Source: Kurt J. Lesker, Company, Permeation Animation. Source: Kurt ). Lesker, Company,
www.Lesker.com www.Lesker.com

Diffusion is the movement of molecules within a material, whether it be a solid, liquid, or gas. Diffusion is

the process by which atoms or molecules move from an area of high concentration to an area of low concentra-


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=36#h5p-17

CHAPTER 2: THE BEHAVIOR OF GASES | 61

tion within the material. We are familiar with some every day examples of diffusion. Perfume diffuses in the air
in the room. A drop of ink diffuses when dropped into a beaker of water.

Permeation, on the other hand, is a three-step
process whereby a gas molecule passes through a
material, typically a solid. First, a gas molecule Permeation is a three-step process that
adsorbs onto an outer surface. Then, it is taken in, includes sorption (both adsorption and
that is, absorbed, by the bulk material. Next, the absorption), diffusion, and desorption.

molecule diffuses through the bulk material.

Finally, this gas molecule desorbs from a location

on the inner surface and enters the gas load. In a vacuum system, steady-state permeation acts like a constant

leak.

Section 2.8 Quiz

\_@ An interactive H5P element has been excluded from this version of the text. You can view it online here:
imi ichj i op= B

2.9 Thermal Conductivity

The ability of a gas to conduct heat is not the same for all gases. Using the data found in Appendix B.2 of 4
User’s Guide to Vacuum Technology, 3rd Ed. by John F. O’Hanlon, the thermal conductivity of air which is
made up of primarily nitrogen and oxygen is 24.0 m]/(s K), while argon has a thermal conductivity of 16.6
m]/(s K). This says that air is a much better conductor of heat than argon. On the other hand, the thermal
conductivity of helium is 142.0 m]J/(s K), a value about six times greater than the thermal conductivity of air.
The thermal conductivity of gases and their ability to transfer heat varies predictably from approximately 1
Torr down to 0.001 Torr (1 milliTorr or ImTorr). As the pressure falls below 0.001 Torr, radiation becomes
the dominant mode of heat transfer. We will return to this gas parameter when we discuss pressure gauges that

rely on the thermal conductivity of gases for their operation.

2.10 Vapor Pressure

When a liquid is placed in a closed container or chamber, molecules in the liquid that possess high kinetic ener-
gies (see section 2.3.3, Maxwell-Boltzmann distribution) and are located right at the surface may escape the
liquid surface and accumulate as part of the total gas load in the chamber volume. Once these molecules transi-

tion from the liquid phase into a gas phase, commonly referred to as vapor phase, they exert a pressure, just like
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other gas molecules in the chamber. The pressure will rise initially and then gradually become constant, having
reached an equilibrium vapor pressure.

This behavior of vapor pressure can be visualized in the following manner. Upon introduction of a liquid
into the chamber, molecules at the surface with high kinetic energies begin to evaporate, moving from the
liquid phase to the vapor phase. Once in the vapor phase, the evaporated molecules begin to exert a pressure
against the walls of the chamber. As time passes, more and more molecules escape from the liquid phase to the
vapor phase. At the same time, some of these molecules collide with the liquid surface where they transfer some
of their energy back to the molecules in the liquid. Lacking enough energy to return to the vapor phase, these
molecules once again transition back into the liquid phase. This is the process of condensation. Hence, there
are two opposing processes working at the same time, evaporation of molecules from the surface to the vapor
phase and condensation of molecules back to the liquid phase. When the two opposing processes are equal, the

equilibrium vapor pressure has been reached, as depicted in Figure 2.8.

. Molecules Vaporization Condensation

Figure 2.8. Equilibrium is reached in the chamber. Rates of
evaporation (vaporization) and condensation are equal. Photo
provided by tersetki/Shutterstock.com.
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Vapor pressure is a function of temperature. The relationship between vapor pressure and temperature can

be described by the following mathematical equation:

B
]'OglOPvp:A_T

where
P,,p is the vapor pressure in torr,
A and B are constants for a specific gas, and
T'is the temperature in Kelvin.

If temperature were to increase, then the negative
term in the equation becomes smaller and the right-
hand side of the equation becomes a larger number. The boiling point of water is the tempera-
Hence, the logarithm of the vapor pressure becomes ture at which the vapor pressure of the
larger, and the vapor pressure becomes greater as water equals the pressure surrounding
can be seen in Figure 2.9. On the other hand, if the water in its liquid state.

temperature decreases, the negative term increases,

and when subtracted from A makes the value of the
right side of equation smaller. If the logarithm of the vapor pressure is smaller, then the vapor pressure must
decrease.

What happens when the vapor pressure of the liquid equals the pressure of the gas volume above the liquid?
We have all observed what happens in cooking food. When water in a pan is heated to a high-enough tempera-
ture, it boils. Raising the temperature of the water increases the vapor pressure of the water. The boiling point
is therefore the temperature at which the vapor pressure of the water equals the atmospheric pressure. At 760
Torr, water boils at 100°C, and this temperature is referred to as the normal boiling point of water. At higher
than atmospheric pressures, the boiling point of water will be higher than 100°C, and conversely, at lower than
atmospheric pressures, the boiling point will be lower than 100°C as shown in Figure 2.10.

What happens if the temperature of a liquid is increased? The highest temperature at which a distinct liquid
phase can exist is called the critical temperature, and the associated vapor pressure is called the critical pressure.
These are the temperature and pressure at the Critical Point shown in Figure 2.10.

Solids can also evaporate just like liquids. How-
ever, in the case of solids, the process is called sublz-
mation. The solid form of carbon dioxide, more Solids can also evaporate just like liquids.
commonly known as dry ice, is a familiar example. However, in the case of solids, the process

In dry ice, a crystalline solid, the molecules vibrate is called sublimation.

about their equilibrium position and undergo colli-

sions with their nearest neighbors. This gives rise to
a distribution of energies, similar to a liquid. At the surface of the solid, some of the molecules possess kinetic

energies large enough to enable them to break away from the surface and enter the vapor phase. If this process
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Figure 2.9. Graph of water vapor pressure versus temperature. At the normal boiling point of 100°C, it
equals the standard atmospheric pressure of 760 Torr. Water vapor pressure graph by Yannick Trottier

Creative Commons Attribution-Share Alike 3.0 Unported.

occurs in a closed chamber, an equilibrium condition will occur when the rate at which molecules leave the
solid equals the rate at which they return to the solid. The pressure exerted by the vapor is the equilibrium
vapor pressure of the solid.

A commercial example that uses sublimation is freeze-drying. Freeze-dried instant coffee begins as a batch of
brewed coffee. The brewed coffee is then frozen and the ice (water) component is removed under vacuum. In

this way, the delicate heat-sensitive molecules are preserved and the flavor is retained.

Section 210 Quiz

\E An /nteract/ve l—/5P e/ement has been excluded from this version of the text. You can view it online here:
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Unported.

Summary

Knowledge of the behavior of gases is useful in understanding the operation of vacuum systems. The kinetic
theory of gases is an important model that describes the physical behavior of gases. Based on the assumption of

this theory, we can predict and account for the following physical phenomena associated with gas behaviors:

* Gases will expand to uniformly fill the enclosure in which they are confined.

* Gases are compressible.

* Gases captured in a volume with elastic boundaries will cause the volume to expand/contract in
response to temperature changes.

* Gases of equal volume and pressure have an equal number of molecules.

* The total pressure of a mixture of gases is equal to the sum of the partial pressures of each gas in the mix-


https://en.wikipedia.org/wiki/Phase_diagram
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ture.

Four physical variables define a gaseous system: pressure, temperature, volume, and the number of moles of
gas. The ideal gas law is a mathematical model that relates these four parameters. We use this model to predict
a physical state of the system if we can measure the other physical states.

There are other important physical phenomenon attributed to gases. Gases can move via the processes of
diffusion and permeation. Gases can adsorb onto, absorb into, and desorb from surfaces. Gases can conduct
thermal energy.

Molecules with enough energy can escape from the solid (sublimation) or liquid (evaporation) state as a
vapor and enter into the gas load adjacent to the interface. These molecules that escape into the gas load con-
tribute to the total gas pressure. The maximum amount of molecules that can escape into the gas load is deter-
mined by the vapor pressure of the solid or liquid. Vapor pressure is a function of temperature.

Gas pressure can be expressed with different units of measure. The vacuum regime includes gas pressures
that are less than atmospheric pressure. Different gauge types are used to measure the pressure in a vacuum sys-

tem. Absolute pressure values must be used to solve problems based on applications of the ideal gas law.

Chapter 2 Quiz

@ An interactive H5P element has been excluded from this version of the text. You can view it online here:
https:/milnepublishing.geneseo.edu/introtovacuumtech/?p=36#h5p-27
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Questions and Problems

1. Using the concepts presented in this chapter, explain why:
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a. Itis more difficult to open the freezer door just after you have opened and closed it a few moments
before.

b. A balloon filled with helium is buoyant one day, but it has less “lift” the next day.

c. Itisdifficult to separate two plastic cups when one is stacked inside the other for more compact
storage.

d. A plastic water bottle emptied and capped off at cruising altitude during flight, collapses during the

landing especially at a destination located at sea level.

In our local newspaper the other day, the barometric pressure was given as 29.93 and falling. In what

units is this barometric pressure reading given?

A gas is compressed form a volume of 0.60 liter to 0.35 liter. If the initial pressure was S00 Torr, what is

the final pressure? Assume that the temperature of the gas remains constant.

At a temperature of 25°C and a pressure of 1 atm, a gas occupies a volume of 1.25 liters. If the tempera-
ture is increased to 75°C and the pressure remains constant at 1 atm, what is the new volume that the gas

occupies?

A bicycle pump has a barrel 65 cm long. On the up-stroke, air is drawn into the pump at a pressure of 1
atm. On the down-stroke, air in the barrel is compressed. How long must the down-stroke be to increase
the pressure of the air in the barrel to 4 atm? Assume that the temperature of the air remains constant

during the compression process.
Calculate the number of liters occupied at STP by 0.35 moles of nitrogen gas (N»).

A 2.0-liter mixture of gases is produced from 2.0 liters of O3 at 300 Torr, 2.0 liters of N at 500 Torr,

and 2.0 liters of Ar at 100 Torr. What is the pressure of the mixture of gases in torr?

Two chambers are connected by a U-shaped manometer. The manometer is filled with oil having a den-
sity of 0.910 g/mL. The pressure of the gas in Chamber A is 550 torr, and the oil in the arm of the
manometer connected to Chamber A is 85 cm higher than the oil in the arm of the manometer con-

nected to Chamber B. What is the pressure in Chamber B?

You have been assigned the task of decorating a ballroom with 250 helium-filled balloons. A 25-liter
helium tank filled with helium at a pressure of 25.0 atm and three 100-balloon packages have been deliv-
ered to the ballroom. If each balloon, when filled, holds 2.4 liters of helium at a pressure of 1.09 atm, will

you be able to fill all 250 balloons? Assume the gas temperature stays constant as the balloons are filled.

(a) What is the volume occupied by 2.00 mol of air at standard test conditions (1 atm and 0°C)? Treat air
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as ideal gas. (b) What is the number of molecules per cubic cm?

11. 1000 cm® of air at 40°C and pressure of 752 Torr expands until its volume is 1500 cm” and its pressure is
644 Torr.
a. Find the number of moles of air present.

b. Find the final temperature of the sample in degrees Celsius.

12. The best laboratory vacuum has a pressure of 1.00 x 1018 atm. If the temperature in the room is 25°C,

how many gas molecules are there per cubic centimeter?

13. From Chemistry: Connections to our Changing World by H. Eugene LeMay, Jr., p. 430:

The Scene: The local county fair. A magician has just announced to a crowd of people at the fair
that he can tell one gas apart from another just by feeling the gases. “You can’t feel a gas,” came a
voice from the crowd. “Well,” said the magician, “for the price of my show, which happens to be
one dollar, I'll demonstrate that I can identify a gas by the way it feels. If I can do it successfully, I
get to keep the money. Butif I fail, you will get a refund. How’s that?

Their curiosity aroused, people quickly paid the money and within a very short time, the magi-
cian’s tent was full of eager spectators. They could not imagine how the magician would be able
to tell two gases apart just by feel, without relying on color or odor. The magician stepped from
behind a curtain holding two stoppered bottles. “Fill one bottle with xenon and the other with
helium. Make sure you keep track of which gas is in which bottle.”

A volunteer from the crown filled the bottles from the compressed gas tanks that were conve-
niently secured to the stage. She identified each bottle with a secret mark and then gave the bottles
to the magician.

The magician examined each bottle, took each stopper off briefly and stuck his finger into the
bottles. “This is helium and this is xenon,” he said. He was right! He performed the trick several

times and never failed. How did he do it?

14. A recent advertisement appeared in a local newspaper about a local tire store filling car tires with pure
nitrogen gas instead of atmospheric air. The advertisement claimed that tires filled with pure nitrogen
gas leaked slower than tires filled with atmospheric air. Is this claim valid? Give a supporting argument

or reason for your answer.
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Learning Objectives

Chapter 3 describes the general operating conditions associated with the function of a vacuum sys-
tem and the types of components used in the design of these systems. After you read this chapter,
you will be able to:

- ldentify the sources that contribute to gas load in rough and high vacuum regimes.

« Calculate the gas load of the bulk gas present in a vacuum chamber before initiating a system
pumpdown.

« Describe the terms “throughput”, “pumping speed” and “conductance” and explain the rela-
tionship between these terms.

- Calculate the net pumping speed at the outlet of a vacuum chamber given the pumping
speed and conductance.

- ldentify the main components present in a vacuum system.

« (Calculate an estimated gas load associated with the outgassing of the vacuum chamber
material given the outgassing rate of the chamber material and the dimensions of the cham-
ber.

- ldentify and classify the types of vacuum pumps suitable for use in the rough vacuum and
high vacuum regimes.

- |dentify and classify the types of gauges suitable for use in the rough vacuum and high vac-
uum regimes.

« List and describe other components used in the design of vacuum systems.

- Draw a schematic diagram of a basic vacuum system using symbols commonly used to rep-
resent vacuum system components.

3.1 Introduction

In Chapter 1, we learned that vacuum technology is used to intentionally create a volume with a lower density
of gas molecules than the atmospheric conditions surrounding it. Vacuum pressure conditions enable a variety
of processes. In other words, a sub-atmospheric operating condition makes it possible to create and manufac-
ture useful products or do scientific research. Different processes require different levels of vacuum. In Chap-
ter 1, Table 1.1 listed examples of different processes that depend on vacuum and sorted them according to the

vacuum regime in which they take place.
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In Chapter 2, we reviewed some of the science that explains the behavior of gases. The kinetic theory of gases
is the foundation for understanding properties of gases, including the ideal gas law and the special cases that
arise from it. The kinetic theory of gases also addresses characteristics of molecular motion. We discussed how
as the pressure is decreased below atmospheric pressure, the distance a molecule travels before colliding with
another molecule, its free path, increases. The mean free path, the average of the distances between molecule-
to-molecule collisions, is related to the pressure. Processes designed to be carried out under vacuum focus on
controlling the types and amounts of gas molecules present to achieve a suitable mean free path.

With this background, we can begin to address the foundations of vacuum system installation, operation,
maintenance, and troubleshooting. This chapter begins with a discussion of gas lead, that is, the amount of
gas that has to be removed from the chamber. Contributions to the gas load in a vacuum system come from
many different sources. In each pressure regime, certain sources of gas molecules play a bigger role in contribut-
ing to the gas load than others. The design of a vacuum system is tailored to the process it supports including
how to address the gas load.

Next, we will look at ways to describe, quantitatively and physically, how a vacuum system functions. In its
simplest form, a vacuum system consists of a volume, the chamber, connected to a vacuum pump. The vac-
uum pump is the active mechanism used to remove gases from the chamber. Ideally, vacuum system design
would be a simple activity with the only consideration being what vacuum pump will most quickly remove
gases from the chamber. The reality of functional vacuum system design is much more complex. The issue that
drives the level of complexity is the changing composition of the gas load and the underlying motion of the
gas molecules, especially as the molecular density decreases within the vacuum system. We will introduce the
interrelated concepts of throughput, pumping speed and conductance. Throughput, pumping speed and
conductance are quantities used to represent the ability of the vacuum system to remove gas molecules from
the system.

We will introduce and provide an overview of the various components found in vacuum systems. Com-
ponent selection is tied to what operating pressure is required by the process and the conditions necessary
to achieve that operating pressure. Individual components and the condition of those components can sig-
nificantly impact a vacuum system’s performance. Individuals who install components, troubleshoot, or per-
form routine maintenance activities on a vacuum system need to be aware of and anticipate component-related
issues as they perform these activities. We conclude this chapter with a description of a very simple vacuum
system including a schematic drawing used to represent this simple vacuum system.

The purpose of this chapter is to set the stage for Chapters 4 and 5. As we study the rough and high-vacuum
pressure regimes, we will approach each regime in the same manner. First, the gas load in the given pressure
regime will be described. Then the different pumping mechanisms that can be used to remove gas molecules
from the chamber and appropriate pressure gauges will be presented. A short discussion of valves and fittings

will follow, and the chapter will close with system characterization and troubleshooting. So, let’s begin.
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3.2 Gas Loads

A vacuum system functions to first remove gas from the chamber environment and then to maintain a certain
pressure to support a desired process. The vacuum system has to deal with a gas load that changes as pressure in
the system decreases. Gas load is defined as the rate at which gas molecules from various sources enter into the
vacuum system. At any point in time, the total gas load reflects the sum of all these rates from the contributing
gas sources. The composition of the gas load in a vacuum system is not only the volume gas in the chamber
but also depends on the types of components and associated materials used to construct the system, the pres-
ence and relative amount of water vapor, and the constituents and by-products of the process being performed.
Although vacuum systems can be designed to achieve extremely low-pressure conditions, it is impossible to
eliminate the gas load entirely.

Let us consider some of these contributing gas sources (see Figure 3.1). In the rough-vacuum regime, the
major contributor to gas load is the volume gas, also called the bulk gas. The bulk gas is the gas that originally
fills the chamber. Using the ideal gas law, we can predict the amount of bulk gas present by multiplying the
pressure in the chamber by the chamber volume. Therefore, the larger the chamber, the greater the amount of
bulk gas that needs to be removed from the chamber. Every vacuum system, if it has been opened to the atmos-
phere, begins at approximately 1 atmosphere (atm), or 760 Torr pressure at sea level. The gas load at this point
predominantly consists of air as the bulk gas. So, if the chamber volume is 10 liters and the pressure is 760 Torr,

the gas load in the chamber due to the bulk gas is 760 Torr x 10 liters, or 7600 Torr-liters.

B

Sources of Gas Load in Rough-Vacuum Regime

_ Bulk Gas

porization

Figure 31. Sources that contribute to gas load in the rough-vacuum regime. Figure provided by John Laswell,
Normandale Community College.
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For a cylindrical chamber with an inner diameter of 170 mm and a height of 230 mm, calculate the
approximate gas load in a chamber due to the bulk gas. Assume this chamber is located in Salt Lake
City, Utah.

Solution:

The initial contribution of the bulk gas to the gas load is the volume of the chamber multiplied by
atmospheric pressure.

In this particular example, it is important to recognize that location, specifically the location’s alti-
tude, affects the level of atmospheric pressure to assume. Salt Lake City, Utah is at an altitude
much greater than sea level. The nominal atmospheric pressure condition in Salt Lake City is
approximately 640 Torr.

Calculate the volume of this chamber.

2
V=m?xh=m é x h Volumeof a cylinder
2

Substituting 1770 mm for d and 230 mm for A,

170mm \ > 6. 3
V=mn — X 230mm = 5.2 X 10°mm

Convert units of mm? to units of cm3,

3
5.2 x 106mm? x ( Lem ) — 5.2 x 105mm? x (k—m
10mm 1,000mm3

is equal to 1 milliliter (ml). One liter is equal to 1,000 ml.
1ml 113t
V =5.2 x 103em?® x e [ =2\ — 5.2liters
lem3 1,000ml

So, if the volume of the chamber is 5.2 liters and the pressure is 640 Torr, the gas load due to the
bulk gas is 640 Torr times 5.2 liters, or 3,328 Torr-liters.

3

) = 5.2 x 10°em?

One cm3

As the chamber is pumped down and most of the bulk gas is removed, the pressure drops reflecting the
decreasing gas load in the fixed volume of the chamber. At the low end of the rough-vacuum regime, the bulk
gas no longer is the major contributor to gas load and other gas (vapor) sources now take greater significance.

For example, water vapor desorbing from the chamber walls now becomes a significant contributor.
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In the high-vacuum regime, other sources of gas become noticeable since the dominant gas sources that con-
tributed to gas load in the rough-vacuum regime have been removed (see Figure 3.2). Outgassing and perme-
ation now become significant contributors to gas load. Outgassing refers to the escape of gas molecules that
are condensed onto and within solid materials, for example, the chamber wall material and any other solids
placed in the chamber, and enter into the gas load within the chamber. Permeation is a process in which gas
molecules pass through materials used in the construction of vacuum systems, such as the elastomer O-ring
seals in the flanges that connect vacuum components.

0

Sources of Gas Load in High-Vacuum Regime

' _‘Difft]sion and
Outgassing

Vaporization

Figure 3.2. Contributors to gas load in the high-vacuum regime. Figure provided by John Laswell,
Normandale Community College.

Contributions to gas load due to leaks can be caused by real leaks or virtual leaks. Leaks can occur in any of
the vacuum regimes. In life, we have all experienced real leaks, except the gas is usually flowing from inside to
outside, like a bicycle tire that has a puncture. In a vacuum system, a real leak provides a path for air mole-
cules to travel from outside the chamber to inside the chamber through a space in the chamber wall or through
a faulty connection in the vacuum system. In contrast, virtual leaks are not true leaks, but they act in a simi-
lar manner, adding to the gas load. Virtual leaks are amounts of trapped gas molecules that escape slowly as
pressure decreases in the chamber. An example might be the gas trapped between the threads of a screw in the
interior of the chamber.

And finally, when a process is being run, the process chamber is first pumped down to the desired pressure,

and process gases are fed into the chamber at a specific flow rate. Some of the process gases react in the chamber,
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producing not only the desired material but also reaction by-products. Reaction by-products and any unre-
acted process gas molecules add to the gas load and must be removed from the chamber.

We will examine gas loads in more detail in the following chapters when we take a closer look at each pressure
regime. Knowing the sources that contribute to gas load is important to effectively operate, maintain and trou-

bleshoot vacuum systems.

Section 3.2 Quiz

\_@ An interactive H5P element has been excluded from this version of the text. You can view it online here:
imi ichj i op= R

3.3 Throughput, Pumping Speed and Conductance

All vacuum systems are not created equal. Some are more efficient at removing gas from a vacuum chamber
and are able to achieve a desired operating pressure in a shorter length of time. Some vacuum systems are
small and have a minimal footprint while others are large and require more space. Some systems require only
120-volt, single-phase power to operate while others use three-phase power at higher voltages. Vacuum com-
ponents can be very expensive, and therefore, financial considerations may limit the choice of components
available to the overall system design. We will defer the discussion of vacuum system space, size, power, cost,
and other factors for now. In this section, we will focus on a vacuum system’s ability to transfer gas out of the
process chamber through interconnecting piping and valves and into the vacuum pump where the gas is ulti-
mately removed from the vacuum system.

Vacuum systems are used to create an environment with a molecular density lower than that of the prevail-
ing atmosphere in order to carry out a specific process. As stated at the beginning of this chapter, the vacuum
pump is the component in a vacuum system which actively removes gas molecules from the chamber. The vac-
uum pump isolates the molecules that enter into the pump from the rest of the system and then subsequently
expels the molecules or renders them immobile. The result is fewer molecules left to move about freely in the
system.

Throughput, represented by Q, is a quantitative term used to express a rate at which a quantity of molecules
is moving in a vacuum system. Throughput is derived from the ideal gas law (PV = nRT). For the purpose of
this discussion, we’ll over-simplify the mathematics involved and express throughput as 2R T/, where ¢ repre-
sents some period of time. The quantity and associated unit of measure for 2R 7/¢ reflects the energy per unit
time required to move a number of molecules across a plane. Although throughput is a function of tempera-
ture (7), T'is generally specified as a constant typically at room temperature, that is, 293K (20°C). When the
temperature is specified as such, throughput reflects a mass flow rate, that is, a rate at which a quantity of mole-
cules passes across a plane. By extension of the ideal gas law, R T/t is equal to PV/t. Hence, the expression used

for calculating throughput in a vacuum system can be written as,


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=53#h5p-11
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Q=" (3.1)

The quantity V7t is called the volume flow rate, or pumping speed, and is represented by the variable S.

So the form of expression for calculating throughput is most often shown as
Q=PxS (3.2)

The units of measure commonly used to express throughput are standard atmosphere-cubic centimeter per
minute (sccm), Torr-liter per second (Torr-1/sec) or mbar-liter per second (mbar-1/sec).

One important concept related to throughput is that at any point in time, the throughput must be the same
at all points along the gas flow path. If this were not the case, gas molecules would accumulate at some point
in the system, and the pressure would increase with time at that point in the system. However pressure and
volume flow rates can be different along the length of the gas flow path, but at any given point in time, the
product, PxS, is the same for all points along the flow path as shown in Figure 3.3. Throughput decreases as
the pressure level decreases in the vacuum system. The lowest pressure achievable in the vacuum chamber is the
point at which the throughput generated by the vacuum pumping system can no longer overcome the rate at

which molecules add to the system’s gas load.

Chamber
Torr —1

[
=P, x5, =24T %X 0.025 — = 0.06
Qs 3X03 orr g6

l Torr — 1
Q; = P;xS, =2Torr x 0.03 T 0.06 ———

Figure 3.3. Gas Flow Path Diagram illustrating a constant throughput along the gas flow path.
Diagram provided by Nancy Louwagie, Normandale Community College.

There are two terms used in combination that quantitatively describe a vacuum system’s ability to support
gas volume flow in the system: pumping speed (S) and conductance (C). Pumping speed and conductance are

both expressed as a quantitative value with a unit of measure that represents the rate that a volume of gas moves
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in a given time period. The units of measure commonly used to express both pumping speed and conductance
are liters per second (liter/sec), cubic feet per minute (ft3/min or cfm) or cubic meters per hour (m3/ h).

Vacuum pumps, the active component in a vacuum system, are designed to achieve certain levels of pump-
ing speed performance. As we will discuss shortly, each vacuum pump has a limited operating pressure range.
Different styles of vacuum pumps operate in different pressure ranges of the vacuum regime. The pipeline and
valves used to connect the vacuum pump to the chamber, though passive in nature, also impact the ability of
the gas to flow through the system. The impact the pipeline and valves have on the vacuum system is quanti-
tatively defined as conductance. The amount of conductance the pipeline and valves contribute is a function
of the part’s geometry and the governing pressure conditions. The pumping speed of the vacuum pump in
combination with the conductance of the system establishes the net pumping speed. The net pumping speed
is always a quantity that is less than the pumping speed of the vacuum pump. It is the system’s net pumping
speed that determines the throughput performance for the chamber.

How is this net pumping speed calculated? When the pump and piping are placed in series, the net pumping

speed, Sy, is determined using the following equation

1 1 1
= + (3.3)

S, net S pump Cpipin g

where Cpjping is the conductance of the piping and Sy is the pumping speed of the pump.

This mathematical relationship tells us that when the pump and piping are placed in series, the net pumping
speed, Syer, will be less than either Spump Or Cpiping. We also note from the form of this equation that if conduc-
tance of the piping is much larger than the pumping speed of the pump, then the net pumping speed is approx-
imately equal to the pumping speed of the pump. This design is preferable. Otherwise, a situation is created
where the piping impedes the pump’s function and negatively affects the overall vacuum system performance.

How fast can gas be removed from the vacuum chamber? The answer depends upon on what level of vac-
uum in the chamber is required, and after that, how well the vacuum system’s design facilitates reducing the gas
load to achieve the desired level of vacuum. The term “pump down” is used to describe the action of removing
gas from a vacuum chamber. Let’s consider a vacuum system with a rough vacuum pump. The manufacturer
provides a specification for the pumping speed performance of the rough vacuum pump. For our discussion,
let’s assume that the pump’s pumping speed is 5 c¢fm (cubic feet per minute) at atmospheric pressure. When
a system starts to pump down, the pumping speed should be close to 5 cfm. The pressure falling is an indica-
tion that the gas load is decreasing. Note that if the volume is constant and the same unit of time is used, then
QocP. As the pressure falls and the throughput decreases, the rough vacuum pump loses its ability to maintain
the initial pumping speed. The pumping speed of the pump falls off and eventually reaches zero. Often manu-
facturers will provide pumping speed versus pressure graphs to show the change in pumping speed as pressure
decreases. So, the first important consideration with respect to achieving a certain pump-down time is select-
ing a pump that is capable of achieving a pressure level less than the pressure level required in the chamber.

The next consideration is to be aware of how quickly the pump’s pumping speed decreases. The time it takes
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the system to achieve lower and lower pressure levels in the chamber lengthens as the pump’s pumping speed
decreases.

As stated previously, the piping that interconnects the chamber to the vacuum pump reduces conductance
of the system. This conductance is in series with the pump. The conductance of the piping depends on the
physical characteristics of the piping, that is, its diameter and length, as well as the pressure differential between
the two ends. Common experience tells us that if we were drinking a liquid through a straw, the larger the
diameter of the straw, the easier it is to draw liquid through the straw. If we double, triple, or quadruple the
length of the straw, we would not be surprised if it were harder to draw liquid through the straw. Or, if we were
to increase the pressure difference between the two ends of the straw, we could draw more liquid through the
straw. This suggests that as the pressure decreases in the chamber, the conductance of the piping will decrease.
The piping in series with the vacuum pump reduces the net pumping speed of the system and as a result, acts to
increase the pump-down time to reach the target pressure level in the chamber. The system should be designed
to minimize the impact of the piping’s conductance on the system’s pump-down time. Generally, the pipeline
design should be one with short tubes and large cross sections to achieve the maximum conductance possible.

We will return to throughput, pumping speed, conductance and their impact on a vacuum system’s pump-
down characteristics in later chapters. We will look at how to use information provided by vacuum pump
manufacturers to determine the pump’s pumping speed. For each pressure regime, conductances will be calcu-
lated using mathematical equations specific to the regime and underlying gas flow condition. An estimated net
pumping speed of the vacuum system can be calculated based on the pump’s pumping speed and the system

conductance. The net pumping speed will help us determine what base level of pressure is achievable based on

the gas load present.

Consider the simple vacuum system shown in Figure 3.4. Suppose the conductance of the pipeline
between the chamber and the pump is 400 liters/second (liters/sec) when the isolation valve is fully
open. The pumping speed of the vacuum pump is 100 liters/sec. What is the net pumping speed at
that moment in the chamber?

Solution:

Using Equation 3.3, we can calculate the net pumping speed:

1 1 1
= +
Snet S pump Cpiping
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Figure 3.4. A simplified block diagram of a vacuum system. Diagram provided by David Hata.
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What is the throughput in the system when the inlet pressure at the pump is 1.5 Torr and the
pumping speed of the pump is 0.5 liter/sec? Assume the gas temperature is 20°C.

Solution:

Using Equation 3.2, we can calculate throughput:

Q=PxS

Substituting the known values for pressure and pumping speed and solving for Q,

Sec Sec

lit Torr — lit
Q= (1.5T0rr x 0.5 ! er) — 075 orr — liter

Example 3.4

When a vacuum system'’s net pumping speed for the chamber is 50 liters/sec and the gas load at
the chamber is 2 x 10 Torr-liters/sec, what is the expected base pressure in the chamber?

Solution:

The gas load at this point in time is assumed to be equal to the throughput. Using Equation 3.2, we
can calculate the base pressure in the chamber:
p_9

S

Substituting the known values for the pumping speed and gas load and solving for P,

_4 Torr—lz
2 % 10 4 Torr—liters

P= 2 =4 x 108 Torr

liters
50 sec
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Section 3.3 Quiz

B

An interactive H5P element has been excluded from this version of the text. You can view it online here:
https.//milnepublishing.geneseo.edu/introtovacuumtech/?p=53#h5p-12

3.4 Vacuum Systems - an Overview

Again, consider a simple vacuum system represented by the block diagram shown in Figure 3.4. The vacuum

system consists of a vacuum chamber that is connected to a vacuum pump with an exbaust line. Between the

chamber and the vacuum pump is an Zselation valve to provide control when gas is being removed and when

it is not

. Connected to the chamber is a vacuum gauge that allows us to monitor the gas pressure in the cham-

ber. A vent valve is also attached to the chamber so that when the isolation value is closed, the chamber can

be “vented,” allowing room air to enter the chamber and return the pressure to the ambient pressure outside

the chamber.

3.4.1 Vacuum Chamber

The vacuum chamber is usually the focal point in a process system. This is also true in vacuum system
design. The walls of the chamber must be made thick enough to withstand the forces exerted by the
atmosphere. In some cases, the chamber may be strengthened by adding additional supports, either
internally or externally.

Chambers can be constructed of metal, glass, ceramic, or plastic components. Since all of these mate-
rials outgas at different rates and subsequently add to the total gas load, material selection is critical.
Materials that do not bond well with water molecules and have a low vapor pressure to reduce out-
gassing are ideal. Plastic materials have higher vapor pressures than metals and glass. So vacuum cham-
bers constructed from plastics cannot be used in high- and ultra-high-vacuum applications. Metals
such as stainless steel and aluminum have low outgassing rates in the range of 10 to 10” Torr-liter/sec-
cm?. Figure 3.5.a and Figure 3.5.b show examples of combination stainless-steel and aluminum cham-
bers. Glass, or Pyrex, also has low outgassing rates, but these materials are not as mechanically strong as
stainless steel or aluminum and need to be thicker and protected from scratching to withstand forces
from the atmosphere and normal use. An example of a Pyrex chamber with protecting metal guard
is shown in Figure 3.5.c. For most applications in the high-vacuum regime, permeation through the

chamber walls can be considered negligible.


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=53#h5p-12
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Figure 3.5.a. Stainless-steel chamber. Photo provided by Elena Brewer, SUNY Erie Community
College.
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Figure 3.5.b. Stainless-steel chamber. Photo provided by Elena Brewer, SUNY Erie Community
College.



CHAPTER 3: AN INTRODUCTION TO VACUUM SYSTEMS | 85

Figure 3.5.c. Pyrex chamber with metal guard. Photo is used with permission of Kurt J. Lesker Co.,
www.lesker.com.

Estimate the gas load due to outgassing from a cylindrical chamber made of stainless steel.

The chamber’s dimensions are 7.75 inches in diameter and 10 inches in height. Assume that

the outgassing rate for the stainless steel is 5 x 10°® Torr-liters/sec-cm?.


http://www.lesker.com/
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Example 3.6

For the gas load calculated in the previous example, approximately what net pumping
speed would be necessary to maintain a pressure in the chamber of 1x 10 Torr?

Solution:

We will assume that the throughput in the system equals the gas load due to the out-
gassing of the chamber material. Using Equation 3.2, we calculate the net pumping speed
needed to maintain a certain pressure as follows:

Q =P x gnet
Snet — ?
1.1 x 10_4 Torr—liters
Snet _ sec
1x 1079 Torr
lit
S . —110 iters
Sec

This value represents the net effect of the vacuum pump'’s pumping speed combined with

the system conductance.

Example 3.7

Calculate the system’s conductance if the net pumping speed experienced at the outlet of
the chamber is 110 liters/sec and the pumping speed of the vacuum pump is 150 liters/sec.

Solution:

Using equation 3.3, we can calculate conductance of the system:

L _ 11
Snet SPump CPz'ping

1 1 1

liters liters Cpirs
1 10 “sec 150 “sec Piping
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11 1
Cpiping 110415 150 LLers
1 lit !
- 0.00242( ’ ers)
CPiping sec

To determine Cpiping, take the inverse of both sides of the equation as follows:

1 -1 lt —1
(—) — 0.00242( ! ers)
CPiping sec

liters

Chiping = 412.5——

So the conductance of the tubing which connects to a vacuum pump with a pumping speed
of 150 liters/sec should be 412.5 liters/sec in order to achieve a net pumping speed of 110
liters/sec at the outlet of the chamber.

Another important consideration is the sealing material used to construct the chamber joints. If the
vacuum chamber is a glass or plastic bell jar, a rubber gasket placed between the chamber and a base-
plate is used to create the airtight seal. Metal vacuum chambers usually are designed with one or more
ports welded to the chamber. Special welding techniques are used to insure that ports attached to the
chamber do not leak. These ports are fitted with KF (Klein Flansche) or CF (ConFlat) fittings of
industry-standard sizes. For KF fittings, the sealing material is an elastomer O-ring. Figure 3.6 shows
an example of KF fitting and an elastomer O-ring. For CF fittings, the sealing material is a copper gas-
ket as shown in Figure 3.7. Elastomer seals are used on joints that are intended to be demountable.
The drawback to elastomer materials is that they have high vapor pressures and are much more perme-
able than metals. Thus, use of elastometer materials adds molecules to the gas load due to outgassing
and permeation. Conversely, a metal seal, like the CF flange, has a lower outgassing rate and is not as
prone to permeation. Metal seal also allows for bake out at reasonably high temperatures (> 150°C) to
increase desorption rate. However, the CF flanges are more costly and difficult to attach and detach,

and so they are intended for joints that will rarely be disconnected.

3.4.2 Vacuum Pumps

Vacuum pumps come in a variety of types and styles, and pump selection depends heavily on the appli-
cation in which the pump is used. Figure 3.8 depicts a family tree of vacuum pumps. Although not

a complete family tree, it does show the variety of vacuum pumps available. There is no one vacuum
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Figure 3.6. KF fitting, centering ring with elastomer O-ring (left), and clamp (right). Photo
provided by Elena Brewer, SUNY Erie Community College.

pump that alone and by itself is capable of removing gas molecules to the extent of achieving pressures
across the entire vacuum regime.

Vacuum pumps can be classified as either “gas transfer” pumps, or “capture” pumps. Gas transfer
pumps remove gas from the process chamber and expel the gas into an exhaust system in the building.
Gas molecules pass through a transfer pump from an inlet to the outlet. In contrast, gas molecules
taken in by a capture pump are “captured” within the pump. Capture involves changing the gas mol-
ecules in the gas phase to a solid by “freezing” them or chemically reacting them with a chemically-
reactive material such as titanium to form a solid compound that can stick to the interior surface of the
pump. In either case, gas molecules are made immobile, so they are no longer part of the gas load.

Gas transfer pumps fall into two classifications: positive displacement vacuum pumps and kinetic
vacuum pumps, also known as momentum transfer pumps. Positive displacement pumps expand
the effective volume of the chamber, seal oft the expanded volume, thus trapping and often com-
pressing the trapped gas, and then exhaust the trapped gas. There are two main types of positive dis-

placement vacuum pumps: reciprocating and rotary. Diaphragm pumps and piston pumps are
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Figure 3.7.a. CF fitting with copper gasket. Photo provided by Elena Brewer, SUNY Erie
Community College.

examples of reciprocating pumps, whereas rotary pumps include rotary vane pumps, rotary piston
pumps, and Roots pumps.

Kinetic vacuum pumps include diffusion pumps and turbomolecular pumps, or turbo pumps.
A diffusion pump heats a special oil with a low vapor pressure and then forces the oil vapor at high
speeds through directional nozzles. Those high-speed molecules collide with other molecules in the
space. In those collisions, the high-speed oil molecules transfer their momentum to the gas molecules
they strike and impart a velocity to the gas molecules, so they move in a direction away from the cham-
ber and are expelled from the pump. Turbo pumps use high-speed turbine blades to also transfer their
momentum to gas molecules and move them through the pump. Both diffusion pumps and turbo
pumps require a roughing pump to expel the gas molecules from the pump and subsequently to the
building’s exhaust system.

Capture pumping methods create a vacuum by condensing or freezing gas-phase molecules. Cryo
pumps use this technique. Cryo pumps use very cold surfaces to freeze the gas molecules, entrapping
them on the inner surfaces of the pump. Physical absorption is a technique used in cryogenic tech-

niques. This technique uses highly porous materials, such as activated charcoal, activated alumina, and
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Figure 3.7.b. CF fitting with copper gasket partially assembled. Photo provided by Elena Brewer,
SUNY Erie Community College.

materials called zeolites, as gas sponges. The gas molecules travel into the porous structure of the mate-

rial and are entrapped within the pump.
Another capture pumping technique

used to create vacuum removes gas mole-

cules from the gas load through chemical @ One or more interactive elements has been

reactions. ‘This technique is used to accom- excluded from this version of the text. You can

lish ul hich diti F view them online here: h ./ miln ishing.
1S ultra-ni vacuum conditions. or
P 8 seo.edu/introtovacuumtech/?p=53#oembed-1

example, gCttCI' pumps use very reactive

materials, such as titanium, to form solid Animation 3.1. How ion pumps work. Anima-

materials from the gas molecules. These tion provided by Gamma Vacuum, licensed

under SPDX-License-ldentifier: Apache-2.0,

solid materials stick to the inner surfaces of
the pump which effectively removes gas WwWw.gammavacuum.com.

molecules from the gas load in the chamber
as shown in Animation 3.1 and Animation
3.2.


https://www.gammavacuum.com/knowledge-center/theory-of-operation/

92 | CHAPTER 3: AN INTRODUCTION TO VACUUM SYSTEMS

-

Figure 3.7.c. CF fitting with copper gasket completely assembled and shown as part of vacuum
system. Photo provided by Elena Brewer, SUNY Erie Community College.
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Figure 3.8. Family tree of vacuum pumps. Diagram provided by Nancy Louwagie, Normandale Community
College.

Vacuum pumps are designed to operate
over speciﬁc pressure ranges. Figure 3.9

illustrates the operating pressure ranges for @ One or more interactive elements has been
different types of vacuum pumps If the excluded from this version of the text. You can

. . view them online here: https.//milnepublishing.gene-
desired operating range of a vacuum system ,
seo.edu/introtovacuumtech/?p=53#0embed-2

spans a wider pressure range than can be
provided by one type of vacuum pump, Animation 3.2. lon pump element styles. Ani-

multiple pumps can be used together and mation provided by Gamma Vacuum,
licensed under SPDX-License-ldentifier:

Apache-2.0.

operated in a specific sequence to span the

entire pressure range that is required. For

example, if the operating pressure range is in
the rough vacuum pressure regime from
atmosphere to say, 1 Torr, mechanical pumps may be the appropriate choice as shown in Figure 3.9.
But, if the desired operating pressure range extends into the high vacuum regime, a rough vacuum
pump will have to be used in combination with a high-vacuum pump such as a diffusion pump or
turbomolecular pump to reach an operating pressure in the high vacuum regime. In this case, the
rough vacuum pump reduces the pressure to the upper operating range of the high-vacuum pump,

and then the high-vacuum pump is enabled to further reduce the pressure until the desired operating
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pressure is reached. To reach pressures in the ultrahigh vacuum regime, three or more pumps will often

have to be used.

Vacuum Pressure (Torr)
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Public Domain: Generated by CNEU Staff for free use

Figure 3.9. Operating pressure ranges for various types of vacuum pumps. CNEU, Public Domain.

Given the myriad of vacuum pumps on the market today, selecting the “best” vacuum pump for a
specific application can be a daunting task. In many situations, there will probably be no single pump

that will satisfy all process requirements. Here are some useful considerations when selecting a vacuum

pump:

* What base pressure must be reached to support the process? Does the pumping speed versus
pressure curve fit the process requirements?

* Whatis the anticipated gas load? Are there any problems associated with the gas load, for exam-
ple, use of corrosive gases?

* Can the pump be installed in the intended space and with the desired orientation? Are there
other considerations, such as vibration and noise that might affect its installation?

* What are the pump’s power requirements?

* Will the pump require a backing pump or other components such as valves?

* Can the pump be easily maintained? How often will the pump(s) require maintenance?
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* What cleanliness level is required? Is an oil-free pump required?
* Will the process chamber be opened frequently? Is the external environment typically dry or

humid? Is the external environment impacted by seasonal changes?

What will be the cost of ownership over the period of use, not just the original purchase price?

* Whatis the reliability and reputation of the vendor?

This is by no means a comprehensive list of questions. Each application will have its own set of ques-
tions to consider in order to address all the issues associated with the process. The questions in this list,

however, will give you a starting point in your selection process, or elimination process, as the case may

be.

3.4.3 Vacuum Gauges

Measuring pressure in each regime requires converting a parameter associated with the gas molecules’
behavior which is subsequently converted into a pressure readout. There is no one gauge that alone
and by itself is capable of measuring all pressures across the entire vacuum regime. Vacuum pressure
gaunges differ with respect to their operating pressure range, accuracy, and cost. With the exceptions of
the McLeod gauge and the Bourdon gauge, all other vacuum pressure measurement devices include
a transducer and the electronics to perform the conversion process and provide the pressure readout.
A vacuum gauge is classified as a dérect reading gauge if its measurement is based on the actual force
exerted by the gas. A vacuum gauge is classified as an Zndirect reading gaunge if the pressure is inferred
from another process. Figure 3.10 shows a family tree of common pressure gauges used on vacuum sys-
tems.

In the rough vacunm regime where the gas is relatively dense, two parameters are commonly used,
the force exerted by the gas on a surface and the thermal conductivity of the gas. The McLeod gauge
and the Bourdon gauge are two purely mechanical type vacuum gauges that measure pressure based
directly on the force of the gas molecules present. The McLeod gauge with a design similar to a mer-
cury manometer is capable of accurately measuring pressures of non-condensable gases as low as 10°
Torr. The Bourdon gauge has a tube which flexes in response to pressure changes. The flexing motion
actuates the mechanical movement of a needle indicator. Since the McLeod gauge and Bourdon gauge
lack the electronics needed to interface to automated process systems, they are not used extensively in
vacuum systems.

The capacitance diaphragm gaunge is also a type of rough vacuum gauge that uses the force of
the gas on a surface. There is a thin diaphragm inside the capacitance manometer. On one side of the
diaphragm is a reference pressure, and on the other side is the gas in the chamber. A pressure differen-
tial causes the diaphragm to deform. The diaphragm effects the capacitance between the two electrodes

on a one-sided capacitor. Since
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Classification of gauges Pressure Gauges for
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Figure 3.10. Family tree of vacuum pressure gauges. Diagram provided by Nancy Louwagie, Normandale
Community College.

c A

where C'is the capacitance, ¢is the permittivity of the dielectric, 4 relates to the plate area, and
d is the separation between plates, then any change in the separation caused by deformation of the
diaphragm results in a change in the capacitance. The gauge controller converts this change in capaci-
tance into an electrical signal and a pressure readout.

Similar to the capacitance diaphragm gauge, the strain gauge uses the force of the gas on a surface.
This gauge is built using an insulating flexible diaphragm which supports a metallic foil pattern. On
one side of the insulating diaphragm with foil is a reference pressure, and on the other side is the gas
in the chamber. The difference in pressure causes the diaphragm and foil to deform. As the metallic
pattern on the foil deforms, it’s electrical resistance changes. This change in electrical resistance is mea-
sured and the amount of induced stress and corresponding pressure differential can be inferred.

Examples of rough vacuum gauges that rely on the thermal conductivity of the gas are the ther-
mocouple gange, the Pirani gauge, and the convection enhanced Pirani gauge. The transduction
process involves the transfer of heat from a filament in the gauge as the gas molecules strike the fil-
ament. Recalling the example of the Thermos in Chapter 1, as the pressure in a vacuum system
decreases, heat is not transferred as readily across the space. In a thermocouple gauge operating at a con-

stant filament power, the temperature of the filament provides an indication of the environment’s
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changing ability to transfer heat. This temperature change in the filament is sensed and converted to
an electrical signal by a thermocouple. In the case of the Pirani gauge, the change in temperature of
the filament results in a resistance change, and this resistance change is converted to an electrical sig-
nal. In a modern convection-enhanced Pirani gaunge, temperature variations of the gauge surface
are carefully accounted for, resulting in a gauge design that is more thermally stable, and therefore, can
produce a pressure indication over a wider range.

In the high-vacuum regime, the gas is too rarefied to rely on force or thermal conductivity to mea-
sure the gas pressure. High-vacuum gauges such as the Bayard-Alpert gauge sample the pressure by
ionizing gas molecules within the gauge. At the high-pressure, that is, lower vacuum, end of the oper-
ating range, a large number of ionizations occurs and results in a large current in the collector terminal
of the gauge. At the low-pressure end of the operating range, fewer ionizations occur, and the result-
ing current in the collector is smaller. The gauge controller converts the current in the collector into a
pressure readout.

Figure 3.11 shows the typical operating ranges for common vacuum gauges. In the rough vacuum
regime, convection, strain, and capacitance manometers can be used to measure pressures from atmos-
phere into the rough vacuum regime. However, these gauges have a lower pressure limit below which
they cannot accurately measure the chamber pressure. To measure pressures into the high-vacuum
regime, high-vacuum gauges must be used. When the chamber pressure decreases to the upper oper-
ating limit of the high-vacuum gauge, then the high-vacuum gauge can be turned on to measure the
chamber pressure. A vacuum system which uses three gauges such as capacitance manometer, thermo-
couple, and hot-cathode ionization ganges to monitor chamber pressure provides a measurement
of the pressure condition from atmosphere into the 10~ Torr pressure range.

Unfortunately, measuring pressure is not merely as simple as connecting the gauge to the chamber
and the gauge to the controller. A direct reading gauge yields a pressure measurement that reflects the
forces exerted by the mixture of gas molecules without needing to know the underlying types of gas
molecules present. However, when using indirect reading gaunges, it is important to remember that
gases differ in their thermal conductivity and ease of ionization. As a result, at lower pressure levels
where only indirect reading gauges can be used, the readout depends on the gas composition in the
chamber. Correction tables for different gases are used to correct the pressure reading presented on the
readouts of gauge controllers.

Like the selection of vacuum pumps for your application, you will have a number of choices for vac-
uum gauges. Vacuum gauge design has come a long way in the last 20 years and new designs add con-

venience to pressure measurement. Here are some considerations when selecting vacuum gauges.

* Over what range must pressure be measured?
* Can the gauge accurately and safely measure the pressure of the gases in the vacuum system?

* Will the gauge require calibration and re-calibration?
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Figure 311. Operating pressure range for common types of vacuum pressure gauges. Diagram provided by
Nancy Louwagie, Normandale Community College.

* Where will the gauge be physically positioned in the vacuum system? Should the gauge include a
local display?

* Whatis the accuracy and repeatability of the vacuum gauge?

* Whatis the cost of the vacuum gauge? Is it a self-contained unit, or does the transducer require a

separate gauge controller?

3.4.4 Vacuum System Components

A vacuum system rarely consists of only a chamber, a pump, and a pressure gauge. Other components
are needed to connect these three system components and to provide control in its operation. These
additional vacuum piping components include control valves, nipples, elbows, tees, reducers,
crosses, couplings, seals, flanges, and feedthroughs.

For example, a variety of valves provide vacuum systems with isolation, control, and venting capa-
bilities. Isolation valves allow parts of the system to be isolated from other parts of the system. An
isolation valve can be placed between the chamber and the vacuum pump so that the chamber can be

isolated and vented to atmospheric pressure without turning oft the pump. Butterfly valves and throt-
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tling valves provide a way to control conductance and thus, the flow of gas molecules in order to
adjust the pressure level in the process chamber. Air admittance valves provide a way to vent the cham-
ber or admit gas into the process chamber.

What should you consider when selecting a valve? The main factors to be aware of when selecting a
valve are its operating pressure, leak-tightness, impact on conductance, and underlying outgassing rates
from the materials used in the construction of the valve. Of course, there is the initial purchase price,
but the functional design considerations affect the cost of ownership over the long-term operation of
the vacuum system. For example, the internal geometry of the valve, depending on its placement in the
vacuum system, may add to the internal surface area of the chamber. Additional surface area means
more opportunity for desorption and outgassing in the vacuum system. Also, internal valve mecha-
nisms are a source of particles and thus, contamination.

Another consideration when selecting a valve will be the materials used to manufacture it. Valve
bodies are made of brass, cast aluminum, machined aluminum, or stainless steel. Brass as a material has
temperature limitations, porosity and outgassing characteristics which do not support high- and ulta-
high vacuum conditions. Brass components are limited to use in the foreline and roughing line of
a vacuum system and to applications that do not use corrosive gases. Components constructed of alu-
minum and stainless steel are used in a wide variety of pressure ranges. Stainless steel has the advantage
of resisting many corrosive gases.

Three common types of valves are gate, poppet, and butterfly valves. Gate values, configured with
either circular or rectangular openings, provide the highest conductance. They feature a straight-
through aperture. Poppet valves, also called block valves, have a seating component that is lowered
into the cylindrical body to seal against a seat inside the valve. Because of their simple design, poppet
valves have a long life. Poppet valves have a lower conductance than gate valves because they force the
gas to make turns as the gas moves through the valve. Butterfly valves, along with throttling gate valves,
are variable conductance valves that can provide a means of controlling pressure in a system.

Other vacuum system components provide the plumbing to interconnect the system. These compo-
nents include pipeline components (see Figure 3.12), such as nipples, elbows, tees, crosses, couplings,
reducers, and adapters, and come in industry-standard sizes. The connections between these compo-
nents also come in a variety of styles. The most common are the ConFlat flange (CF), the KF flange,
and the ISO flange. The CF flange uses a copper gasket to form the seal, and the components to be
joined are bolted together. The KF flange, on the other hand, uses an elastomer O-ring to form the
seal, and when a KF clamp is used to connect two components, the elastomer O-ring is compressed in
the flange. ISO flanges are used for tubing requirements that generally exceed 2-inches in outside diam-
eter. ISO flanges are similar to KF flanges that use a centering ring with an elastomer O-ring, and use a
set of single- or double-claw clamps to hold the components together.

Vacuum systems are often used to create the pressure condition necessary to carry out certain

processes. In order to carry out those processes, additional energy or matter may need to be introduced
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Figure 312. Vacuum flange fittings: 1 - tee, 2 - nipple, 3 - reducer, 4 - elbow, 5 - KF clamp, 6 - centering ring
with fitted O-ring, 7 - CF pipe end fitting. Photo provided by Elena Brewer, SUNY Erie Community College.

into the vacuum system. Feedthroughs are leak-tight components that allow for energy or matter to
be delivered into the vacuum system. For example, electrical feedthroughs deliver high voltage or high
current inside the chamber space. Other feedthroughs allow liquids and gases to be introduced into the

chamber space.
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Section 3.4 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
https.//milnepublishing.geneseo.edu/introtovacuumtech/?p=53#h5p-13

3.5 Schematic Symbols and Diagrams

Technical schematics are important documents in a manufacturing workplace. Technical schematics are a
graphical representation of a complex system in a concise form that can be more easily interpreted by the
reader. A technical schematic does not show the elements of a system to their actual size or scale but instead
uses symbols often paired with quantitative information, like distances and electrical power, to describe the
system’s configuration.

Leybold GmbH is an international manufacturer of vacuum equipment and components. Leybold com-
piled a listing of schematic symbols for vacuum components that can be used to create diagrams of vacuum
systems. The schematic symbols fall into categories that include, but are not limited to, vacuum pumps, iso-
lating devices such as valves, vacuum gauges, and connections and piping. Examples of schematic symbols are
shown for vacuum pumps in Figure 3.13, isolating devices in Figure 3.14 (a), valve actuation in Figure 3.14 (b),

vacuum gauges in Figure 3.15, and connections and piping in Figure 3.16.

Vacuum Pumps

Vacuum pump, Piston Diaphragm
general vacuum pump vacuum pump
Rotary positive Rotary piston Sliding vane rotary
displacement pump vacuum pump vacuum pump

Figure 313. Schematic symbols for vacuum pumps. Leybold Full Line Catalog 2021, page 14.

3.6 A Simple Rough Vacuum System

In this section, the simple rough vacuum system, shown in Figure 3.17, will be described. The system’s vacuum
chamber is a Pyrex bell jar that sits on a metal base plate. In Figure 3.17, the Pyrex chamber is shown without
the protective shield/guard, whereas Figure 3.18 shows the same chamber surrounded by the protective metal

guard used during operation. Gas is removed from the chamber using a rough vacuum pump, in this case a


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=53#h5p-13
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Isolating Devices
Shut-off fitting,
Right-angle valve Shut-off device with
M safety function

Shut-off valve,
Straight-line valve

Gate valve

Stopcock
Butterfly valve Right-angle Three-way
y i stopcock stopcock

B2 X

Figure 314. (a) Schematic symbols for isolating devices. Leybold Full Line Catalog 2021, page 15-16.

Valve Actuation

Manual operation Metering valve Fluid drive
(hydraulic or magnetic)

Solenoid operation Electric motor drive Weight-actuated

Figure 314. (b) Schematic symbols for valve actuation. Leybold Full Line Catalog 2021, page 15-16.

scroll pump. The pump is connected to the bell jar through piping that includes a KF40 to KF16 adaptor to
change the size of the piping. A manually-actuated butterfly valve is placed in the gas flow pipeline to isolate
the bell jar from the vacuum pump, or to change the conductance in the roughing line. Pressure in the sys-
tem is measured by a rough vacuum gauge (Convection Enhanced Pirani gauge). Finally, a vent valve provides
a means to return the bell jar to atmospheric pressure. Video 3.1. provides the detailed overview of this rough

vacuum system.

@ One or more interactive elements has been excluded from this version of the text. You can view them online

here: https.//miln lishing.gen introtov: mtech/?p=
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Vacuum Measurement and Gauges

7 Vacuum T Vacuum measure- " Vacuum gauge
XVZ (to indicate the pre- ment, Vacuum V
sence of a vacuum) measurement point
" Recording vacuum 7 Vacuum gauge with " Vacuum gauge with
000 - .
gauge (writing) Z analogue display - digital display

Figure 3.15. Schematic symbols for vacuum measurement and gauges. Leybold Full Line Catalog 2021, page
17.

Connections and Piping

general bolted

Clamped flange Threaded pipe Ball-and-socket joint
connector connector
Change in pipe cross
—<' section (e.g. reducer

nipple)

‘ ‘ Flange connector, Flange connector, Small flange connector

Figure 3.16. Schematic symbols for connections and piping. Leybold Full Line Catalog 2021, page 16.

Video 3. Description of SUNY Erie’'s rough vacuum system. Video prepared by Richard Hill and

Anthony Klejna, SUNY Erie Community College.

Figure 3.19 shows the location of various components in the vacuum system and the vacuum symbol that
can be used to present each system component. On the left side of the figure are the main components of the
rough vacuum system and the associated schematic symbol. On the right is a picture of the rough vacuum sys-

tem with letters and arrows to show the location of each system component.

Using Leybold’s vacuum component symbols, we can then create a schematic diagram that represents the
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Figure 317. A simple rough-vacuum pumping system. Photo provided by Richard Hill, SUNY Erie Community
College.

physical, rough-vacuum system shown in Figure 3.20. The schematic shows the connections between the com-
ponents used to construct the rough-vacuum system and conveys the function of each vacuum component.
Using the schematic diagram, you can trace the conductive pathway from the bell jar to the pump, identify the

gauge used to measure pressure, and determine where valves are located to control the flow of gas in the system.

3.7 Characterizing Vacuum Systems

Knowing your vacuum system is the first step in detecting and addressing problems that occur in vacuum sys-
tems. Qualitatively, this can be as simple as hearing unusual sounds from your system, just as you might hear
odd noises in your car when you start it or drive it. Unfortunately, problems in vacuum systems cannot always
be detected by listening.

Another method is to keep records of vacuum system performance. For example, a system log might include
the time-to-pressure or pump-down times along with base pressures recorded at establish the system’s baseline
performance. This offers simple tracking data that will indicate when system performance has changed, such as
when the system seems to be pumping down slower than usual or is not pumping down quite as far as it used

to.
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Figure 318. A Pyrex bell jar chamber from Figure 317 covered by the metal protective shield/guard. Photo
provided by Richard Hill, SUNY Erie Community College.

Phil Danielson, in an October 1998 article entitled “The Value of Pumpdown Curves,” describes the indus-
try practice of using pump-down curves to characterize vacuum systems and to diagnose problems. A pump-
down curve is a graph of pressure versus time that shows the performance of a vacuum system as the system
is pumped down from initial pressure to base pressure. If you acquire data to create pump-down curves that
correspond to optimal system operation, future pump-down curves can be compared to the optimum curve
to monitor system performance. If the two curves are identical or very similar, chances are that the system is
operating normally, and there is no problem. On the other hand, if the two curves differ, this can indicate that
a change, and possibly a new problem, has occurred in the system and corrective action should be taken.

We will return to the use of pump-down curves and address other system diagnostic practices in later

chapters.

Summary

Chapter 3 describes the general components needed to construct a rough vacuum system: a vacuum
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Rough Vacuum System
A — Chamber n

=

B — Rough Vacuum @

Pump

C — Rough Vacuum @
Gauge

D — Vent Valve >

E — Butterfly Valve S

F — T-piece Pipeline with KF40
coupling ‘”_I_| |’

G — KF40 to KF16 Q
Reducer Nipple

Figure 3.19. Rough vacuum system with component identification and associated schematic symbols.
Diagram provided by Elena Brewer, SUNY Erie Community College.

chamber, vacuum pump, vacuum gauge(s), valve(s), and fittings. The amount of gas from all sources
to be removed from the system is defined as the gas load. These sources of gas include the bulk gas
in the vacuum chamber, desorption of surface gas, outgassing, permeation, contamination, leaks, and
backstreaming.

Vacuum pumps are used to remove gas from the chamber. Vacuum pumps come in a variety of
designs and work over a limited range of gas pressures. Rough vacuum pumps are typically positive
displacement pumps that trap a volume of gas, compress it, and then exhaust it from the system. High-
vacuum pumps are either kinetic-type pumps, such as turbomolecular pumps, or capture pumps,
such as cryogenic or cryopumps.

Vacuum gauges also come in a variety of designs. In the rough vacuum regime, gauges operate either
through the force exerted by a gas on a solid wall or by sensing the loss of energy from a filament via
thermal conduction by the gas molecules. In the high-vacuum regime, pressure gauges operate by ion-
izing gas molecules.

Parts that connect the chamber to pumps and gauges also come in a myriad of designs. Fittings

include KF, CF, and ISO designs, and piping in the form of tubes, elbows, tees, and other forms. The
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Simplified Vacuum System Schematic C
Rough
Gauge
A i
= |
F || || I | /_
| | I
—_1 J—
E
Butterfly D
Valve ] Vent Valve
GY ATMOSPHERE
B
Rough
Vacuum
Pump
ATMOSPHERE

Figure 3.20. A schematic diagram for the rough-vacuum system shown in Figure 3.14. Schematic is provided
by Elena Brewer, SUNY Erie Community College.

valves used in the rough vacuum regime are typically block valves, whereas high-vacuum valves may be
of the linear gate variety.

The terms “conductance” and “throughput” were introduced to describe the flow of gas through
the system. Conductance is a volumetric measure of gas flow given in units of volume per unit time.
Throughput describes the amount of gas moving through the pumping system and is measured in
units such as Torr-liters per second.

The chapter concluded with a simple example of a rough vacuum system. On the picture of this
physical system, various vacuum system components were identified using arrows and letters. Finally,
a system schematic representation, using industry-accepted symbols, was created to show the intercon-
nection of vacuum components in the rough vacuum system.

Now that we have a general sense of what makes up a vacuum system, we will turn to examining

in more detail rough vacuum systems, that is, vacuum systems that reduce the chamber pressure from
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atmospheric pressure to approximately 1 millitorr. We will examine rough vacuum systems in terms of
gas load, pumps, gauges, and system components. The next chapter will describe how to analyze rough

vacuum systems and how to characterize their operation.

Chapter 3 Quiz

@ An interactive H5P element has been excluded from this version of the text. You can view it online here:

https.//milnepublishing.geneseo.edu/introtovacuumtech/?p=53#h5p-2
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Questions and Problems

1. When referring to a vacuum system,
a. Define the term “gasload.”
b. In the rough vacuum regime, identify the major contributors to gas load.

c. In the high-vacuum regime, identify the major contributors to gas load.

2. For arectangular chamber (25 cm long, 25 cm wide, and 40 cm high) located in Boulder, Col-
orado, calculate the gas load due to bulk gas. Assume that atmospheric pressure is 840 mbar at that

location.

3. What is the net pumping speed of a simple vacuum system in which the conductance of the piping

is 300 liters/sec and the pumping speed of the pump is 600 liters/sec?

4. What would be the effect of changing the pump in Problem 3 from a 600 liters/sec pump to a
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10.

11.
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much larger pump having a pumping speed of 1,800 liters/sec? What percentage improvement can

be achieved?

Consider a simple system consisting of a chamber, a rough vacuum pump and a piping. If the
pumping speed of the pump is 1200 liters/sec, what is the minimum conductance the piping can

have to maintain the net conductance of the system at 1000 liters/sec or higher?

Pump-down curves are used as a diagnostic tool in maintaining vacuum systems.
a. What information do pump-down curves provide?

b. Give an example of a problem that could be diagnosed using a pump-down curve.

If conductance of the piping is much larger than the pumping speed of the pump, then the net
pumping speedis______ the pumping speed of the pump.

a. much larger than

b. larger than

c. approximately equal to

d. much smaller than

Convert the pump’s pumping speed of 10 cfm to units of:
a. liters/sec

b. liters/min

If the desired process pressure in the chamber is 50 x 10" Torr, what should the net pumping speed

. . -4 .
be to maintain the throughput of 4.0 x 10"~ Torr-liters/sec?
List at least 4 components of the rough vacuum system.

Consider outgassing rates of the following materials given in Table 3.1:
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12.

13.

14.

15.

Table 3.1. Outgassing rates.

Material Average Outgassing Rate (torr-liters/sec/ sz)
High density ceramic 3.0x10”
Stainless steel 6.0x107

Pyrex 8x107

Copper 1.7x10®
Aluminum 23x107
Mild steel 47x107
PVC 24x10°
Brass 40x10°
Neoprene 3.0x10°

Based on these values of outgassing rates, which one of the listed materials is the least desirable for

the high vacuum system? Explain.

Calculate the gas load due to outgassing from a spherical chamber made of Pyrex. The inside radius

of the chamber is 5.00 inches. Use the outgassing rate for Pyrex as 8 x 107 torr-liters/sec/ cm?>.

What will happen to the gas load in Problem 12 if Pyrex chamber is replaced with mild steel cham-

ber of equal size? Explain.

To maintain the same throughput as in Problem 13, what should be the length of Pyrex chamber if

its inside diameter is 10.0 inches?

In-class group exercise: Draw schematic of the rough vacuum system shown in Figure 3.21 below.
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Rough Vacuum e
System
A - Chamber _m_

==

B —Vacuum Pump @

C-1 - Bourdon Gauge
C-2 — Convection-enhanced Pirani Gauge @
C-3 — Capacitance Manometer Gauge

D — Angle Valve %

E — Quarter Turn Valve

F — T-piece Pipeline with KF16 coupling -I |—|—| |—

G — Thermocouple Feedthrough
G-a — Thermocouple Thermometer :”|”__

Figure 3.21. Example of rough-vacuum pumping system.
Photo and schematics provided by Nancy Louwagie, Normandale Community College.
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Learning Objectives

Chapter 4 provides a detailed description of rough vacuum systems and how they function. After
you read this chapter, you will be able to:

- ldentify the main components present in a rough vacuum system and explain how these
components support the function of the system.

- Explain the types of sources that contribute to the gas load in the rough vacuum regime.

- Starting at a specified chamber pressure, calculate intermediate pressures using Boyle's Law
and graph the pump-down curve for a chamber connected to a positive displacement pump
based on the respective volumes of the chamber and the pump.

- Describe the principle of operation, applications, maintenance, advantages and limitations of
various rough vacuum pumps.

- Describe the principle of operation, applications, maintenance, advantages and limitations of
various rough vacuum gauges.

« (Calculate the absolute pressure that corresponds to a Bourdon gauge pressure measurement
given the atmospheric pressure condition.

- |dentify the various types of valves and fittings that are needed to configure a vacuum sys-
tem.

« (Calculate the approximate amount of conductance associated with a cylindrical tube of a
specified diameter and length given the gas molecules are moving through it under viscous,
laminar flow conditions.

« (Calculate an estimated pump-down time for a vacuum system given the volume of the vac-
uum chamber, the pumping speed of the vacuum pump and the conductance associate with
the vacuum piping.

« Explain common vacuum system problems and approaches to troubleshooting these prob-
lems.

4.1 Introduction

In the previous chapter, we introduced how a vacuum system functions along with the various underlying
components needed to support those functions. In this chapter, we will examine more closely the roughing

function, that is, the initial phase of vacuum system operation. During this phase, the vacuum system starts
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removing the gas load from the chamber. The decreasing pressure level indicates to what extent the gas load is
reduced. The starting point for every vacuum system is a¢mospheric pressure.

Any vacuum system that has been opened to the atmosphere will have a chamber pressure that is equal to
the local air pressure conditions. The atmospheric pressure depends upon the elevation and current weather
conditions at that specific location. Nominally at sea level, atmospheric pressure is 1 atm, or 760 Torr. When
pumped down, the first pressure regime the chamber pressure will pass through is the rough vacuum pressure
regime. Sometimes the rough vacuum pressure regime is described as covering a range of pressures from atmos-
phere to approximately 1 Torr, and the pressure range between 1 Torr to 1 millitorr is called medium vacuum.
However, for our discussion, we will define the rough vacuum regime as pressures ranging from 759 Torr
to 1 millitorr, about six orders of magnitude for pressure. Over this range, the molecular density of the gas
molecules changes from a high of 3 x 10" molecules per cubic centimeter (cm3) at 759 Torr to a low of 4 x
10" molecules per cm® at 1 millitorr. Over the same pressure range, the mean free path of the air molecules
increases from 2.5 x 10" mm at 759 Torr to 5.1 cm at 1 millitorr.

This chapter begins with a discussion of the gas load sources starting at the atmospheric pressure condition
and through the rough vacuum regime. In the roughing regime, a vacuum system removes the bulk gas, and
the pressure in the system drops quickly, provided no gross leaks are present. For vacuum systems operating
in a 20°C environment, water vapor present in the gas load can become problematic once the system reaches
approximately 20 Torr and poses a challenge for every vacuum system. Good system design, assembly and oper-
ating practices lead to more predictable vacuum system performance through the roughing regime.

If a vacuum system is free from gross leaks, the pump-down curve through the roughing regime should
be predictable. An estimate of a vacuum system’s pump-down curve through the rough regime can be deter-
mined based on the type of mechanical roughing pump selected. A variety of mechanical roughing pumps are
available for use in vacuum systems. Each vacuum pump has its advantages and limitations. It is important to
understand these differences to properly maintain and service vacuum systems.

A vacuum system needs one or more pressure measurement devices that provide information about how
the system is performing. Pressure measurements are taken at regular time intervals after the vacuum system
starts its roughing process to generate a pump-down curve. The pump-down curve provides useful diagnostic
information to determine the condition of the vacuum system. A variety of pressure measurement devices are
available for use in vacuum systems. Just like vacuum pumps, each measurement device has its advantages and
limitations. Since the pressure measurement device is often the first indicator checked to assess the operating
state of the system, it is important to understand any limitations of the device so the measurement readings are
interpreted correctly.

Other hardware components used in a vacuum system impact the vacuum system pump-down time
through the roughing regime. Chamber size is important. Increasing the chamber volume and internal surface
area increases gas load sources. The tubing and valves used to interconnect the chamber to the vacuum pump
should be selected carefully. The conductance that occurs due to the tubing and valves present in the system

should not unduly compromise the system’s pump-down performance. And a vacuum system must include a
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valve that allows at least a part of the system, frequently the chamber, to return to atmospheric pressure condi-
tions so items can be placed in or removed from the system.
After considering the various vacuum system components, we will address the operation of a complete

rough vacuum system. This chapter concludes with a short section on troubleshooting rough vacuum systems.

4.2 Overview of a Rough Vacuum System

The components of a rough vacuum system are shown in Figure 4.1. The mechanical roughing pump is capable
of reducing the chamber pressure from 760 Torr down to an #ltimate pressure near to that specified by the
pump manufacturer. A nominal pumping speed in either liters per minute or cubic feet per minute will indi-
cate the rate at which the bulk gas can be evacuated from the chamber. The inlet of the roughing pump is con-
nected to the chamber by tubing or piping. A roughing (isolation) valve is typically placed in the roughing line
to provide means of isolating the pump from the chamber by blocking the pathway for the gas to flow between
the chamber and the pump. The outlet of the ronghing pump is usually connected to the house exbaust
system, or if the chamber contains only room air, the exhaust can be left open to the room. The pump should
include some type of filter to prevent exhausting particles into the work environment. For example, if an oil-
sealed pump is exhausted into a room, then a mist-extractor filter is often attached to the pump’s exhaust fit-
ting.

Two other features are needed to complete the rough vacuum system. First, there must be a way of measur-
ing the chamber pressure. This is accomplished by connecting a rough vacuum gange to the chamber or to
the roughing line. The rough vacuum gauge measures the chamber pressure and displays the pressure reading.

Second, there must be a way of returning the chamber to atmospheric pressure from a lower operating pres-
sure so that the chamber can be opened and its interior space accessed. To provide this capability, a vent (air
admittance) valve is connected directly to the chamber. When the vent valve is opened, room air at atmos-

pheric pressure (or often dry nitrogen) flows into the chamber and the chamber returns to room pressure.

Section 4.2 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
https.//miln lishin n introtov: mtech/?p=698#h5p-1

4.3 Gas Load in the Rough Vacuum Regime

An important concept when working with vacuum systems is gas load. We will define gas load as the amount
of gas that has to be removed from the chamber. Contributors, or sources of gas load, vary as the pressure varies

and different contributors to gas load do not all equally contribute to the total gas load. Contributors to the gas
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Figure 4.1. Rough vacuum system. Diagram provided by David Hata.

load will also depend on the types of materials used in the vacuum system design and how the vacuum system
is constructed and assembled.

The major contributors to gas load in the rough vacuum regime are the bulk gas, desorption of gas from
surfaces, and vértual and real leaks (sce Figure 4.2). For the time being, we will assume that there are no real
leaks in the system. We will also assume that the system was built without creating sources of virtual leaks.
That leaves the bulk gas and desorption of surface gas, mainly water in most cases, as the major contributors
to gas load. Other gas load sources, namely bulk outgassing, diffusion, permeation, and backstreaming,
contribute negligible amounts in the rough regime, so we will not address them in this chapter.

The bulk gas can be determined by multiplying the chamber pressure by the volume of the chamber plus
any other volumes interconnected and open to the chamber. The amount of gas is measured in torr-liters, or
an alternative volume-pressure product. For example, a 5-liter chamber at atmospheric pressure (760 Torr) has
a bulk gas contribution to gas load of 5-liters multiplied by 760 Torr, or 3,800 Torr-liters of gas. In Chapter 3,



118 | CHAPTER 4: ROUGH VACUUM REGIME
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Figure 4.2. Gas load in the rough vacuum regime.
Figure provided by Nancy Louwagie, Normandale Community College.

Example 3.1 shows how to calculate a volume and use the local atmospheric pressure condition to determine
the gas load due to the bulk gas present.

The contribution of surface gas to gas load is harder to quantify. This contribution depends on the surface
area, the humidity of the air allowed into the chamber, and the length of time the chamber is exposed to the
atmosphere. We may have little control over these variables. Nevertheless, if the system has been vented to the

atmosphere, water vapor from the air has coated the inner surface of the chamber, piping, and other system
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components. As the chamber is pumped down, the water on the inner surface of the chamber will begin to
desorb from the surface and enter the gas phase. The bonds between water molecules in the layers nearest the
chamber’s surface can take a very long to break. Heating, or baking, the chamber speeds up desorption of water
from the inner surfaces of the chamber. Once in the gas phase, those water molecules can be pumped out of

the chamber.

Section 4.3 Quiz

\_@ An /nteract/ve l—/5P e/ement has been excluded from this version of the text You can view it online here:
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4.4 Rough Vacuum Pumps

Rough vacuum pumps are called positive displacement vacuum pumps. The operation of a positive dis-
placement pump is based on Boyle’s law applied over many repetitive cycles. Positive displacement pumps
repeatedly expand the volume, isolate it, compress the trapped gas, and then expel the trapped gas as shown in
the Figure 4.3.

P, P, P

=

P 1 Patm x atm atm

Boyle’s Law
P,V,=P,V,

Figure 4.3. Positive displacement pump cycle.
Diagram provided by Nancy Louwagie, Normandale Community College.
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Example 4.1

To illustrate this process, consider the system shown in Figure 4.4. A piston-type pump is con-
nected to a 10-liter chamber. A pressure gauge and a vent valve are attached to the chamber. The
volume within the piston pump is 1-liter. What will the chamber pressure be after five strokes of
the piston pump?

Solution:

Initially, the chamber pressure is nominally at 1atm, or 760 Torr. The piston pump is pushed in so
that the interior volume of the pump is zero. The pressure gauge displays a pressure reading of 760
Torr.

We will apply Boyle's law to determine what happens to the chamber pressure, one stroke of the
piston pump at a time.

Stroke 1. \When the piston and handle of the pump is drawn back, the pump’s exhaust
valve is closed, and the inlet valve of the pump is opened allowing gas from the chamber to
flow into the pump. This essentially expands the chamber volume to 11 liters (10-liters in the
chamber plus 1-liter in the pump). By applying Boyle's law, we calculate the pressure in the
chamber according to:

P, after 1 stroke X VZLfterlstroke = Linitial X V;m'tial
Where,

P, itiar = 760 Torr
Vinitiar = 10 liters in the chamber

Vafter 1 stroke = 10 litersinthe chamber + 1literinthepiston = 11liters
Hence,

10 l4t
— T (760 Torr)
11 liters

Pafter 1 stroke — 690.0 T'orr

When the piston is pushed forward, the pump’s inlet valve closes, and the pump’s outlet

P, after 1 stroke —

valve opens. The gas within the pump is compressed and expelled to atmosphere. When
the handle returns to its original position, the volume within the pump is again zero. The
first stroke cycle is complete, and fewer gas molecules remain in the chamber volume.

Stroke 2. \When the piston is drawn back out again, the outlet valve closes, and the inlet
valve opens so the system volume again expands by an additional 1-liter to a total volume
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Figure 4.4. A 1-liter piston pump connected to a 10-liter chamber. Diagram provided by Nancy Louwagie, Normandale
Community College.
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@ One or more interactive elements has been excluded from this version of the text. You can view them online
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If this example is continued for twenty strokes and a pressure versus strokes graph is plotted, a graph as
shown in Figure 4.5 would be obtained. The graph shows an exponential decrease in pressure. This graph is
called a pump-down curve. The curve shown in Figure 4.5 asymptotically approaches zero pressure as the
number of strokes increases. In practice, it is not possible to achieve absolute zero pressure. The positive dis-
placement pump has a pressure limit below which the Boyle’s law model does not apply due to change in the
gas flow characteristics. The actual lowest pressure achieved by a positive displacement pump is called its #/t:-

matepresmre.
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Figure 4.5. Sample piston pump pump-down curve. Graph provided by Elena Brewer, SUNY Erie Community
College.

All positive displacement vacuum pumps use this expansion, isolation, compression, and exhaust cycle to
move gas from the pump’s inlet to the pump’s outlet. Let us examine the pumping action of four types of

rough vacuum pumps: diaphragm pumps, scroll pumps, rotary vane pumps, and Roots pumps.

4.4.1 Diaphragm Pumps

Diaphragm pumps are one of the basic types of positive displacement pumps. They are simple in

design, reliable and relatively low-cost.
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When we breathe, our lungs behave like a diaphragm pump. As the diaphragm at the bottom of the
chest cavity is pulled down, expanding the volume of the chest cavity, air flows into our lungs. When
the diaphragm is pushed up, the volume of the chest cavity decreases, the air in our lungs is compressed,
and we exhale. We repeat this pumping cycle over and over again throughout our life.

Figure 4.6 shows the pumping mechanism for a diaphragm pump and the corresponding flow of
gas through the pump. A diaphragm made of a flexible material forms one wall of a small chamber.
The flexible diaphragm is attached to a piston, which is attached to an eccentric cam driven by an elec-
tric motor. As the cam rotates, the piston rod moves up and down which acts to push and pull on the
flexible diaphragm. When the diaphragm is pulled down, the volume within the pump’s small cham-
ber increases. When the diaphragm is pushed upward, this volume decreases. Animation 4.2 shows the

flow of gas through the pump during each pumping cycle.

Inlet Exhaust
Port Port

Valves

S 7=

Diaphragm

Connecting
Rod

Motor
Shaft

Eccenter
Inlet Exhaust

Stroke Stroke

Figure 4.6. Pumping mechanism of a diaphragm pump. Graphics provided by MATEC, edited by E.
Brewer.

online here: https://milnepublishing.geneseo.edu/introtovacuumtech/?p=698#oembed-2

a One or more interactive elements has been excluded from this version of the text. You can view them

Animation 4.2. Diaphragm Pump Example. Animation provided by MATEC.

The pumping cycle consists of two phases. During the gas capture phase of operation, the cam
rotates, and the piston rod is pulled down. The piston pulls on the diaphragm, the diaphragm stretches

which causes the volume within the pump chamber to increase. As the volume within the pump
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increases, the corresponding pressure in that space decreases. This causes the inlet valve to open, and
gas from the chamber flows through the inlet port and into this expanded space within the pump.
The second phase begins when the rotation of the cam causes the piston rod to change direction and
begin moving upward. This upward motion of the piston pushes the diaphragm up and reduces the
volume of the small chamber. The trapped gas gets compressed, and the pressure in the small chamber
increases. This causes the inlet valve to close and the exhaust port to open, and the gas is expelled from
the chamber. This completes one pumping cycle.

A single stage diaphragm pump is capable of reducing the pressure level to approximately 50 Torr.
The lowest pressure a vacuum pump can achieve is defined as its ultimate pressure. Diaphragm pumps
may be made with multiple chambers to improve pumping performance. Up to four chambers can
be combined in a single pump. A four-stage pump can achieve an ultimate pump pressure of approxi-
mately 0.5 Torr. Pumping speeds range from 10 to 60 liters per minute. Most diaphragm pumps oper-
ate at either 120 V / 60 Hz or 220 V / 50 Hz.

Diaphragm pumps are best suited for applications that do not require removal of large volumes of
gas. One significant functional advantage to using diaphragm pumps is that they are a type of dry
pump. A dry pump does not use oil to create airtight seals during operation. Use of dry pumps elimi-
nates back streaming of oil vapor as a gas load source in a vacuum system. Diaphragm pumps are com-
monly utilized in small analytical systems or as the backing pump for a turbo pump. These systems are
used in clean operating environments. Another important consideration in vacuum pump selection is
the cost of the pump. Diaphragm pumps tend to be relatively inexpensive compared to other positive
displacement pumps. Diaphragm pumps are also attractive because they are ambient air-cooled, rather
than water-cooled.

Maintenance tasks associated with a diaphragm pump are easy to perform. The diaphragm should
be replaced routinely to maintain optimal pump performance. Generally, the replacement period for a
diaphragm is after every 10,000 hours of operation. Replacing the diaphragm is not difficult. Sub-com-
ponents associated with the pump’s inlet and outlet valves, like gaskets, may also need to be replaced.
If the diaphragm pump starts exhibiting an increase in its ultimate pressure, the condition of the
diaphragm and possibly the valve components should be checked and/or replaced.

Drawbacks to using diaphragm pumps are their inherently low pumping speed and high ultimate
pressure. Because of these two limitations, diaphragm pumps are not used as the primary roughing

pump in large-scale manufacturing applications.
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Diaphragm Pump Key Takeaways:

Diaphragm Pump Advantages Diaphragm Pump Limitations

* Low pumping speed (0.2-2.8 liters/sec) that decreases
uniformly with pressure drop

High ultimate pressure (0.5 — 50 Torr)

Should not be used to pump abrasive/corrosive gases
Should not be used to pump condensable gases/vapors
Frequent maintenance (diaphragm replacement)

Dry: no backstreaming oil
Reliable

Low noise level

Cost-effective

Simple design and maintenance

4.4.2 Scroll Pumps

Another type of positive displacement pump is a scroll pump. The scroll pump, like the diaphragm
pump, is a type of dry pump. Oil-free scroll pumps like the one shown in Figure 4.7 provide clean
operating environments with no sealant or lubricant required in the vacuum-exposed region. They are
ambient air-cooled and do not require cooling water. Scroll pumps are capable of much higher pump-
ing speeds than diaphragm pumps and can achieve a lower ultimate pressure. Scroll pumps are used
extensively in systems that support manufacturing processes conducted in very clean environments like
semiconductor manufacturing.

Scroll pumps use two scrolls, or plates, shaped into a spiral called an involute curve. The two scrolls
fit inside one another. The edge of the scroll is covered by a tip seal. One scroll is fixed in place and
remains stationary during operation. The other scroll moves with an orbital motion around the sta-
tionary scroll. The scroll pump design does not include an inlet valve component like the diaphragm
pump design. Instead, the orbiting motion of the movable scroll continually traps pockets of gas and
compresses each pocket to the point at which the gas is expelled from the pump.

The motion of the scroll pump creates a crescent shaped volume that repeatedly opens to the vac-
uum system and serves to expand the system volume. The pressure in the vacuum chamber decreases
as the gas flows out of the chamber through the system and into the pump. After gas flows into the
crescent shaped pocket, the one scroll plate continues its orbital motion, and the gas pocket seals (see

Figure 4.8 and Animation 4.3). The crescent shaped pocket shrinks as the movable scroll continues in
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Figure 4.7. Scroll pump. Photo provided by Kurt ).
Lesker Company, https://www lesker.com.

its orbital trajectory, and the trapped gas is compressed. The trapped gas moves along the scroll toward
the center of the scroll. When the pocket of gas reaches the center, it is expelled through the pump’s
outlet. The sequence of gas capture, gas compression, and gas exhaust is performed over and over again

as the movable scroll moves in this orbital trajectory.

Figure 4.8. Pumping mechanism of a scroll pump. Graphics provided by MATEC, edited by E. Brewer.
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@ One or more interactive elements has been excluded from this version of the text. You can view them

online here: https.//miln lishin n introtov mtech/?p=

Animation 4.3. Dry Scroll Pump Mechanism Animation. Animation provided by MATEC.

Scroll pumps offer several functional advantages. Scroll pumps are dry, have high pumping speeds,
and achieve low ultimate pressures. Using a scroll pump eliminates the risk of oil contamination and
the need for oil traps and eliminators. Pumping speeds range from 300 to 600 liters per minute. Scroll
pumps can reach ultimate pressures from 0.01 (10'2) Torr to 0.001 (10'3) Torr. Scroll pumps can also
be configured for either single-phase or three-phase operation at 50 Hz or 60 Hz.

Routine maintenance tasks associated with a scroll pump are relatively easy to perform. The tip seal
should be replaced regularly to maintain optimal pump performance. Service intervals are specified by
the vendor and often are around 10,000 hours of continuous operation. The process of replacing the
tip seal is not difficult. If the scroll pump starts exhibiting an increase in its ultimate pressure during
operation, the tip seal should be replaced. The tip seal should also be replaced if the pump emits exces-
sive particulate during operation. However, if a scroll pump is emitting excessive amounts of particu-
late, this may be an indication that a scroll pump is not suitable for the process being run or there is a
problem with the underlying process.

Scroll pumps are intended for use in clean environments to support clean, dry processes. Any par-
ticulate or liquid state matter present in the gas load can damage the scroll pump. A gas ballast may
be included on a scroll pump to help prevent certain vapors from condensing as they are compressed
by the pump. The ballast function will be explained in more detail in the section addressing the rotary
vane pump. A drawback to scroll pumps is that the pump itself can be the source of particle generation
as the tip seal wears out. Scroll pumps as an initial investment are also moderately expensive compared

to some other rough pump types.
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Scroll Pump Key Takeaways:

Scroll Pump Advantages Scroll Pump Limitations

* Should not be used to pump

e Very high pumping speeds (300 — 600 liters/min) abrasive/corrosive gases

* Low ultimate pressure (~1x 10'2Torr) * Should not be used to pump

* Can pump from atmospheric pressure condensable gases/vapors and

* Dry: no backstreaming oil particulates

* Reliable * More expensive than rotary vane and

* Low noise level (except for the first few seconds) diaphragm pumps

* Simple design and maintenance * Pump can be a source of particulates
generation

4.4.3 Rotary Vane Pumps

One of the very first mechanical vacuum pumps was a piston type as described in Section 4.4. A succes-
sor to the piston pump was a mechanical, mercury-sealed rotary pump. Today the rotary vane pump
is one of the most commonly used vacuum pumps. A rotary vane pump is shown in Figure 4.9. The
rotary vane pump works on the same principle as the diaphragm pump and the scroll pump. As the
pump cycles, volumes of gas are repeatedly expanded, trapped, and expelled. The pressure in a cham-
ber connected to the pump decreases over successive cycles of pump operation. Unlike the diaphragm
pump and scroll pump, the function of the rotary vane pump requires the use of oil. The oil serves
important functions in rotary vane pump operation. First, oil lubricates moving parts in the pump
to reduce frictional wear. Second, the oil equilibrates and dissipates heat generated during the pump’s
operation. And finally, the oil makes a seal which traps each volume of gas that is subsequently com-
pressed and expelled.

The pumping mechanism in a rotary vane pump is enclosed by a stator as shown in Figure 4.10 (a).
Inside the stator is an offset rotor that is mechanically coupled to a drive motor. The drive motor turns
the offset rotor that contains spring-loaded vanes. A small amount of oil in Figure 4.10 (b) forms the
seal between the end of the sliding vanes and the inner surface of the stator. As the rotor turns, a sealed

space within the pump is created.

Let’s examine the operation of a rotary vane pump in more detail. Again, a cross-sectional view of
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Figure 4.9. Rotary vane pump. Photo provided by Kurt .
Lesker Company, https://www.lesker.com.

a rotary vane pump is shown in Figure 4.10(a). As the sliding vane passes by the opening to the inlet
port, gas molecules begin to flow into the space behind the sliding vane. As the space behind the sliding
vane increases, more gas molecules flow into this space. Eventually, the other end of the vane passes the
inlet opening and seals off the volume of gas molecules that have moved into the pump.

As the rotor continues to rotate, the trapped volume of gas is gradually compressed and the pressure
of the trapped gas increases. The compressed gas is then opened to the exhaust port. If the pressure of
the trapped gas is greater than the pressure on the other side of the discharge valve, the discharge valve
opens, the trapped gas escapes into the exbaunst line and exits through the exhaust port. This process
repeats twice for each rotation of the sliding vane if a two-vane pump is used as shown in Figure 4.10
(c). However, if the pressure of the trapped gas is insufficient to open the gas discharge valve, then the
gas stays in the pump and no gas is exhausted from the pump. Figure 4.10(c) shows snapshots in time

illustrating the movement of gas through the pump.
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Figure 410 (a). Cross-section of a rotary vane pump. Graphics is used with permission of
Maricopa Advanced Technology Education Center (MATEC).

If the discharge valve does not open,
there is a risk of vapor condensation and
contamination of the pump oil. If the oil
becomes contaminated with water or other
impurities, these contaminants will increase
the vapor pressure and make it impossible,
or at least more difficult, to reach satisfac-
tory base pressures.

A gas ballast feature is often used to

ensure that the discharge valve opens during

One or more interactive elements has been
@ excluded from this version of the text. You can
view them online here: https.//miln lishing.
seo.edu/introtovacuumtech/?p=698#oembed-

Animation 4.4. Rotary vane pump. Animation

used with permission of MATEC.

every cycle. The ballast valve opens during each cycle, allowing a quantity of air, or an inert gas, to be

admitted during the compression cycle. This extra gas ensures that the pressure of the compressed gas

is great enough to open the discharge valve, allowing condensable vapors to exit the pump before they

condense inside the pump. Without the extra gas admitted through the gas ballast mechanism, some

of the vapors present will condense inside the pump if the gas reaches its saturation vapor pressure

during the compression phase. The downside of the ballast function is an increase in the ultimate pres-

sure of the pump.

When oil-sealed mechanical pumps are operated at low pressures, they tend to backstream oil

vapor back into the roughing line and process chamber. This may affect the process being run. Oil
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Figure 410 (b). Low-vapor pressure oil acting as a sealing medium. Graphics is used with permission of
Maricopa Advanced Technology Education Center (MATEC).

migration can be controlled by inserting traps, such as molecular sieve traps, in the roughing line.

Another solution is to use oil-free mechanical pumps, such as diaphragm pumps and scroll pumps.
Rotary vane pumps are very popular pumps and

used in many applications. This type of rough vac-

@ One or more interactive elements has been uum pump offers several functional advantages.

excluded from this version of the text. You can Rotary vane pumps can achieve high pumping

view them online here: https://milnepublishing.gene- . .
) speeds and low ultimate pressures, are relatively easy
seo.edu/introtovacuumtech/?p=698#oembed-

to use, and if maintained properly, are rugged and
Animation 4.5. Rotary vane vacuum pumps. durable. These pumps come in a variety of sizes and

Animation is used with permission of Busch support different levels of pumping capabilities.

Vacuum Solutions, www.buschusa.com. They also come in a wide range of pumping speeds

spanning from approximately 10 liters per minute
up to 20,000 liters per minute. Rotary vane pumps
can reach ultimate pressures as low as 0.001 (10-3) Torr without a ballast. When the gas ballast is used,
a rotary vane pump’s ultimate pressure increases by approximately a factor of 10. Rotary vane pumps

are available as one-stage or two-stage pumps. Some two-stage pumps are capable of higher pumping
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Figure 410 (c). Pumping sequence of a rotary vane pump. Graphics is used with permission of Maricopa
Advanced Technology Education Center (MATEC), adapted by E. Brewer.

speeds and lower ultimate pressures than one-stage pumps. These pumps can be selected for either 120
VAC / 60 Hz or 220 VAC / 50 Hz operation.

It is important to maintain a rotary vane pump properly to ensure its optimum performance. Main-
tenance tasks associated with a rotary vane pump are relatively easy to perform. The pump’s oil should
be inspected routinely and changed regularly. It is important to use the right type of oil with this pump.
The oil used with a rotary vane pump should have a low vapor pressure, for example, as low as 0.075
milliTorr at room temperature. If the oil looks like it is chemically reacting (often with water) such that
it is acquiring a milky green appearance, it should be changed immediately. Other mechanical parts
and accessories like the springs, blades, rotor, stator, valves, seals, filters, and traps on the pump can be
replaced if they malfunction or wear out.

Rotary vane pumps are versatile and used in a variety of manufacturing environments. These
pumps, when maintained properly, provide dependable performance for a long time. The major draw-

back to rotary vane pumps is the presence of the oil which can vaporize and cause problems for cer-
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tain processes. Rotary vane pumps are typically the least expensive of the rough pump options, but the
price of this pump can vary greatly. The low vapor pressure oil used with these pumps can be expensive.

This represents an on-going operating expense that needs to be considered when selecting this type of

pump.

Rotary Vane Pump Key Takeaways:

Rotary Vane Pump Advantages Rotary Vane Pump Limitations

* High pumping speeds (300 liters/sec) * Oil used as lubricant, coolant, and gas sealant for vanes:

* Low ultimate pressure (~1x 10 Torr oil backstreaming
for one-stage pumps, ~1x 10" Torr * High noise level and low frequency vibration
for two-stage pumps) * Should not be used to pump abrasive/corrosive gases

* Can pump from atmospheric * Should not be used to pump condensable gases/vapors
pressure and particulates

e Reliable * Frequent maintenance: changing and disposing of pump

* Low cost (some are <$1,000) oil

4.4.4 Roots Vacuum Pumps

One rough vacuum pump that operates differently from the pumps previously described is the
mechanical booster pump. This positive displacement pump is better known as a lobe blower or the
Roots pump. Like previous rough pumps, a volume within the Roots pump expands allowing gas
molecules from the chamber to move into the pump, the pump’s motion traps the gas molecules and
transfers the gas to the pump’s exhaust. The Roots pump differs from the previous pumps because this
pump does not include valves at its inlet and outlet. The Roots pump functions to transport gas mol-

ecules from the inlet to the outlet very rapidly.



CHAPTER 4: ROUGH VACUUM REGIME | 135

The Roots pump accomplishes the
pumping function through the rotation of
a meshed lobed rotor mechanism with @ One or more interactive elements has been

imp ellers mounted on p arallel shafts and excluded from this version of the text. You can

view them online here: https.//milnepublishing.gene-

rotating in opposite directions. Figure 4.11 )

seo.edu/introtovacuumtech/?p=698#oembed-6
shows a cross-section of a mechanical
booster pump with two-lobe rotors. The Animation 4.6. Roots blower vacuum pump.

arrows show the direction of rotation by the Animation provided by Gigi Bocek.

rotors and the resulting flow of the gas mol-

ecules within the pump. The rotors do not

touch each other as they rotate, nor do they make contact with the surrounding walls (stator). The
clearances between the rotor faces and other surfaces are generally less than 0.5 mm. The rotors spin at
speeds between 1,400 and 4,000 revolutions per minute. The high rotational speeds are possible

because the speed of the lobes is not reduced by friction with the stator.

INLET

OUTLET

Figure 411. Roots vacuum pump cross-section. Figure provided by Kurt ). Lesker Company,

https://www.lesker.com.
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The Roots pump is frequently operated in combination with another type of positive displacement
pump. Since the rotor faces within a Roots pump do not completely seal during their pumping
motion, gas molecules from a single-stage Roots blower can easily leak from the pump outlet back
toward the chamber. The result is that a Roots pump operating by itself achieves a very low pumping
speed when it exhausts the trapped gas to atmosphere.

A Roots pump rapidly passes the gas through the pump without compressing the gas appreciably.
Therefore, a single Roots pump cannot exhaust directly to atmosphere. The outlet of a Roots pump
is connected to the inlet of another positive displacement pump which serves as a backing pump. The
backing pump compresses and exhausts the gases to atmosphere. In some systems, the Roots pump
is not energized as the system starts pumping down from atmosphere. Instead, the backing pump
does the initial work to start the pump-down process from atmosphere. During the initial stage of the
pump-down process, the Roots pump impellers rotate freely allowing gas to flow through the Roots
pump. When the inlet pressure to the backing pump reaches a pressure of approximately one to ten
Torr, the Roots pump is energized so the impellers become actively driven. After this point in the sys-
tem pump-down process, the Roots pump will increasingly function to enhance the pumping speed
of the system as the system continues to pump down through the pressure range of one Torr to 1x 103
Torr.

The Roots pump is susceptible to generating high levels of heat. As stated previously, the Roots
pump design does not function to support high compression ratios. Attempting to operate the Roots
pump starting at atmosphere can overload the pump motor and cause the pump to overheat. The back-
wards movement of molecules through the Roots pump, especially smaller molecules like hydrogen
and helium, compounds the heat generation problem.

Making a few careful considerations in the design and operation of a vacuum system with a Roots
pump will help to avoid excessive heat generation by the Roots pump. It is important to pair a Roots
pump with an appropriate backing pump. The pumping speed of the Roots pump should be limited
to no more than a factor of two to eight times greater than the pumping speed of the backing pump.
During its operation, the pressure difference between the outlet of the Roots pump and its inlet should
not exceed the manufacturer-specified limit. Some Roots pumps are designed with a bypass line and
relief valve that help to limit the pressure difference between the outlet and the inlet of the pump.
Other Roots pump models include gas coolers in their design that allow the pump to tolerate larger
pressure differences between the outlet and the inlet during operation. And some Roots pump models
automatically slow down at high pressures to avoid generating excessive heat or overloading the motor.

Since Roots pumps are effective at pumping on large volumes and achieving low system base pres-
sures, they are used in a variety of manufacturing and research environments. Roots pumps in combi-
nation with an appropriate backing pump achieve the highest pumping speeds through the medium
vacuum range at up to 50,000 liters per minute. Vacuum systems with a Roots pump can achieve

ultimate pressures below one milliTorr. Compared to other positive displacement pumps, the Roots
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pump is typically more expensive due to the complexity of the pump design. Multi-stage Roots pumps
models are also available. Like the other positive displacement type pumps, Roots pumps can be
selected for either 120 VAC / 60 Hz or 220 VAC / 50 Hz operation.

When properly operated and maintained, these pumps are very durable and provide dependable per-
formance for long periods of time. The Roots pump, like the diaphragm and scroll pump, is a type of
dry pump that can help limit backstreaming from an oil-sealed rotary vane pump. Although oil is used
to lubricate the gears and bearings in a Roots pump, no oil is present in the gas flow space. It is impor-
tant to maintain an oil fill level in the pump that properly lubricates the inner gear teeth that drive the
impellers. Lubricants and oils should provide the right level of viscosity over the range of pump oper-

ating temperature.

Roots Pump Key Takeaways:

Roots Pump Advantages Roots Pump Limitations

7 Wiy Lot jpsmopingy ypass s{erp @0 SV e/ * Does not start from atmospheric pressure.

min) . ; <
* Low ultimate pressure (~1x 10" *Torr with ?peratmg pressure range is 20 Torr — 10
= i orr
. 11)0 ‘Torrbbaikmg pu.mp) i * Should not be used to pump condensable
: Rzyh.a Efe ackstreaming oi gases/vapors

* Expensive

* Usually requires backing pump

* Generates high level of heat and requires
cooling

* Can be used to pump abrasive/corrosive gases and
some particulates

* Minimal maintenance — maintain oil level for gear
teeth

4.4.5 Other Rough Vacuum Pumps

There are other types of commonly used rough vacuum pumps. These pumps include rotary piston
pumps, claw pumps, and screw pumps. Each pump implements the gas capture, compression, and
gas exhaust cycles using different geometries. A very brief description for each of these pumps is pro-
vided in this section. See the references for additional information about the design and operation of

each of these pumps.
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@ One or more interactive elements has been
excluded from this version of the text. You can

view them online here: https://milnepublishing.gene-

seo.edu/introtovacuumtech/?p=698#oembed-

Animation 4.7. Dry claw vacuum pump. Ani-
mation used with permission of Busch Vac-
uum Solutions, www.buschusa.com.

Rotary piston pumps are similar to rotary vane
pumps. The eccentric cam drives a piston that
draws a volume of gas into the pump, isolates the
volume, compresses it, and exhausts it. Pumps of
this kind are typically used as roughing pumps on
large vacuum systems either alone or in combina-
tion with a Roots pump. They are rugged and
mechanically simple, providing high pumping
speeds.

Claw pumps use two claws rotating in opposite

directions, like the Roots pump, to capture, com-

press, and exhaust the gas. Claw pumps can be used to effectively pump corrosive and abrasive gases.

They are often combined with Roots pumps to achieve high pumping speeds and pressures in the mil-

litorr range.

@ One or more interactive elements has been
excluded from this version of the text. You can
view them online here: https.//milnepublish-

.geneseo.edu/introtovacuumtech/?p=698#oem-
bed-8

Animation 4.8. Dry screw vacuum pump. Ani-

mation used with permission of Busch Vac-
uum Solutions, www.buschusa.com.

Screw pumps are also used to pump corrosive
and abrasive gases. These pumps find application in
backing turbomolecular pumps in reactive-ion
etching and chemical vapor deposition systems.
The screw pump uses a pair of large rotating screws
to move the gas from the inlet end of the pump to
the exhaust end. Like claw pumps, screw pumps
have high pumping speeds and ultimate pressures in
the millitorr range.

Table 4.1 summarizes vacuum pumps that were
discussed in Section 4.5 and compares their main

characteristics: pumping speed, ultimate pressure,

backstreaming oil, reliability, noise/vibration level, ability to handle corrosive/abrasive gases and con-

densable gases/vapors, and cost.
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Table 4.1. Rough vacuum pumps summary.

Characteristics: Dlall)phragm Scroll Pump Rotary Vane Roots Pump
ump Pump
Typical Pumping Speeds 12 - 167 300 — 600 17 — 16,000+ | Up to 50,000
(liters/min)
Typical Ultimate Pressure 1-38 102 _ 1073 10! _ 1073 102 _ 1074
(Torr)
Dry vs Wet Dry Dry Wet Dry
Possible —
Oil Backstreaming No No Yes Use Dependent
Typical Noise Level (dB(A)) 50 — 55 47 — 65 48 — 80 Various
Can be used to pump abra- Somewhat — Somewhat — Somewhat — Somewhat —
sive and corrosive gases . With Care With Care With Care
With Care
Can be used to pump con- No No No No
densable gases/vapors
Cost Low High Low High

Section 4.4 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
https.//miln lishin n introtov: mtech/?p=698#h5p-2

4.5 Rough Vacuum Gauges

The vacuum pump functions to create the lower pressure condition within a system and specifically within

the vacuum chamber. A vacuum gauge measures the level of vacuum present in the vacuum chamber and at
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other points in the system. Measurements of pressure help us understand and respond to a vacuum system’s
performance. There are different types of vacuum gauges available to measure pressure. Each type of gauge has
certain features that are useful in a working vacuum system. Each gauge also presents with some limitations
for its use. It is important to understand how the different types of gauges function in order to appropriately
utilize the measurement data they generate.

As we discussed in Chapter 3, vacuum gauges are classified as either direct reading or indirect reading. Dérect
reading vacuum gaunges measure pressure in the rough vacuum regime. This gauge type measures pressure
based on the force exerted by the gas on an area. At pressures between atmosphere down to 1x 107 Torr, the
molecular density of the gas is high enough to exert forces that can be detected mechanically. On the other
hand, indirect reading vacuum ganges infer the pressure based on measuring another property of the gas
that changes predictably as the gas density changes. Vacuum gauges that measure pressure based on heat trans-
fer principles also provide a reliable indication of rough vacuum pressures. At pressures below 1x 107 Torr,
other indirect measurement techniques are required.

How well will the vacuum gauge measure the pressure in the chamber? This question is a very important
one to consider. All measurement devices are inaccurate to some extent. The accuracy of a measurement device
is determined by the device’s capability to display a reading that falls within a band defined as an upper limit
and lower limit of what is thought to be the true value. The closer the upper limit and lower limit values are to
one another, the more accurate the measurement. Vacuum gauges can often be calibrated by the manufacturer
or the user to improve their accuracy.

The following sections will describe the behavior of four types of rough vacuum gauge technologies: Bour-
don, capacitance diaphragm, thermocouple, and Pirani gauges. There are also measurement devices that com-
bine two different gauge type technologies, like the capacitance diaphragm and Pirani, into a single package.

This kind of vacuum gauge is called a combination gauge.

4.5.1 Bourdon Gauges

A Bourdon pressure gauge was patented by Eugene Bourdon in France in 1849. Two years later,
Bernard Schaeffer patented a successful diaphragm pressure gauge. Together, the two pressure gauges
revolutionized pressure measurement in industry. They were widely adopted for their superior sensitiv-
ity, linearity, and accuracy at that time. These low-cost gauges are still used today to measure pressure
levels above 1 Torr.

A commercially-available Bourdon pressure gauge is shown in Figure 4.12. This is a direct reading
gauge. It operates on the principle that a curved, flattened tube often of non-circular cross-section will
straighten when pressure inside the tube increases or will curl when the pressure decreases. To mag-
nify the effect of the pressure change, the tube is formed into a C-shape, or even a helix, so that the
entire tube tends to straighten out or uncoil elastically as it is pressurized and will coil when the pres-

sure decreases.
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Figure 4.12. Commercially available Bourdon
gauge. Photo is provided by Kurt ). Lesker

Company, https://www:.lesker.com.

Figure 4.13 shows the internal structure of a Bourdon pressure gauge. The C-shaped Bourdon tube
is open at one end and sealed at the other end. As the tube responds to changes in pressure, the move-
ment of the tip is transmitted mechanically through an adjustable link to a segmented lever. The seg-
mented lever rotates around a pivot point and the sector gear end meshes with a pinion gear. As the
pinion gear rotates, it moves the attached needle. As the needle moves over the scale, the needle tip indi-

cates the pressure reading. Animation 4.9 demonstrated operation of a Bourdon pressure gauge.

\ Tip

Scale

Bourdon

Tube
Chamber at Chamber under
atmosphere vacuum

Figure 413. Internal Structure of the Bourdon gauge. Graphics provided by MATEC, edited by E.
Brewer.
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a One or more interactive elements has been excluded from this version of the text. You can view them

online here: https.//miln lishin n introtov mtech/?p=

Animation 4.9. Bourdon Pressure Gauge Animation. Animation provided by MATEC.

A Bourdon pressure gauge measures pressure relative to ambient atmospheric pressure, as opposed
to absolute pressure. A reading of zero on most Bourdon gauges indicates atmospheric pressure. As the
pressure detected by the Bourdon gauge decreases to levels less than atmospheric pressure, the internal
coil retracts, and the needle moves to indicate a non-zero value.

Gage pressure is related to absolute pressure and atmospheric pressure by the equation,

Pgage — L agbsolute — Patmospheric (41)

Example 4.2

If a Bourdon gauge displays the pressure in a vacuum chamber as 5.50 in Hg vacuum, what
is the approximate absolute pressure within the chamber?

Solution:

If the chamber’s specific location is not provided, assume that Patmospheric is equal to stan-
dard atmospheric pressure, that is, 29.92 in Hg for Earth at sea level.

The known values are:

Pyoge = 5.50in Hgvacuum = —5.50in Hg, and
Patmospheric = 29.921in Hg
Substituting these values in Equation 4.1 gives,

P gage — L absolute — P, atmospheric

P, absolute — P gage + P, atmospheric
Ppsorute = —5.50in Hg + 29.92in Hg
Popsorute = 24.421n Hg
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Example 4.3

For the same pressure measurement in the previous example, what is the absolute pressure
within the chamber in units of inches of Hg if the system is located in Denver, Colorado?

Solution:

Denver, Colorado is located at an altitude of roughly 1 mile above sea level. The atmospheric
pressure decreases as you move to higher altitudes and get farther away from sea level. At
sea level the atmospheric pressure is nominally 760 mm Hg, or 760 Torr. Assume that the
typical atmospheric pressure in Denver, Colorado is 615 mm Hg.

The known values are:

Pyoge = 5.509n Hgvacuum = —5.50in Hg, and
P, atmospheric — 615 mm H g
We use,

P, gage — L absolute — P, atmospheric

P, absolute — 4 gage + P, atmospheric
In order to solve for Papsolute in Equation 4.1, the values of Pgage and Patmospheric must be of
the same unit of measure, that is, inches of Hg (in Hg).

We will convert the value Patmospheric from units of mm Hg to in Hag:

Patmosphe'ric - 615M Hg X

Patmosphe'ric = 24.21in Hg

Substituting the converted Patmospheric value:

Pabsolute = —5.50 Zan + 24.21 ’Lan
Pabsolute = 18.71in Hg

lin

25.4 gyt
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Example 4.4

The Bourdon gauge in Figure 4.14.a displays a measurement of the pressure within a vac-
uum chamber. What is the absolute pressure within the chamber in units of mbar?

Figure 414.b displays the barometric pressure condition in the room in which the vacuum
chamber is located.

Figure 4.14.b. Barometric pressure measurement in

Figure 4.14.a. Bourdon gauge measurement of the room. Photo provided by Nancy Louwagie,
pressure inside a vacuum chamber. Photo providedNormandale Community College.

by Nancy Louwagie, Normandale Community
College.

Solution:
The known values are:

Pyoge = 20.00 in Hgvacuum = —20.00in Hg, and
P atmospheric — 980.5 mbar

We use,

P gage — P, absolute — P, atmospheric

P, absolute — P, gage + P, atmospheric
In order to solve for Papsolute in Equation 4.1, the values of Pgage and Patmospheric must be of
the same unit of measure, that is, mbar.

We will convert the value Pgage from units of in Hg to mbar:
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1013.25mb
Pyage = —20.00 inHG x T
29.92 i Hg
Pyoye = —677.3 mbar
Substituting the converted Pgage value:

Pabsolute = —677.3mbar + 980.5 mbar
Ppsorute = 303.2 mbar

Example 4.5

A second gauge measuring the pressure within the vacuum chamber displays the reading
shown in Figure 4.14.c when the Bourdon gauge reads 20.00 in Hg vacuum. How do the
measurements from the two gauges compare?

Figure 4.14.c. Capacitance manometer / Pirani gauge measurement. Photo provided by Nancy
Louwagie, Normandale Community College. Photo edited by Gigi Bocek.
Solution:

Since the unit of measure displayed on the gauge in Figure 4.14.cis in torr, we know the
measurement displayed by the gauge reflects an absolute pressure.

Convert the value displayed on the gauge in Figure 4.14.c from units of torr to mbar:
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1013.25 mb
Pepsotute = 2.19 X 102 M % moar
760 Torr
Pabsolute = 292 mbar

The percent difference between the value calculated for the Bourdon gauge measurement
and the measurement on the second gauge shown in Figure 4.14.cis:

(303.2 mbar — 292 mbar)

((303.2mbar + 292mbar) + 2)
%difference =3.76%

x 100%

%di fference —

Example 4.6

If the pressure within a vacuum chamber is 488 Torr, what measurement value will a Bour-
don gauge display as the pressure in units of in Hg vacuum? The atmospheric pressure is
734 Torr.

Solution:

The known values are:

Pysorute = 488 Torr, and
P, atmospheric — 734 Torr
We use,
P gage — P, absolute — P, atmospheric
Pyoge = 488Torr — 734Torr
Pyoge = —246 Torr
This result implies that the measured pressure is 246 Torr less than the prevailing atmos-

pheric pressure.

We will convert the value Pgage from units of torr to in Hg:

29.92in H
Pioge = —246 Lo x it

760 Lotr

Pyoge = —9.681n Hg, or9.68 in Hgvacuum
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The Bourdon gauge is a purely mechanical device. No electrical power is required to operate a Bour-
don gauge. Thus, one advantage of using a Bourdon gauge is it will continue to display the pressure
condition within a vacuum system if the system loses power. Another advantage of the Bourdon gauge
is its fast response time. The disadvantage of a purely mechanical device is that without electronics, a
system operator must directly observe and interpret, and, if necessary, hand record the measurement
value right at the gauge. Another limitation of the Bourdon gauge is that it does not measure very accu-
rately. A Bourdon gauge provides just a general indication of the vacuum level present. The rate at
which the needle moves on the Bourdon gauge provides an idea of how fast a vacuum system is pump-
ing down. When a Bourdon gauge needle stays at zero after a pump down sequence has been initiated,

most likely a gross leak is present in the system.

4.5.2 Capacitance Diaphragm Gauges

A capacitance diaphragm gauge, or capacitance manometer, is also a direct reading gauge. It senses the
deflection of a flexible metal diaphragm in the gauge produced by the collective force of many gas mol-
ecules striking the diaphragm. The metal diaphragm functions as a boundary that separates two spaces.
One space is evacuated and permanently sealed. This space provides a vacuum reference pressure. The
space on the opposite side of the diaphragm is open to the gases present in the vacuum system. The

metal diaphragm forms part of a capacitance circuit. Since,

C = e%

where C is the capacitance in farads, ¢ is the permittivity of the dielectric material, A is the plate
area, and d is the plate separation, capacitance is inversely proportional to the distance between the two
plates forming the capacitor. Note, plate area and the dielectric material do not change. The electronic
circuitry in the gauge controller converts this change in capacitance to a corresponding frequency and
then to a pressure readout. Figure 4.15 shows a capacitance manometer gauge.

Capacitance manometers are used as process-control monitors because they are gas species inde-
pendent and can be very accurate. They can provide highly accurate measurements over almost seven
decades of pressure from 1,000 Torr to approximately 1.0 x 10™* Torr. However, it may be necessary
to use two or three capacitance manometer gauges if you want to make accurate measurements over
this full range of pressures. Capacitance manometers are calibrated to take accurate readings within a
smaller range of pressures. The measurement range of any one capacitance manometer is typically lim-
ited to two or three decades of pressure, for example from 10 Torr to 1,000 Torr for two decades or 0.01
Torr to 10 Torr for three decades. They are very fast, with response times on the order of 1 millisec-
ond or less and have an accuracy of + 0.25%, or less, of full scale. The downside of using capacitance
manometers is that they are more expensive than other gauges within the same pressure range, such as

thermocouple and Pirani gauges.
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Figure 4.15. Capacitance manometer
gauge. Source: www.lesker.com.

4.5.3 Thermal Conductivity Gauges

A gas has the ability to carry away heat. Conduction is a form of heat transfer in which individual mole-
cules transfer heat from hotter to colder regions. After an air molecule collides with and rebounds from
a heated surface, it carries away some of the surface heat energy. An increase or decrease in the number
of air molecules present to collide with a heated surface causes a corresponding increase or decrease in
the rate at which heat is carried away from the surface. We are familiar with thermos bottles. As was
described in Chapter 1, the thermos bottle design consists of a smaller flask inserted within a larger
flask. Air is removed from the sealed space to create a vacuum condition. By reducing the molecular
density in the space between the inner flask and the exterior wall of the thermos bottle, the rate of heat
transfer to or from the liquid inside the thermos bottle is reduced. In this way, we can keep cold liquids
cold and hot liquids hot.

Thermal conductivity gauges are a type of indirect-reading pressure measurement gauge. The
term zndirect reading implies that the gauge does not measure pressure directly, but instead measures
some other parameter associated with the gas and then converts it to a pressure reading. The operating
principle employed by a thermal conductivity gauge is based on the ability of a gas to conduct heat. As
the name implies, a thermal conductivity gauge measures temperature and then translates or converts
the temperature to a pressure reading.

Thermal conductivity gauges operate by measuring how much heat is lost from a heated surface as
the molecular density surrounding the surface changes. The heated surface in a thermal conductivity

gauge is created by passing electric current through a very thin filament wire. Heat is lost from the sur-
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face of the wire every time a gas molecule hits it and rebounds back into the chamber, taking some
heat energy from the wire’s surface. Higher pressures mean more collisions between gas molecules and
the heated filament surface which results in a high rate of heat loss. Conversely, lower pressures mean
fewer collisions between gas molecules and the surface, and consequently a lower rate of heat loss. The
amount of heat loss can be measured using either Fahrenheit, Celsius, or Kelvin temperature scales.
Thermal conductivity gauges are effective at measuring pressures in the lower range of the rough vac-

uum regime, that is, pressures between 0.001 and 10 Torr.

4.5.3.1 Thermocouple Gauges

A thermocouple gaunge is one type of thermal conductivity vacuum gauge. The function of
this gauge is enabled by a thermocouple sensing element. A thermocouple consists of two dif-
ferent metals joined together. The joining of two dissimilar metals produces a small electrical
voltage. Heating or cooling the thermocouple causes corresponding changes in the junction
voltage. Thus, a thermocouple behaves like an electric thermometer.

Figure 4.16 (a) shows the construction of a thermocouple gauge. The gauge controller
applies a set voltage to the filament to heat it up to its operating temperature. As the pressure
decreases around the filament, fewer gas molecules are available to carry away the filament’s
heat energy. As a result, the filament gets hotter as shown in Figure 4.16 (b). A thermocouple
is attached to the filament to sense the temperature of the filament. The gauge controller mon-
itors the voltage produced by the thermocouple and produces a pressure reading that corre-

sponds to the magnitude of the voltage.

Glass bead Thermacouple wire
around \ ;

thermacouple
junction \ /‘J\
| (A
To vacuum :D: @ power
system g meter supply

i ix
/ N\ Glass sealed feed through
Heated filament

Housing

Figure 416 (a). Thermocouple gauge diagram. Diagram is used with permission of Maricopa Advanced
Technology Education Center (MATEC).
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Figure 416 (b). Thermocouple gauge response. Diagram is used with permission of Maricopa Advanced
Technology Education Center (MATEC).

The useful measurement range of a thermocouple gauge is approximately between 0.01 and
1 Torr. Some thermocouple gauge designs include enhancements which expand the measure-
ment range slightly. The measurement accuracy of a properly calibrated thermocouple gauge
for a specified gas type is approximately +15%. Some of these gauges can be calibrated at the
lower end of the measurement range by adjusting the temperature of the heating filament.

Thermocouple gauges are relatively inexpensive.

4.5.3.2 Pirani Gauges

A Pirani gange, shown in Figure 4.17 is also a type of thermal conductivity gauge. A Pirani
gauge consists of a length of thin filament wire that is heated and passed through a metal cylin-
drical tube. The filament is incorporated in the gauge as one of the resistive arms in a Wheat-
stone Bridge. A Wheatstone Bridge in its simplest form consists of four resistances arranged
in a square, or diamond, shape, like a baseball diamond. Using the baseball analogy, a meter is
placed between first base and third base, and a power supply is connected between home plate
and second base. As the pressure changes, the Pirani gauge detects a change in an electrical

property due to changes in the resistance of the heated filament.
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Figure 4.17. Commercially available Pirani and Enhanced Pirani gauges. Photos provided by Kurt ). Lesker
Company, www.lesker.com.

The circuit, shown in Figure 4.18 (a) operates in the following manner. If the bridge is bal-
anced, the voltage at first base equals the voltage at third base, and there is no voltage potential
across the meter. No voltage means no current flows through the meter and the meter reads
zero. If one of the resistances changes, the bridge will become unbalanced. For example, when
pressure in the chamber decreases, the filament within the Pirani transducer heats up, which in
turn causes an increase in the filament’s resistance. Then, the voltage at first base and third base
will no longer be equal, and the potential difference across the meter will cause an electrical cur-
rent to flow through the meter. The magnitude of the electrical current will be proportional to
the new pressure in the vacuum chamber.

There are two primary Pirani gauge hot-filament designs. One design is based on supplying
a constant voltage across the bridge. The pressure is determined by measuring changes in the
bridge current caused by changes in the resistance of the filament wire. The constant voltage
Pirani gauge design supports pressure measurements in a range of approximately 0.001 to 1
Torr. The second design is based on maintaining a constant filament temperature by adjusting
the bridge voltage. The pressure is determined by measuring the changes in power supplied to
maintain the constant filament temperature. The constant temperature gauge design supports
a measurement range of approximately 0.001 to 100 Torr.

Two other types of Pirani gauge designs are commonly used in vacuum systems. One of
them is called the convection-enhanced or convection Pirani gauge. The core design of a con-

vection-enhanced Pirani gauge is the same as the constant filament temperature design.
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Figure 418 (a). Circuit diagram of a bridge circuit for a Pirani gauge. Diagram is used with
permission of Maricopa Advanced Technology Education Center (MATEC).

This gauge design is enhanced to provide pressure measurements higher than 100 Torr by
utilizing the convection currents around the filament. Figure 4.18 (b) shows that convection
becomes the primary heat transfer mechanism for pressures above 10 Torr. The orientation of
a convection-enhanced Pirani gauge is critical to its operation. The heated filament must be
oriented in a horizontal position. When the gas molecules within the metal tube are in viscous
flow, that is, at pressures greater than 10 Torr, convection currents will draw heat from the
filament making higher pressure measurements possible. A convection-enhanced Pirani gauge
supports a measurement range of approximately 0.001 to 1000 Torr.

The second Pirani gauge design is a significant departure from the heated filament design.
This Pirani gauge design is called a MEMS (microelectromechanical systems) Pirani. A MEMS
Pirani gange incorporates the same elements present in the heated filament-based design, but

all the elements are fabricated on a silicon substrate as part of a MEMS sensor unit. The func-
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Figure 418 (b). Predominant heat transfer mechanism (radiation, conduction, or convection) as a
function of pressure. Diagram is used with permission of Maricopa Advanced Technology
Education Center (MATEC).

tion of the heated filament is accomplished by a thin serpentine configuration of nickel metal
fabricated on the MEMS sensor. The nickel metal on the MEMS sensor serves as the heated
element. The MEMS Pirani gauge supports an extended pressure measurement range from 1 x
10 to 1000 Torr, as shown in Figure 4.18 (c), due to the miniaturized MEMS sensor design.
Measurement accuracy of a specified gas in a properly calibrated hot-filament Pirani gauge
is approximately +10% over the measurement range of 0.001 to 10 Torr. In contrast, properly
calibrated convection-enhanced Pirani gauges have a measurement accuracy of £10% below 10
Torr and £5% for pressure measurements above 10 Torr. A MEMS Pirani gauge has varying
measurement accuracies across its measurement range. At the lowest end, that is, at pressures
between 1 x 10° to 1 x 107 Torr, the measurement accuracy of a MEMS Pirani gauge is
+£10%. For pressure measurements between 1 x 10 t0 100 Torr, the measurement accuracy of

a MEMS Pirani gauge is £5%. For pressure measurements above 100 Torr, the MEMS Pirani
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Figure 418 (c). MEMS Pirani gauge sensor profile. Diagram is used with permission of Steve

Hansen.

gauge has a measurement accuracy of £25%. Pirani gauges can be calibrated at both ends of
the measurement range. Pirani gauges provide better measurement accuracy than thermocou-
ple gauges but are not as accurate as capacitance manometer gauges. A convection-enhanced
Pirani or a MEMS Pirani gauge will support a much wider measurement range than a capaci-
tance manometer. Pirani gauges are more expensive than thermocouple gauges but much less

expensive than a capacitance manometer.

4.5.3.3 Thermal Conductivity Gauges and Gas Species
Dependencies

Using a thermal conductivity gauge is not as simple as hooking up the gauge to the vacuum
chamber or lines in a vacuum system and reading the numbers off the gauge controller. Since

the thermal conductivity of different gases varies, the number representing the pressure may
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have to be adjusted if the gas composition is different from the gas composition for which the

gauge was calibrated. Table 4.2 gives the thermal conductivity of common gases.

Table 4.2. Thermal conductivity of common gases.

Gas Thermal conductivity MJ/(s - m - K)
Air 24.0
Argon 16.6
Carbon Dioxide 14.58
Helium 142.0
Hydrogen 173.0
Methane 30.6
Neon 45.5
Nitrogen 24.0
Oxygen 24.5
Water Vapor 24.1
Xenon 4.50

What Table 4.2 tells us is that the amount of heat lost from the filament in a thermal con-
ductivity gauge depends on the gas(es) in the system. For example, if the chamber is filled with
helium as opposed to nitrogen, the helium, having a higher thermal conductivity, will carry
more heat away from the filament than nitrogen, and thus an equivalent amount of helium
will cool the filament to a greater extent than nitrogen. Argon, on the other hand, with a lower
thermal conductivity, will not cool the filament as fast as nitrogen. Figure 4.19 (a) shows heat
transfer characteristics of helium, nitrogen and argon depending on pressure. So with any gas

other than nitrogen, you should not take the observed pressure reading at face value.
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Figure 419 (a). Heat transfer characteristics of various gases as a function of pressure. Graph is

used with
E. Brewer.

permission of Maricopa Advanced Technology Education Center (MATEC). Adapted by

Let’s use the Model PG 105 Convection-Enhanced Pirani gauge produced by Stanford
Research Systems (SRS) as an example. All PG 105 gauges are factory-calibrated and tem-
perature-compensated for nitrogen (essentially air). The response of the gauge is very well
characterized, and with proper calibration data, it is possible to obtain accurate pressure mea-
surements for other gases as well. For user convenience, nitrogen- and argon-specific calibration
curves are loaded into SRS’s Model IGC 100 Gauge Controller, making direct measurements
possible for these gases. For other gases, gas-correction curves are provided for the PG 105
gauge (see Figure 4.19 (b) and Figure 4.19 (c)). However, for gases, or mixtures of gases, not
included in the gauge data sheet, users will have to generate their own conversion curves.

For the PG 105 convection-enhanced Pirani gauge, the actual pressure is equal to the nitro-
gen-equivalent reading from the gauge controller times the gas-correction factor. For pressures
below 1 Torr, the gas correction factor for argon is given as 1.59 in the data sheet. Hence, if
the pressure reading on the controller display is 0.50 Torr (the nitrogen equivalent reading),
then the actual pressure is equal to 0.50 Torr x 1.59, or approximately 0.80 Torr. When prop-
erly configured, controllers such as the Model IGC 100 can perform this calculation for you
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Figure 419 (b). Typical gauge indicated pressure (N2 equivalent) vs actual pressure curve for pressures
above 01 Torr (100 mTorr).

and display the actual argon pressure on the controller readout. Care should be taken if a ther-
mal conduction gauge calibrated for Ny is present when a vacuum system is vented with argon.
The thermal conduction gauge will indicate a lower pressure value than the actual system pres-
sure. The risk would be creating an over-pressure condition if the pressure within the chamber
is unknowingly allowed to exceed atmospheric pressure.

On the other hand, if the vacuum chamber is filled with methane and the observed pressure
reading on the gauge controller is 0.50 Torr, we can use the given gas-correction figure for
methane to determine the actual pressure. From the sensitivity correction data sheet provided
with the Model IGC 100 Controller, the gas-correction factor for methane is 0.63. Multiplying
the gas-correction factor, 0.63, times the gauge pressure reading, 0.50 Torr, we obtain 0.32
Torr, the actual pressure for methane in the chamber.

It is important to read the operating instructions and data sheet for the pressure gauge you
are using. In some cases, you may be instructed to divide (not multiply) the observed reading

by the gas-correction factor.
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Figure 419 (c). Typical gauge indicated pressure (N equivalent) vs actual pressure curve for
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4.5.4 Other Rough Vacuum Gauges

Two other vacuum measurement gauges are worth mentioning. The first one, the piezoelectric vac-
uum gauge, is another type of direct pressure measurement device. Péezoelectricity is a phenomenon
in which electric charge builds up in certain materials as a direct response to a mechanical stress applied
to the material. A piezoelectric vacuum gauge includes a piezoelectric sensing unit. This gauge detects
changes in an electrical property, for example, resistance, due to material deformation as a response to
changes in pressure. A measurement based on the changing electrical property is converted to a pres-
sure reading. Piezoelectric vacuum gauges support a measurement range of 0.1 to 1000 Torr. The mea-
surement accuracy of a piezoelectric vacuum gauge varies over its range of measurement. The accuracy
of the measurement is generally 1% or better for pressures of 10 Torr and higher. At pressures below
10 Torr, this device becomes increasingly less accurate.

The other vacuum measurement gauge we will address here is the combination gauge. As the name
suggests, this gauge is the combination of two different measurement technologies within a single pack-
age. The underlying technologies combined in one unit are the capacitance manometer and Pirani
technologies or the piezoelectric and Pirani technologies. A combination gauge can support a measure-
ment range of 1x 10” to 1000 Torr. The accuracy of the measurement varies over the device’s measure-
ment range and corresponds to the accuracy of the underlying technology. For the range in which the
capacitance manometer or piezoelectric technology applies, the measurement accuracy is better than
1%. For the range in which the Pirani technology applies, the measurement accuracy is 5-10%. The
advantage of using a combination gauge is the ability to measure the system pressure over the entire

rough vacuum regime using a single device.
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Table 4.3. Summary of rough vacuum gauges.

Gauge Tech- Accurac Pressure Direct vs Response Time
nology y Range Indirect p
Bourdon +10% 1 TO¥ to 760 Direct Fast (immediate)
orr
. Approximately
%}Ea‘;::ns +0.25% 1.0x10™* Torr Direct Fast (msec)
pirag to 1,000 Torr
Approximately
Thermocouple *15% 0.01 Torr to 1 Indirect
Torr
0.001 Torrto 1
Torr (constant 1 — 2 sec for constant volt-
Pirani (hot fil- voltage); 0.001 .
+ 10% Indirect age; <S0msec for constant
ament) Torr to 100 temberature
Torr (constant P
temperature)
Convection- + 10% below 10 Torr; = 5% above | 0.001 Torr to . <S.Omsec n co.nductlon
enhanced Indirect regime; slower in convec-
.. 10 Torr 1,000 Torr ) .
Pirani tion regime
+ 10% b%tween 1x10” Torr and 5
.. 1x10™ Torr; = 5% between 1.0x10” Torr .
MEMs Pirani i ’ Indirect
S ANt 107 Torr and 100 Torr; + 25% | to 1,000 Torr ntree
above 100 Torr
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4.6 Piping, Valves and Fittings

Other components are needed to configure a suitable and operational vacuum system. The selection of an

appropriately sized vacuum chamber is the first consideration. Piping hardware connects the pump to the
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chamber. A valve is typically inserted in the piping line between the chamber and the pump, so the chamber
can be isolated from the pump. Another valve is present and used for venting the chamber to atmosphere. One
or more pressure gauges may be connected to the vacuum system to monitor the pressure at critical locations
within the system.

At pressures above 10 milliTorr, gas molecules act much like a fluid. We can use our familiarity with the
flow of liquids to help us visualize how gas flows in a vacuum system in the rough vacuum regime. Flow in
this pressure regime is known as viscous flow. The term “viscous” implies that the gas molecules are “thick”,
which also suggests that the number of gas molecules present is very, very large. In viscous flow, the gas mole-
cules are constantly bumping into each other and the walls of the chamber. In fact, the molecules are so closely
packed that when some of them are pumped out of the chamber, other gas molecules will rush to fill the empty
space and distribute themselves within the chamber. Molecular movement is very predictable in the rough vac-
uum regime when the flow of the molecules is viscous. Because of this predictability, smaller-diameter hoses
and pipes can be used when large quantities of molecules per unit time move from one place in the system to
another.

In the rough vacuum regime, a variety of options are available for the piping that connects the system com-
ponents. In a vacuum system with a base pressure of 10 milli Torr or higher, it is reasonable to use piping made
of materials such as plastics and elastomers. For example, flexible polyvinyl chloride (PVC) cord-reinforced
vacuum hose is a very suitable piping for connecting a positive displacement vacuum pump to a chamber. Gas-
kets made out of elastomer materials have elastic qualities making them reusable. Elastomer gaskets are used at
demountable junctions in vacuum systems. However, plastics and elastomers are not suitable materials to use
in vacuum chambers and piping that are required to establish and maintain high vacuum conditions. Plastic
and elastomer type materials have relatively high vapor pressures and high permeability rates. These materials
adversely contribute to the gas load in a vacuum system through outgassing and permeation. The presence of
elastomer chamber materials will make it difficult or impossible for a system to attain a base pressure in high
vacuum. In a manufacturing setting and for vacuum systems with base pressures in the high vacuum regime,
the piping is usually made of stainless steel or aluminum.

Klein Flansche flanges (KF flanges) are common classes of vacuum flanges and fittings used in the rough
vacuum regime. As shown in Figure 4.20, KF flanges use a centering ring with an elastomer O-ring as the seal.
The O-rings are made of either Buna-N or Viton. These particular elastomer materials have low outgassing
rates. The O-ring is placed within a centering ring which is then positioned between the two components to
be joined. A clamp is then used to hold the two components together and compress the elastomer O-ring to
form a good seal. Flanges come in standard sizes ranging from KF10, the smallest, to KF50, the largest size. The
KF10 is used to connect a tube of 10 mm inside diameter (ID), while the KF50 connects to a tube of 50 mm
ID.

When using KF flanges to make a connection, it is important to ensure that the groove and mating surface
are clean and dry. Check the sealing surfaces for scratches that cross the sealing area. If O-rings are reused, visu-

ally inspect them to make sure they do not have small crosswise cracks or nicks that might leak. Since elastomer
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Figure 4.20. KF flanges. Source: Varian Vacuum Products, Basic Vacuum Practice, 3rd Edition, p. 159.

material is very permeable, greases and solvents should be used on elastomer seals in a vacuum system sparingly
or not at all. Greases and solvents that permeate into the elastomer O-ring will outgas into the vacuum system.
When grease is applied to an O-ring, it should be one with a low vapor pressure. If an O-ring has been exposed
to solvents or excessive heat that has caused it to swell or deform, do not reuse it. Replace it with a new one.

Valves are used to provide isolation between vacuum components. The block valve is commonly used for
this purpose in the rough vacuum regime. Block valves are made of aluminum, stainless steel, or brass. They
can either be hand-operated, pneumatically (air)-operated, or activated electromagnetically. Flange options
include KF flanges as well as others. They can be either in-line or right-angle. Figure 4.21 shows some examples
of various metal valves with KF flanges.

KF fittings include nipples, elbows, tees, and reducers, to name a few. Figure 4.22 shows some of these KF
fittings.

And finally, we need a valve that we can use to vent the system back to atmospheric pressure. Metal sealed or
elastomer-sealed valves can be used for this purpose. They can also be used as gas inlets for process gases to the

process chamber.
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Figure 4.21. Various metal valves with KF flanges. Source: Kurt ). Lesker Company, www.lesker.com.
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Figure 4.22. KF fittings. Photo provided by Rich Hill, SUNY
Erie Community College.

Section 4.6 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
https.//miln lishing.gen . introtov: mtech/?p=698#h5p-22

4.7 Rough Vacuum Pump-Down Process

To pump down the vacuum chamber in our simple rough vacuum system shown in Figure 4.1, the following

procedure can be used. Let’s assume that the vent valve and roughing valve are both closed and the chamber is
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filled with air at atmospheric pressure. If we are operating a system at a location near sea level, the rough vac-
uum gauge will be calibrated to display a reading very close to 760 Torr.

Prior to beginning the pump-down process, the rough vacuum pump is started and the roughing line
between the pump and the rough vacuum valve pumps down. If this volume between the pump and the
roughing valve is small, the pump-down time should be very short. To start the chamber pump-down process,
the roughing valve is opened. The vacuum pump repetitively captures volumes of air from within the system
including the chamber and expels those trapped gas molecules to the surrounding atmosphere. The molec-
ular density within the chamber decreases as the quantity of molecules present within the chamber volume
decreases. The pressure gauge will sense the decreasing molecular density condition in the chamber and will
indicate a decreasing pressure reading on the pressure display. It should be noted that a convection-enhanced
Pirani gauge may initially show an increase in pressure before it shows the pressure starting to decrease. The
pressure in a small chamber will drop quickly and then gradually level off at the base pressure of the system.
The pump-down time for the system will depend on the size of the gas load and the net pumping speed of
the rough vacuum system. Figure 4.23 shows the general shape of the pressure versus time graph for a rough

vacuum system.

= Atm (760 Torr)

Pressure

Base Pressure

Time (minutes, seconds, etc.)

Figure 4.23. Rough vacuum pump-down curve. Graph provided by Elena Brewer, SUNY Erie Community
College.

For pressures above 0.01 Torr (10 mTorr), the volume of the chamber and pumping speed are the deter-
mining factors when calculating pump-down times. Let’s assume that we have a chamber of volume V" with a

pump connected directly to the chamber that achieves an effective pumping speed S,g. The ultimate pressure
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of the pump is specified as P,j;. At time ¢ = 0, the initial pressure shall be ;. The pump-down time from 2; to

some final pressure Pf(Pf> Pyir) can be estimated by

Vv P, — P,
t:——m(——i> (4.2)
Setf P; — Py

Equation 4.2 assumes that the chamber is clean and does not have any leaks. It also assumes that the conduc-

tance of the connection between the pump and the chamber is much greater than the effective pumping speed

of the pump.
Equation 4.3 implies that the pressure versus time curve follows an exponential decay of the form,
(=)
p(t) = (P — Pus)e\ V' / + Pu (4.3)

In Equation 4.3, Prof Equation 4.2 is replaced with the more general term p(2), where p(#) means pressure as

a function of time.

Example 4.7

A rotary vane pump with a nominal pumping speed of 193 liters per minute is used to pump down a
300-liter chamber. How long will it take to pump down the chamber from atmosphere to 1 Torr?
Assume the pump connects directly to the chamber and the conductance of the connection
between the pump and the chamber is much greater than the effective pumping speed of the
pump. Assume that from the data sheet, the pump’s ultimate vacuum pressure, Py, is 0.003 Torr.

Solution:

From the problem statement, we are given the volume of the chamber, V, as 300 liters, the effec-
tive pumping speed, Seff, as 193 liters per minute, the starting pressure, Pj, as atmospheric pressure,
which is assumed to be 760 Torr, and the final pressure, Pf, is 1 Torr.

Substituting this information into Equation 4.2 yields

_ 300 liters In ( 760 Torr — 0.003 Torr)
193 liters/min 1Torr — 0.003 Torr
Since 0.003 Torr is much smaller than 1 Torr, the equation simplifies to
_ 300 liters In ( 760 T orr)
193 liters/min 1Torr
t = (1.55min) In (760)
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t =10.31 min.

Example 4.8

A mechanical diaphragm pump with a nominal pumping speed of 40 liters/min is used to evacuate
the same 300-liter chamber as in Example 4.7. The pump's ultimate pressure is 3.8 Torr. How long
will it take this pump to reduce the pressure in the chamber from atmosphere to 10 Torr? Assume
the pump connects directly to the chamber and the conductance of the connection between the
pump and the chamber is much greater than the effective pumping speed of the pump.

Solution:

From the problem statement, the volume of the chamber, V, is 300 liters, the initial pressure, Pj, is
atmospheric pressure and assumed to be 760 Torr, and the final pressure, P, is 10 Torr. The nominal
pumping speed is 40 liters per minute, and the ultimate vacuum pressure, Py, is 3.8 Torr.

Substituting this information into Equation 4.2 yields
; 300 liters l ( 760 T'orr — 3.8 Torr )
= n

40 liters/min 10 Torr — 3.8 Torr

Performing the computations yields

t = (7.5min)In(122)

t = 36 min.
Note: In this case the vacuum pump’s ultimate pressure is significant. If the ultimate pressure value
is assumed to be negligible, the pump-down calculation yields 32 minutes, about a 10% difference.

Example 4.9

Calculate the pump-down time for the Anest Iwata ISP-90 Qil-Free Scroll Mechanical Vacuum
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Pump to reduce the pressure in a 13.0-liter chamber from atmosphere (105 Pa) to 10 Pa. Use the
pump speed curve for the ISP-90 shown in Figure 4.24.a. Assume the pump connects directly to
the chamber and the conductance of the connection between the pump and the chamber is much
greater than the effective pumping speed of the pump.
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Figure 4.24.a. Anest Iwata ISP-90 oil-free scroll mechanical pump speed curve.

Solution:

From the ISP-90 pumping speed curve, we observe that the pumping speed is approximately 93
liters/min from atmosphere to about 1000 Pa. Below 1000 Pa, the pumping speed rolls off with a
slope of 3.6 liters/min per decade of pressure. If we assume that the pumping speed is constant at
93 liters/min over the entire pressure range from atmosphere to 10 Pa, our calculated pump-down
time will be shorter than the actual pump-down time. Therefore, we need a better method for cal-
culating the pump-down time.

One alternative method is to use a piece-wise linear approximation for the pumping speed curve.
To implement this method, let us divide the pressure range into two segments. To do this, we need
to plot two lines on the pump speed curve. The first line will be horizontal and tangent to the speed
curve for pressures above 1000 Pa. The second line will be tangent to the sloped curve somewhere
between 10 Pa and 1000 Pa depending on how conservative we want to approximate the pump-
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constant 93 liters/min over the entire pressure range? The pump-down calculation using the con-
stant 93 liters/min pumping speed yields a pump-down time of 1.36 minutes, a difference of 0.35
minutes or 20.5%. s this significant? It depends on the application. Purely from a time perspective,
a 20.5% difference can seem substantial. But for this particular result, the pump-down time is so
short that it may not make much of a noticeable difference when operating the system.

Section 4.7 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
https.//miln lishin n , introtov: mtech/?p=698#h5p-2

4.8 Conductance

But wait a minute. What about the effect of the piping if the rough pump has to be placed at some distance
from the vacuum chamber? Wouldn’t it affect the pump’s ability to remove gas from the chamber? The answer
is, “It depends.”

From our experience in daily life, we know that pipes, or tubes, of varying lengths and cross-sections can
conduct gases and liquids with different degrees of difficulty. Say, you are drinking a soft drink through a straw.
Drawing the liquid through a regular 8-inch straw poses no great difficulty. Now, imagine that the straw is 30
inches long. It would take more effort to drink the liquid if one had to draw it along the entire length of the
straw. Or imagine that an 8-inch straw of one-tenth the diameter is used. It would again require more effort to
draw the liquid through the narrower straw.

The ease with which a gas or liquid is drawn through a pathway of given geometry is quantified by a property
called conductance. Conductance values depend not only on the pressure and the nature of the gas flow, but
also on the shape of the conducting element. Other factors are the conducting element’s length and whether it
is straight or curved. The result is a large set of equations that take into account various combinations of these
elements that affect conductance.

For example, the conductance of a straight pipe, or tube, C;, shown in Figure 4.25, of length L and with a

circular cross-section of diameter d, operating in the laminar flow range, is given by

. 4
C; — 180—ers 4 ) (4.4)

cm3 Torr sec L

where
Cyis the conductance in liters per second,

d is the cross-sectional diameter of the pipe in centimeters,


https://milnepublishing.geneseo.edu/introtovacuumtech/?p=698#h5p-23

170 | CHAPTER 4: ROUGH VACUUM REGIME

L is the length of the pipe in centimeters, and

Pave is the average pressure in the pipe in torr,
pP1 + D2
2

where p; is the pressure at the start of the pipe (along the direction of flow) and p2is the pressure at

DPave =

the end of the pipe.

Example 410

What is the conductance of a 15-inch long pipe with an inside diameter (ID) of 0.5 inches if the
pressure is 20 Torr at the start of the pipe and 1 Torr at the end of the pipe? Assume that the gas
flow within the pipe is viscous laminar.

Solution:

We are given the following information:
cm

L = 15inches = 15inches x 2.54- = 38.1cm
inch

d = 0.5inches = 0.5inches x 2.54 'cm = 1.27cm
inch

Pave Can be calculated from the pressures at the ends of the pipe:

20Torr + 1Torr

Pave = 5 =10.5Torr
Substituting these value into Equation 4.4 yields,
liters (1.27cm)*
C; =180 X x (10.5 Torr
‘ cm3 Torr sec 38.1cm ( )
lit
C, = 129 iters
sec

We now ask a follow-up question: Is there a conductance at the aperture where the gas enters the pipe from
the chamber? (See Figure 4.26.) There certainly seems to be some congestion occurring here, much like the

masses of people leaving a football stadium at the end of the game.

For viscous flow, the conductance of the aperture can be calculated using the following equation,

lit A
C, = 20 iters (4.5)
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Figure 4.25. Cross-sectional view of pipe carrying gas in laminar flow. Figure
created by Gigi Bocek.

where

C, is the conductance of the aperture in liter per second,
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—

laminar
flow

Figure 4.26. Cross-sectional view of chamber,
aperture, and tube. Figure created by Gigi Bocek.

. . . 2
A is the cross-sectional area of the aperture in cm”, and
Jis the ratio of P> to P; where P> is the pressure in the pipe and Py is the pressure in the cham-

ber (for the gas to flow out of the chamber and through the pipe to the pump in the system,
P must be greater than P>).

But, are we in viscous flow? The following condition, based on the ultimate pressure, P, and the cross-sec-
tional diameter, d, of the circular pipe, can be used,

P,-d > 5x10"' Torr-cm.

For the preceding example, the ultimate pressure was 1 Torr and the diameter of the pipe was 1.27 cm.
Applying the test for viscous flow,

P,-d =1Torr-1.27em = 1.27Torr -ecm > 5 x 107 Torr - cm.

Thus, the condition for viscous flow is met, and Equation 4.5 can be used.
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Note that in the viscous flow, 8 is usually very small and Equation 4.5 reduces to
liters

C, = 2028 4, (4.6)
cm? sec
As aresult, in the viscous flow range, the conductance is not a function of pressure, but only depends on the
geometry of the aperture.
Returning to our Example 4.10, we can determine the conductance of an aperture of diameter 0.5 inches,

or 1.27 cm. Using Equation 4.6 yields,

C. — 20 liters . (1.27cm>2
cm? sec 2

C, — 253 liters.

sec

Since the conductance of the tube and the conductance of the aperture act as series elements, the two con-

ductances can be combined as follows:

1 1 1

- — 4+ — 4.7
Cnet Ct * C1a ( )
or
C;: - C,
Chet = ———m—. 4.8
T C + G, (48)

Substituting our values for our 15-inch long pipe with 0.5-inch diameter yields a net conductance of
liters liters
129 e 25.3 e

net = liters liter
1294ters 4 o5 gliters
lit
Cpet = 21.2 25
Sec

The final step is to calculate the net pumping speed by combining the net conductance of the piping and

the pump’s speed in series. This has the same form as Equation 3.3.

1 1 1
= — 4.9
Snet Cnet - Sp ( )

where

Sner is the net conductance or pumping speed of the pump plus the piping,
Cher is the net conductance of the piping, and
Sp is the pumping speed of the vacuum pump.
Equation 4.9 can be rearranged and an equation for Sy, can be written,

Cnet : Sp

Sne = = 4
' Cnet + Sp

(4.10)
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Example 411

What is the net pumping speed at the outlet of the vacuum chamber if a 90-liter-per-minute
mechanical pump is connected to piping in Example 4107 Give the net pumping speed in liters per
second. Assume that viscous flow conditions apply.

Solution:

Since the net pumping speed is to be specified in liters per second, the pumping speed of the
mechanical pump should be converted to liters per second.

S, = 90 liters " 1min _ 15 liters

min 60 sec " sec
Substituting the given values for Cret and Sp into Equation 4.10 yields,

21.9 liters .15 lite'rs

Snet —
lit lt
21 2 ’LSZ’IC‘S _|_ 1 5 wmers
lit
S, — 1.40 iters
Sec

In this example, we note that the conductance of the piping is much greater than the pumping
speed of the pump. Therefore, the factor limiting the net pumping speed is the pumping speed of
the mechanical pump, not the size of the piping. However, this is not always the case.

Section 4.8 Quiz

\E An /nteract/ve l—/5P e/ement has been excluded from this version of the text. You can view it online here:

4.9 Troubleshooting Rough Vacuum Systems

There are a number of things that can go wrong with rough vacuum systems. Knowing the optimal behavior
of your vacuum system when it is functioning properly helps in detecting and troubleshooting system prob-

lems when they occur. This section discusses some common problems and how to fix them.
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4.9.1 No Start-Up

Failure to start up is one of the simpler things to diagnose and possibly to fix. The observed symptom is
the failure of the mechanical pump to start when the power is turned on. The cause may be that power
is not getting to the pump. Corrective action begins with checking the electrical system. This includes
checking the power switch to see if it is actually in the ON position, checking the circuit breaker, which
may have been switched OFF. Another possibility is an open circuit in the power line running to the
pump. A voltmeter can be used to measure the voltage at the pump.

Another possibility is that the pump has frozen or seized up. In this case, the observed symptom may
be a whining or buzzing noise indicating that the motor is trying to turn but cannot do so for some

reason. If this condition persists, overheating may be detected by a burning odor.

4.9.2 Pump is running, but no vacuum is detected

If the pump is operating normally, but the system pressure does not decrease, there are several possible
causes. If the mechanical pump uses a belt drive, it is possible that the belt has broken or slipped off the
pulley(s). Another possibility is that the rough valve has not been opened. A third possibility is that the
vent valve has not been closed and is in the open position. Another possibility is another very large leak
to atmosphere exists somewhere in the system.

It is also possible that an accurate pressure reading is not being displayed. If a multi-gauge controller
is being used, it may be displaying a reading from the wrong gauge, a gauge in another part of the vac-

uum system that is looking at atmospheric pressure.

4.9.3 Deviation from standard pump-down curve

A deviation from the standard pump-down curve can be caused by an increase in the gas load or a
change in the characteristics of the pressure gauge. Increases in the gas load can be caused by leaks in
the system or the presence of one or more contaminants in the system or in the vacuum pump, such as
condensed water vapor, solvents, or gases in the pump oil.

Pressure readings that are too high, or too low, can be caused by a dirty or contaminated sensor.

4.9.4 Cannot reach base pressure

Failure to reach base pressure can be caused by an increase in gas load or a problem within the pump.

Increased gas load often results from a leak, but this is not the only cause. Contamination can also
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increase the gas load significantly and adversely impact the system’s ability to achieve base pressure. The
most significant contaminant to be mindful of in rough vacuum as well as high vacuum is water vapor.

A drift in the performance of the pressure gauge can also be the cause of a perceived change in the
base pressure level attained by the system. In addition, if system’s chamber originally contains gas other
than air (for example, argon), then direct-reading gauges and indirect-reading gauges will display difter-

ent values.

Section 4.9 Quiz

An interactive H5P element has been excluded from this version of the text. You can view it online here:
imi ichj i op= _

Summary

Rough vacuum systems are relatively simple and minimally consist of a single mechanical pump, chamber, and
pressure gauge, one or more valves, and piping. The types of mechanical pumps used include rotary vane and
piston pumps, diaphragm pumps, and scroll pumps. These pumps operate by expanding the volume, trap-
ping a volume of gas, compressing the gas, and finally exhausting the gas from the pump. Pump selection will
depend on the application, cost, pumping speed requirements, and space, among other factors.

Vacuum gauges used in rough vacuum systems can be either direct-reading pressure gauges like capacitance
manometers or indirect-reading pressure gauges like thermocouple and Pirani gauges. Pressure gauge selection
will be influenced by such factors as cost, pressure range, and response time. It is important to remember that
thermal conductivity gauges are sensitive to gas type. They are calibrated for nitrogen, but gauge readings for
other gases require correction using the correction factors supplied with the pressure gauge. Direct-reading
pressure gauge readings do not require correction for gas type.

A wide variety of fittings can be used in rough vacuum systems. KF fittings are the most common ones used
in rough vacuum regime. Piping can be made of flexible plastic materials or metals. Again, it depends on the
application, cost constraints, and other factors relevant to your application.

Graphing the rough vacuum pump-down curves for your vacuum system will help characterize and estab-
lish the nominal performance of your rough vacuum system. By comparing present pump-down curves to past
pump-down curves, you can detect changes in system performance and take corrective action, if necessary.

Maintaining rough vacuum systems is relatively easy. Mechanical vacuum pumps require regular mainte-
nance to replace seals and diaphragms and change pump oil. Chambers may require periodic cleaning, depend-
ing on what is being pumped.

Troubleshooting rough vacuum systems usually focuses on leaks and worn-out system components. Failure
of the vacuum system to pump down to base pressure can be caused by leaks, failure to open the roughing

valve, failure to close a manual vent valve, failure of an automatic vent valve to close, or an error with the gauge
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operation. It can also be caused by wear on system components and may indicate the need for system mainte-

nance to replace worn-out components.

Chapter 4 Quiz

@ An interactive H5P element has been excluded from this version of the text. You can view it online here:
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Questions and Problems

1. A 0.50-liter piston pump is connected to a S-liter chamber. Assume that the pressure in the chamber is
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atmospheric pressure (1 atm). What will be the pressure in the chamber after eight strokes of the piston

pump?

A 0.25-liter piston pump is connected to a 20-liter chamber. How many strokes of the piston pump will

be needed to reduce the pressure in the chamber from one atmosphere to 0.75 atmospheres?

A diaphragm pump is connected to a cylindrical chamber 15-inches in diameter and 12 inches in length.
How long will it take the pump to reduce the pressure in the chamber from atmosphere to 10 Torr?
Assume the nominal pumping speed of the pump is 30 liters per minute, the ultimate vacuum pressure,

Pyl is 1.2 Torr, and the piping from the pump to the chamber is not a limiting factor.

A Varian SD-451 mechanical pump is connected to a 200-liter chamber. Assuming that the conductance
of the connecting pipe is not a limiting factor, how long will it take to pump down the chamber from
atmosphere to 0.5 Torr? Show all calculation and list all assumptions made. Use the following pump
specs for your calculations if necessary: nominal pumping speed 14.6 cfm, ultimate pressure 1.5 x 10

Torr.

Calculate the pump-down time for an IDP-7 Dry Scroll Mechanical Vacuum Pump to reduce the pres-
sure in a 450.0-liter chamber from atmosphere to 1 Torr. Use the pump speed curve for the IDP-7
shown in Figure 4.27. Assume that pump connects directly to the chamber and the conductance of the

connection between the pump and the chamber is much greater than the effective pumping speed of the

pump.

Three identical thermal conductivity gauges are used to measure the gas pressure in three identical tanks
of equal volume. Each tank contains the same number of moles of gas. Tank 1 contains dry nitrogen gas,
Tank 2 contains argon gas, and Tank 3 contains helium gas. Which gauge will read the highest pressure,

and why? Which tank will read the lowest pressure and why?

Determine the net conductance of a circular pipe 25 cm long and 3.0 cm in diameter if the pressure at

one end of the pipe is 30 Torr and at the other end is 4 Torr.

Determine the smallest inside diameter (ID) of the aperture between the chamber and the circular pipe
necessary to maintain viscous flow. Assume that system uses the IDP-7 dry scroll pump (Figure 4.27).

Then calculate the net conductance of the circular aperture with this ID.

A 150-liter-per-minute mechanical pump is connected to a 20-inch circular pipe with inside diameter
(ID) of 2.0 inches. The pressure in the chamber (and at the start of the pipe) is 80 Torr and 3 Torr at the
other end of the pipe. The ultimate pressure of the pump is 0.5 Torr.

a. Check if viscous flow condition is met.
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IDP-7 Air/N, Pumping Speed
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Figure 4.27. Pumping speed curve for IDP-7 dry scroll vacuum pump. Source: Kurt ). Lesker Company,

https://www.lesker.com/newweb/vacuum_pumps/pdf/manuals/agilentvarian-idp7-manual.pdf.

b. Calculate the conductance of the given circular pipe.
c. Calculate the conductance of the given circular aperture.
d. Calculate the net pumping speed at the outlet of the vacuum chamber in liters per minute. In liters

per second. In m3/ hr.
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absolute pressure
The total pressure measured with reference to absolute zero pressure, that is, the condition of perfect vac-
uum. The following values correspond to absolute zero pressure: 0 Pa = 0 Torr = 0 mbar.

absolute zero
The temperature at which gas-phase molecules have zero kinetic energy. This value is known as zero degrees
Kelvin (0 K) which is approximately -273.15 °C.

absorption (absorb)
The taking up of a gas or vapor by a solid or liquid due to physical forces in which the gas diffuses into the
bulk of the solid or liquid.

adsorption (adsorb)
The taking up of a gas or vapor by a solid or liquid due to physical forces in which the gas is retained at the
surface of the solid or the liquid. Adsorbed gases are not bound to a surface permanently.

atmospheric pressure
The pressure exerted typically by the Earth’s atmosphere. Also see standard atmospheric pressure and
standard temperature and pressure (STP).

Avogadro’s number
The number of molecules of an ideal gas that would be contained in 22.4 liters at standard atmospheric
pressure and temperature (1 atm, 0 °C). This quantity is about 6 x 10%.

backing pump
See pump, backing.

backstreaming (oil)
When unwanted gases like oil vapor or particles flow from downstream pumping or other components
toward the vacuum chamber or process components, that is, in a direction opposite to the direction of the
desired gas flow.

bar and millibar
The bar is a metric unit of pressure but is not part of the International System of Units (SI). One bar is
exactly equal to 100,000 Pa. The millibar (mbar) is a unit of pressure typically used to express vacuum pres-
sures. One mbar is exactly equal to 100 Pa.

Bayard Alpert (hot cathode) ion gange
See gauge, Bayard Alpert (hot cathode) ion.

Bourdon gauge

See gauge, Bourdon.
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Boyle's law
Gas law that states that if the temperature and the amount of gas are held constant, the volume of gas is
inversely proportional to the pressure exerted by the gas.

bulk gas
The volume of gas trapped within the chamber and vacuum piping components prior to initiating a pump-
down cycle. Also called volume gas.

butterfly valve
A type of high-vacuum valve with a movable circular plate that is mechanically adjusted to allow varying lev-
els of gas flow through the valve’s orifice or block gas flow altogether.

capacitance diaphragm gauge
See gauge, capacitance diaphragm.

capture pumps
See pumps, capture.

conflat-type (CFE) flange
A type of de-mountable metal-sealed joint used in vacuum technology that supports ultra-high vacuum
operation. Also known as conflat-type (CF) fitting.

chamber
The sealed part(s) of pressure-controlled research or production apparatus where vacuum and/or other
processes occur.

Charles’s law
Gas law that states that the volume of a gas is directly proportional to the absolute temperature at a constant
pressure. Also known as the law of volumes.

compressibility
A measure of the instantaneous relative volume change of a fluid or solid as a response to a pressure change.

condensation
Generally referring to the condition when gas-phase molecules have adsorbed onto a surface or coalesced
within a volume to an extent that this can be visually observed.

conductance
A parameter used to represent the ease of a molecule’s flow through an obstacle based on the pressure differ-
ence on either side of the obstacle.

convection-enhanced Pirani (thermal) gauge
See gauge, convection-enhanced Pirani (thermal).

cryogenic (cryo) pump
See pump, cryogenic (cryo).

Dalton’s law

The total pressure is equal to the sum of the partial pressures of each gas in the mixture.
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degassing
The deliberate desorption of gas from a material.
desorption (desorb)
The liberation of gases and vapors sorbed (adsorbed and absorbed) by a material.
diaphbragm gauge
See gauge, diaphragm.
diapbragm pump
See pump, diaphragm.
diffusion
A process in which atoms or molecules move through a solid, liquid or gas.
diffusion pump
See pump, diffusion.
direct reading (pressure) gauges (manometers)
See gauges, direct reading (pressure) gauges (manometers).
dry pumps
See pumps, dry.
effective pumping speed
The pumping speed that a vacuum pump can provide when it is limited by conductance of a tube and/or
an orifice.
elastomer
A natural or synthetic polymeric material that demonstrates elastic properties.
equilibrium vapor pressure
The pressure exerted by a vapor in thermodynamic equilibrium with its condensed phases (solid or liquid)
at a given temperature in a closed system.
evaporation
A process where surface-bound molecules are thermally desorbed from a solid or liquid surface to become
part of the gas phase. Evaporation typically takes place below the boiling temperature.
exbaust line
A tube that connects the gas outlet from a vacuum system to a building exhaust system.
feedthrough
A vacuum component that transfers motion, electrical charge, water, light, heat, etc. into and/or out of a
vacuum chamber while maintaining vacuum.
fluid sealed vacuum pump (wet pump)
See pumps, wet.
foreline
The vacuum tube that connects the output of a high-vacuum diffusion, turbomolecular, and/or drag pump

to a rough-vacuum mechanical backing pump.
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Sfreeze, freezing
The transition of a liquid to a solid by the removal of heat, i.e. lowering the temperature of the liquid. An
example is water, a liquid at room temperature, when it turns to ice as the temperature is lowered below its
freezing point.

gage pressure
The difference between absolute pressure and atmospheric pressure.

gas ballast pump
See pump, gas ballast.

gas load
The amount of gas that must be removed from the chamber in a vacuum system by the vacuum pump(s).
It is typically measured in torr-liters per second, cubic feet per minute, or cubic meters per hour.

gas molecule
An individual particle in a vacuum that has neither a defined volume or shape. A gas molecule can be a single
atom (e.g., a noble gas such as Argon, Ar) or a number of atoms bonded together to form a compound (e.g.,
such as water, H,O).

gas phase
A structural state of matter in which the thermal motion of the respective molecule species near room tem-
perature is sufficient to exceed any cohesive forces, and permit their free motion. Contrast with term vapor
phase.

gas transfer pumps
See pumps, gas transfer.

gate valve
A large diameter valve usually placed between the vacuum chamber and the vacuum pumps to isolate the
vacuum chamber from the pumps when it is necessary to work on something in the chamber.

gauge, Bayard-Alpert (hot cathode) ion
A type of indirect reading vacuum gauge in which a heated filament supplies free electrons at a constant
controlled rate due to thermionic emission. The number of resulting ions collected in this gauge type is an
indication of the total pressure present. The Bayard Alpert ion gauge is the most typical hot-filament ion
gauge used.

gauge, Bourdon
A type of direct reading vacuum gauge with a thin-walled metal tube bent into a circular arc that will
straighten if pressure is applied to the inside of the tube. The movement of the metal tube is used to indicate
pressure. Bourdon gauge was invented by Eugene Bourdon (1808-1884), a brilliant French watchmaker
and engineer, in 1849.

gauge, capacitance diaphragm
A type of direct reading vacuum gauge where a measurement of electrical capacitance of the diaphragm posi-

tion is used to indicate pressure. Also known as capacitive gauge.
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gauge, convection-enhanced Pivani (thermal)
A Pirani gauge that incorporates a secondary heated wire, a compensator, which surrounds the primary
heated sensor wire. Incorporating the resistance of the compensator wire serves to counteract temperature
variations of the gauge body. A convection-enhanced Pirani gauge measures pressures up to atmospheric
pressure and thus has a wider pressure measurement range than a basic Pirani gauge.

gauge, diaphragm
A manometer-type and direct reading rough vacuum gauge that measures the displacement of a thin solid
membrane caused by pressure difference on opposite sides of the membrane.

gauge, hot-cathode ionization
An ionization vacuum gauge in which the gas is ionized by electrons emitted from a heated cathode. Also
see fonization vacuum gauges (gauges, ionigation). Also can be called hot-filament ionization gauge or hot-fil-
ament gauge.

gaunge, McLeod
A type of direct reading vacuum gauge which is used to measure very low pressures, down to 107 Torr (1.33
mPa). It was invented in 1874 by Herbert McLeod.

gauge, MEMS Pirani
A MEMS Pirani vacuum sensor, gauge or transducer is a device for measuring vacuum gas pressure by mea-
surement of the pressure dependent heat-loss from a heated resistive element deposited on a suspended
micro-machined diaphragm. The MEMS Pirani vacuum transducer can measure vacuum gas pressure over
a span of 9 decades from atmospheric pressure down to 7.5 x 107 Torr).

gauge, piezo-resistive (vacunm)
Piezoelectricity is the charge created across certain materials when a mechanical stress is applied. Piezoelec-
tric pressure sensors exploit this effect by measuring the voltage across a piezoelectric element generated by
the applied pressure. They are very robust and are used in a wide range of industrial applications.

gauge, piezoelectric (vacuum)
See gauge, piezo-resistive (vacuum).

gaunge, Pirani
A thermal conductivity pressure gauge containing a heated filament having a large temperature coefhicient
of resistance as an element of a resistive bridge. Because heat dissipation from the filament is a function of
the gas pressure in a certain pressure range, filament resistance or power required to maintain a constant
filament resistance can be correlated with gas pressure. Invented by German Physicist, Marcello Pirani
(1880-1968) in 1906.

gauge, thermocouple
A specific type of thermal vacuum gauge where the temperature of the wire sensor is measured with a ther-
mocouple to estimate pressure within the gauge.

gaunges, direct reading (pressure) ganges (manometers)
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Pressure gauges that operate by sensing deflection of a solid or liquid surface caused by momentum transfer
to that surface from energetic gas molecules. Direct reading gauges are largely insensitive to gas type.

gaunges, indirect reading (pressure)
Pressure gauges that measure a property related to gas pressure and then convert that measurement into a
gas pressure reading.

gauges, ionization vacuum
Vacuum gauges in which the molecular density is determined by measuring the ion current produced in the
gas by ionization under controlled conditions. The ion current is directly related to gas density, and hence,
is proportional to the gas pressure.

gauges, pressure
See gauges, vacuum (pressure).

gauges, thermal (conductivity)
Any one of several vacuum gauges where the temperature of an internal heated wire sensor is measured to
estimate pressure.

gauges, vacuum (pressure)
One of several types of electrical or mechanical devices used to measure pressure and/or gas density at vari-
ous locations of a vacuum system.

Gay-Lussac’s law
Gas law that describes how the absolute pressure of a gas depends on its temperature while the volume of
the gas is held constant. Also known as Amonton’s law.

hot-cathode ionization gauge
See gauge, hot-cathode ionization.

house exhaust system
A centralized system within a building to remove exhaust gases from pumps and pumping systems.

hydrogen bond
Molecules that have a hydrogen bonded to nitrogen, oxygen, or fluorine have unusually strong dipole-dipole
attractions called hydrogen bonds.

ideal gas constant
The proportionality constant (R) used in the Ideal Gas Law that relates the product of gas pressure (P) in
a give volume (V) to the gas temperature (T) and number of molecules (n) present in the volume (i.e., PV
= nRT). For P in Torr, V in Liters, and T in Kelvin, the gas constant is approximately 1 x 102 Torr-Liter
/(Molecule-Kelvin).

indirect reading (pressure) gauges
See gauges, indirect reading (pressure).

ionization vacuum gaunges

See gauges, ionization vacuum.

ISO flange
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A high vacuum flange that uses a metal O-ring to seal the connection between two components using either
clamps or bolts.
isolation valve
A valve placed between two components, or parts of a vacuum system, that blocks the flow of gas between
the two parts.
KF (Klein Flansche) flange
Quick-release flange couplings in sizes DN 16 to DN 40, suitable for low (rough), medium and high vac-
uum. Elastomer gaskets and metal gaskets can alternatively be used for sealing. KF (Klein Flansche) flange
is also known as KF (Klein Flansche fitting).
kinetic vacuum pumps
See pumps, kinetic vacuum.
Knudsen number
The ratio of the mean-free path of a molecule in a vacuum environment to a characteristic size of that par-
ticular vacuum environment.
laminar flow
A type of viscous gas flow where particles travel smoothly in regular paths, and the particle velocity is gener-
ally much slower near stationary objects in the flow path. No turbulent mixing occurs in viscous gas flow.
leaks, gross (real)
A crack, hole, or other pathway that allows gases to pass through from outside the vacuum system to inside
the vacuum system. Also known as gross leaks.
leaks, virtual
A volume of trapped gas that enters the vacuum system when the system is pumped down.
lobe blower pump
See pump, Roots (blower).
mBar
See bar and millibar.
McLeod gauge
See gauge, McLeod.
mean free path (MFP)
The average distance which a molecule travels between two successive collisions with other molecules of the
gas.
mechanical pumps, mechanical roughing pumps
See pumps, mechanical (roughing).
MEMS Pivani gaunge
See gauge, MEMS Pirani.
molecular density

The number of molecules per unit volume of gas.
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molecular flow
Gas flow in which molecules interact primarily with surfaces in or along the flow path rather than with other
molecules. Contrast with viscous flow.
momentum tmn.gfer pump
See pumps, momentum tmmfer.
net pumping speed
The mean volume flow through the cross section of the inlet port of a vacuum pump after the effect of all
conductances have been accounted for.
O-ring
A mechanical gasket in a circular shape made of an elastomer with a round cross section or metal such as
copper. O-ring is sandwiched between two components and blocks a path which may otherwise allow gas
to escape. Essentially, they help to prevents leaks when two components are joined together.
outgassing
The process of gas molecules that are weakly bound to a surface, bound to pores or cracks in a material, or
diffused into the bulk leaving the surface to become gas-phase molecules. Also known as surface desorption.
partial pressure
The pressure exerted by a particular species of gas molecules. According to Dalton’s law, the sum of the par-
tial pressures of all the component species in a mixture is equal to the total pressure.
pascal (Pa) and kilo-pascal (kPa)
The SI unit of pressure equal to one newton per square meter. There are 101,325 pascals in one standard
atmosphere. There are 1,000 Pa in 1 kPa. Named after French mathematician and philosopher, Blaise Pascal
(1623-1662).
permeation (permeability)
The process of molecular penetration of gases, vapors, or fluids completely through a material.
piezo-resistive gaunge
See gauge, piezo-resistive (vacuum).
piezoelectric vacuum gange
See gaunge, piezo-resistive (vacuum).
piezoelectricity
The ability of certain materials to change resistance or generate an electric charge in response to applied
mechanical stress, and vice versa.
Pirani gauge
See gauge, Pirani.
piston (vacuum) pump
See pump, piston (vacuum).
poppet valve

A valve typically used to control the timing and quantity of gas flow.
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positive displacement pump
See pumps, positive displacement.

pressure
A way of measuring how much force is acting over an area or the perpendicular force per unit area.

pressure gaunges
See gauges, vacuum (pressure).

psi (psig)
A pressure unit defined as Pounds per Square Inch (of Gas).

pump, backing
A rough vacuum pump used in a vacuum system with the inlet of the rough vacuum pump connected to
the outlet of a momentum transfer type-high vacuum pump. The rough vacuum pump operates to main-
tain an effective pressure in the foreline (also called backing line) for the expected throughput.

pump, claw
Claw pumps use two claws rotating in opposite directions, like the Roots pump, to capture, compress, and
exhaust the gas. Claw pumps can be used to effectively pump corrosive and abrasive gases. They are often
combined with Roots pumps to achieve high pumping speeds and pressures in the millitorr range.

pump, cryogenic (cryo)
A type of high vacuum pump that uses cold surfaces to remove gas-phase molecules by cryocondensation
and/or cryosorption. Often used to refer to a vacuum pump operated with closed-cycle helium refrigeration
system. Cryopump technology is based on Gifford-McMahon cryocooler which was first used to make a
vacuum pump by Helix Technology Corporation in 1976.

pump, diaphragm
A type of dry mechanical, rough vacuum pump that utilizes a movable diaphragm element to displace and
compress a volume of gas from an inlet to an outlet region.

pump, diffusion
A high vacuum pump that uses a directed stream of heavy vapor molecules to flow gas molecules toward
increasing higher pressure regions in the pump. Diffusion pump was invented in 1915 by Wolfgang Gaede.

pump, gas ballast
A positive-displacement pump in which a controlled quantity of a suitable non-condensable gas is admitted
during the compression part of the cycle so as to reduce the extent of condensation within the pump. This
technology was originally developed by Wolfgang Gaede in 1935.

pump, lobe blower
See pump, Roots (blower).

pump, piston (vacuum)
A type of positive displacement pump where the high-pressure seal reciprocates with the piston. Also called

rotary piston (vacuum) pump.
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pump, reciprocating (vacuum)
A vacuum pump that draws air by periodically changing the working volume of the pump.

pump, Roots (blower)
A rotary plunger type pump where two symmetrically shaped impellors rotate in opposite directions inside
the pump housing. Roots pumps are used where great volumes have to be pumped. Also known as Jobe
blower pump.

pump, rotary vane
A positive-displacement pump that consists of vanes mounted to a rotor that rotates inside a cavity. Invented
by Charles C. Barnes in 1874.

pump, screw
A dry mechanical pump that contains two screw rotors which rotate inside a cylinder. The gas is trapped
between cylinder and screw chambers and carried to the gas exhaust.

pump, scroll
A dry mechanical vacuum pump design that utilizes two intermeshed spirals (i.e., scrolls) to displace and
compress a crescent-shaped volume of gas from an inlet to an outlet region.

pump, vacuum
A vacuum component that moves gas molecules from a low-pressure region to a higher-pressure region.
Vacuum-pump design is typically specific to its operating-pressure region, with the three main pressure
regions being low vacuum (i.e., atmospheric pressure to ~107 Torr), high vacuum (i.e., 102107 Torr), and
ultra-high vacuum (i.e., less than 107 Torr).

pumps, capture
A classification for high vacuum pumps that operate by adsorbing gas-phase molecules onto a surface or into
a bulk material.

pumps, dry
Vacuum pumps that use no fluids for sealing or momentum transfer.

pumps, gas transfer
Vacuum pumps that remove gas from the vacuum chamber, move it through the pump, and then exhaust
the gas to the building exhaust system or into the environment.

pumps, kinetic vacuum
Kinetic vacuum pumps use various mechanisms to transfer momentum to gas molecules in order to move
them toward the outlet port of the pump. Diffusion pumps use oil jets to impart momentum to gas mole-
cules while turbomolecular pumps use high-speed turbine blades.

pumps, mechanical (roughing)
In vacuum systems, mechanical pumps are motor-driven pumps that move gas from the inlet port to outlet
port using a mechanical mechanism, e.g. rotary vanes, scrolls, pistons, and diaphragms among others.

pumps, momentum tmmfer
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A classification of pump where one part of the pump (either a solid component or molecular vapor) imparts
preferred momentum to gas-phase molecules.

pumps, positive displacement
A classification of pump that captures a volume of gas near the inlet and mechanically displaces it to the out-
let. Often compression of the captured volume occurs between the inlet and the outlet.

pumps, rotary (vacuum)
Mechanical pump that utilizes rotary motion to drive pumping mechanism. Examples of rotary pumps are
screw pump, lobe blower pump, and rotary vane pump.

pumps, rough (vacuum)
See pumps, mechanical (roughing).

pumps, roughing (vacuum)
See pumps, mechanical (roughing).

pumps, wet
A vacuum pump that uses a fluid or vapor for sealing or momentum-transfer. Also known as fluid sealed
vacuum pump.

pump down
Commonly used term for evacuation of a vacuum chamber from atmospheric pressure to a pre-defined base
pressure.

pump-down curve
Graph describing a time-dependent pressure drop in a vacuum system; popular control instrument when
designing and operating a vacuum system.

pump-down time
Time required to evacuate a chamber from atmospheric to a predefined base pressure.

pumping speed
The volume of gas that will flow past a given plane in a gas flow path in a given amount of time. Units are in
volume per time (e.g., Liters per second). See also Volumetric Flow Rate.

pumping speed curve
A graphical representation of the pumping speed performance of a pump as a function of the pressure of
the gas being pumped.

rarefaction
Decrease in density of gas.

real leak
See leaks, gross (real).

reciprocating (vacuum) pump
See pump, reciprocating (vacuum).

retard

Delay in time.
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Roots (blower) pump
See pump, Roots (blower).
rotary piston (vacuum) pump
See pump, piston (vacuum).
rotary (vacuum) pump
See pumps, rotary (vacuum,).
rotary vane pump
See pump, rotary vane.
rough (vacuum) pump
See pumps, mechanical (roughing).
rough vacuum (pressure) regime
Vacuum pressure regime with pressures between 760 Torr and 1 X 10> Torr.
roughing, roughing line
Roughing a vacuum chamber indicates that it is being evacuated with a low-vacuum pump through a
roughing line from atmospheric pressure to a pressure that is sufficiently low to allow a high vacuum pump
to be engaged.
roughing pump
See pumps, mechanical (roughing).
saturation
The state or process that occurs when no more of something can be absorbed, combined with, or added.
saturation vapor pressure
The pressure exerted by a vapor which is in thermodynamic equilibrium with one of its condensed phases at the
prevailing temperature.
screw pump
See pump, screw.
scroll pump
See pump, scroll.
series conductance
When various vacuum components, each with different values of conductance, are arranged in a single flow
path, therefore requiring each gas molecule to transit through each vacuum component.
ST
International System of Units (Abbreviation of French: Systeme International d’unites). The only system
of measurement with official status in nearly every country in the world.
standard atmospheric pressure
Pressure defined in 1925 by the National Advisory Committee for Aeronautics as 760 Torr (101,325 Pascal,
or 1013.25 mBar, or 29.9213 inches of Hg) for a “normal” day at 0°C and at sea level.
standard temperature and pressure (STP)
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In vacuum technology, defined as a temperature of 273 K (02 C, 32¢ F) and an absolute pressure of exactly
one standard atmosphere (1 atm, 760 Torr, or 101.325 kPa at sea level). Since 1982, Defined by IUPAC
(International Union of Pure and Applied Chemistry) as a temperature of 273 K (0¢ C, 32°F) and an
absolute pressure of exactly 105 Pa (100 kPa, 1 bar).

sublimation
Transition of a substance directly from a solid state/phase to a gas state/phase.

surface outgassing
The release of surface-bound molecules to the gas phase. For most vacuum systems, the main species of sur-
face-bound molecule is water. Measured as a mass flow rate (e.g., in Torr-Liters/sec).

thermal (conductivity) ganges
See gauges, thermal (conductivity).

thermocouple gange
See gauge, thermocouple.

throttle valve (throttling valve)
A vacuum valve that can be controlled by the operator to be only partially open (or partially closed). Allows
to control pumping speed by decreasing conductance (to throttle) between a vacuum chamber and a vac-
uum pump.

throughput
Term used to indicate molecular flow rate or mass flow rate. Identifies number of molecules flowing past a
plane in a flow path. Units are in Pressure x Volume / Time (e.g., Torr-Liter/Sec).

torr
Widely used (but non-SI) pressure unit in vacuum technology, equal to 1 mm of mercury in a historic
barometer, and named after Italian physicist Evangelista Torricelli (1608-1647). Torr is still widely used in
the US, and is therefore the pressure unit primarily used in this e-book.

ultimate pressure
Lowest attainable pressure in a vacuum system. In a vacuum pump, the lowest pressure that can be attained
with that pump. Ultimate pressure is limited by the pumping speed of the vacuum pump and the vapor
pressure of the sealing fluid, among other factors.

universal gas constant
See ideal gas constant.

vacuum
A “prefect vacuum” is defined as a space that is entirely devoid of any gas molecules. However, in vacuum
technology, the more useful definition is a space in which the density of gas molecules is significantly reduced
below that of atmospheric pressure, or where the mean-free-path is sufficient to conduct the desired vacuum
process.

vacuum chamber

See chamber.
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vacuum component
Any one of the many parts that are required to construct a functioning vacuum system, or parts required to
undertake and control a vacuum process.

vacuum fluid
Generally, an organic or inorganic fluid that has a sufficiently low vapor pressure, as well as chemical and
thermal stability to enable effective use as a lubricant and/or sealant in certain vacuum systems or processes.

vacuum (pressure) ganges
See gauges, vacuum (pressure).

vacuum grease
A two-part mixture comprised of vacuum-fluid molecules (i.e., base gel) and much larger molecules or parti-
cles (i.e., thickener). The components of the mixture are selected to demonstrate desirable mechanical, ther-
mal, and other properties, and also demonstrate sufficiently low vapor pressure to allow its use as a lubricant
and/or sealant in a certain vacuum systems or processes.

vacuum piping components
Vacuum piping components provide pathway for the gas to flow within a vacuum system. Examples of vac-
uum piping components are tees, nipples, elbows, crosses, reducers, and flanges or fittings.

vacuum pump
See pump, vacuum.

vacuum technology
A body of knowledge and related skills required to undertake processes and measurements under conditions
of sub-atmospheric pressure.

vapor, vapor state
The term “vapor” is often used when a material may be present in several phases within a vacuum chamber
at a given pressure. For example, during thermal evaporation of a metal, metal generally exists as a solid
source, then as a pool of liquid metal as the temperature increases, and finally as a metal vapor evaporating
from the surface of the liquid. The evaporated metal vapor will re-condense into a solid when it adsorbs
onto any relatively cool surface (i.e., a substrate).

vaporization
Conversion of a substance from the liquid state/phase to the gas (vapor) state/phase.

vent valve
Part of a vacuum system that controls the flow of outside air (or gas) into the vacuum chamber.

virtual leak
See leaks, virtual.

viscous flow
Gas flow in which molecules interact primarily with other molecules, rather than with surfaces in or along
the flow path. Contrast with molecular flow.

volume flow rate (volumetric flow rate)
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The volume of gas that will flow past a given plane in a gas flow path in a given amount of time. Units are in

volume per time (e.g., Liters per second). See also pumping speed.
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absolute pressure — Sections 2.3, 2.4 (2.4.1, 2.4.2,
2.4.3),2.5,4.5.1.

absolute zero — Section 4.4.

absorption (absorb) — Sections 2.8, 3.4 (3.4.2).

adsorption (adsorb) — Section 2.7.

Amonton’s law — Sections 2.4 (2.4.3).

atmospheric pressure — Sections 1.3 (1.3.3, 1.3.4), 1.5,
2.3,2.4,2.6,2.10,3.2,3.3,3.4 (3.4.4), 3.6, 4.2, 4.3,
4.4,4.5,4.6,4.7,4.9.

Avogadro’s law — Section 2.4.

backing pump - Sections 4.4 (4.4.1, 4.4.4).

backstreaming (oil) — Sections 4.3, 4.4.

bar and millibar — Section 2.3.

Bayard Alpert (hot cathode) ion gauge — Sections 3.4
(3.4.3).

Bourdon gauge — Sections 2.3, 3.4 (3.4.3), 4.5 (4.5.1).

Boyle’s law — Sections 2.4 (2.4.1, 2.4.2), 2.5, 4.4.

bulk gas — Sections 3.2, 4.2, 4.3.

butterfly valve — Sections 3.4 (3.4.4), 3.6.

capacitance diaphragm gauge — Sections 2.3, 3.4
(3.4.3), 4.5 (4.5.2).

capture pumps — Section 3.4 (3.4.2).

Conflat-type (CF) flange — Sections 3.4 (3.4.1, 3.4.4).

Chamber - Sections 1.2, 1.3(1.3.1, 1.3.2, 1.3.4), 1.4,
1.5,1.7,2.3,2.4(2.4.1 - 2.4.4),2.6,2.7,2.10, 3.1,
3.2,3.3,3.4(3.4.1 - 3.4.4), 3.6, 4.1, 4.2, 4.3, 4.4
(4.4.1 - 4.4.4), 45 (4.5.1,4.5.3), 4.6, 4.7, 4.8, 4.9.

Charles’s law - Sections 2.4 (2.4.3), 2.5.

combined gas law — Section 2.5.

compressibility — Section 2.4 (2.4.2).

condensation — Sections 2.1, 2.2, 2.10, 4.4 (4.4.3).

conductance — Sections 3.1, 3.3, 3.4 (3.4.1, 3.4.4), 3.6,
4.1,4.7,4.8.

convection-enhanced Pirani (thermal) gauge — Sec-
tions 3.4 (3.4.3), 4.5 (4.5.3, 4.5.4), 4.7.

cryogenic (cryo) pump — Sections 1.5, 3.4 (3.4.2).

Dalton’s law — Sections 2.4 (2.4.1, 2.4.5).

desorption (desorb) — Sections 2.7, 3.4 (3.4.4), 4.3.

diaphragm gauge — Sections 2.3, 3.4 (3.4.3), 4.5 (4.5.2).

diaphragm pump - Sections 1.5, 3.4 (3.4.2), 4.4 (4.4.1,
4.4.2,4.4.3,4.4.5).

diffusion — Sections 2.8, 3.4 (3.4.2), 4.3.

diffusion pump - Section 3.4 (3.4.2).

direct reading (pressure) gauges (manometers) — Sec-
tions 2.3, 3.4 (3.4.3), 4.5 (4.5.1, 4.5.2).

dry pumps — Sections 4.4 (4.4.1, 4.4.2, 4.4.4).

effective pumping speed — Section 4.7.

elastomer — Sections 3.2, 3.4 (3.4.1, 3.4.4), 4.6.

elbows — Sections 3.4 (3.4.4), 4.6.

equilibrium vapor pressure — Section 2.10.

evaporation — Sections 1.3 (1.3.4), 1.4, 2.2, 2.6, 2.10.

exhaust line — Sections 3.4, 4.4 (4.4.3).

feedthrough — Sections 3.4 (3.4.4).

foreline — Sections 3.4 (3.4.4).

freeze, freezing — Sections 1.3 (1.3.1, 1.3.5,), 1.4, 1.5,
2.2,2.10,3.4 (3.4.2).

gage pressure — Sections 2.3, 2.4 (2.4.2), 4.5 (4.5.1).

gas load — Sections 1.7,2.7,2.8,2.10,3.1,3.2,3.3, 3.4
(3.4.1,3.4.2), 4.1, 4.3, 4.4 (4.4.1, 4.4.2), 4.6, 4.7,
4.9.

gas molecule — Sections 1.2, 1.3 (1.3.2), 1.4, 1.5, 2.1,
2.2,2.3,2.4(2.4.1,2.4.2,2.4.3,2.4.4),2.6,2.7,2.8,
2.10,3.1,3.2,3.3,3.4 (3.4.2, 3.4.3, 3.4.4), 4.1.



gas phase — Sections 2.7, 2.10, 3.4 (3.4.2), 4.3.

gas transfer pumps — Sections 3.4 (3.4.2).

gate valve — Sections 3.4 (3.4.4).

gauge, Bayard-Alpert — Sections 3.4 (3.4.3).

gauge, Bourdon — Sections 2.3, 3.4 (3.4.3), 4.5 (4.5.1,
45.4).

gauge, capacitance diaphragm — Sections 2.3, 3.4
(3.4.3), 4.5 (4.5.2, 4.5.4).

gauge, convection-enhanced Pirani (thermal) — Sec-
tions 3.4 (3.4.3), 4.5 (4.5.3.2, 4.5.3.3), 4.5.4, 4.7.

gauge, diaphragm — Sections 2.3, 3.4 (3.4.3), 4.5
(4.5.2).

gauge, hot cathode ionization — Sections 3.4 (3.4.3).

gauge, McLeod — Sections 3.4 (3.4.3).

gauge, MEMS Pirani — Sections 4.5 (4.5.3.2, 4.5.4).

gauge, piezoelectric vacuum — Sections 4.5 (4.5.4).

gauge, Pirani — Sections 3.4 (3.4.3), 3.6, 4.5 (4.5.3.2).

gauge, pressure — Sections 1.7, 2.3, 2.4 (2.4.2), 2.9,
2.10, 3.1, 3.4 (3.4.3, 3.4.4), 4.5, 4.7, 4.9.

gauge, thermal (conductivity) — Sections 4.5 (4.5.3).

gauge, thermocouple — Sections 2.3, 3.4 (3.4.3), 4.5
(4.5.3.1,4.5.3.2, 4.5.4).

gauge, vacuum (pressure) — Sections 3.4 (3.4.3, 3.5,
4.2,4.5,4.7.

gauges, direct reading (pressure) gauges (manome-
ters) — Sections 2.3, 3.4 (3.4.3), 4.5 (4.5.1, 4.5.2).

gauges, indirect reading (pressure) — Sections 2.3, 3.4
(3.4.3), 4.5 (4.5.3).

gauges, ionization vacuum - Sections 3.4 (3.4.3).

Gay-Lussac’s law — Sections 2.4 (2.4.3, 2.5).

hot cathode ionization gauge — Sections 3.4 (3.4.3).

house exhaust system — Section 4.2.

hydrogen bond — Section 2.7.

ideal gas law — Sections 2.5, 3.1, 3.2, 3.3.

indirect reading (pressure) gauges — Sections 2.3, 3.4
(3.4.3), 4.5 (4.5.3).

ionization vacuum gauges — Sections 3.4 (3.4.3).
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ISO flange -Section 3.4 (3.4.4).

isolation valve — Sections 3.3, 3.4 (3.4.4).

KF (Klein Flansche) flange — Sections 3.4 (3.4.1,
3.4.4), 3.6, 4.6.

kinetic vacuum pumps — Sections 3.4 (3.4.2).

laminar flow — Section 4.8.

leaks, gross (real) — Sections 3.2, 4.1, 4.3, 4.5 (4.5.1).

leaks, virtual — Sections 3.2, 4.3.

lobe blower pump — Sections 4.4 (4.4.4).

mBar - Sections 2.3, 3.3, 4.5 (4.5.1).

McLeod gauge — Sections 3.4 (3.4.3).

mean free path (MFP) - Sections 1.4, 2.6, 3.1, 4.1.

mechanical pumps — Sections 1.5, 3.4 (3.4.2), 4.4
(4.4.3), 4.7, 4.8, 4.9,

mechanical roughing pumps — Sections 3.4 (3.4.2),
41,42, 4.4 (4.4.1, 4.4.5).

MEMS Pirani gauge — Sections 4.5 (4.5.3.2, 4.5.4).

molecular density — Sections 1.4, 2.4 (2.4.1), 3.1, 3.3,
4.1,4.5(4.5.3), 4.7,

net pumping speed — Sections 3.3, 3.4 (3.4.1), 4.7, 4.8.

nipples — Sections 3.4 (3.4.4), 4.6.

O-ring — Sections 3.2, 3.4 (3.4.1, 3.4.4), 4.6.

Outgassing — Sections 3.2, 3.4 (3.4.1, 3.4.4), 4.3, 4.6.

partial pressure — Sections 1.7, 2.4 (2.4.1, 2.4.5).

pascal (Pa) and kilo-pascal (kPa) — Section 2.3.

permeation (permeability) — Sections 2.8, 3.2, 3.4
(3.4.1), 4.3, 4.6.

piezoelectric vacuum gauge — Sections 4.5 (4.5.4).

piezoelectricity — Sections 4.5 (4.5.4).

Pirani gauge — Sections 3.4 (3.4.3), 3.6, 4.5 (4.5.3.2).

piston (vacuum) pump — Sections 3.4 (3.4.2), 4.4.

poppet valve — Sections 3.4 (3.4.4).

positive displacement pump — Sections 3.4 (3.4.2), 4.4
(4.4.1, 4.4.4), 4.6.

pressure — Sections 1.2, 1.3 (1.3.2, 1.3.3, 1.3.4), 1.4, 1.5,
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1.7,2.2,2.3,2.4,2.5,2.6,2.7,2.9,2.10, 3.1, 3.2,
3.3,3.4,3.6,3.7,4.1,4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8,
4.9.

pressure gauge — Sections 1.7, 2.3, 2.4 (2.4.2), 2.9, 2.10,
3.1, 3.4 (3.4.3, 3.4.4), 4.5, 4.7, 4.9.

psi (psig) — Sections 1.3 (1.3.3), 2.3, 3.4 (3.4.3), 4.5
(4.5.2).

pump, cryogenic (cryo) — Sections 1.5, 3.4 (3.4.2).

pump, diaphragm — Sections 1.5, 3.4 (3.4.2), 4.4 (4.4.1,
4.4.2,4.4.3, 4.4.5).

pump, diffusion — Section 3.4 (3.4.2).

pump, lobe blower — Sections 4.4 (4.4.4).

pump, piston (vacuum) — Sections 3.4 (3.4.2), 4.4.

pump, positive displacement — Sections 3.4 (3.4.2),
44(4.4.1,4.4.4), 4.6.

pump, reciprocating (vacuum) — Sections 3.4 (3.4.2).

pump, Roots (blower) — Sections 3.4 (3.4.2), 4.4 (4.4.4,
44.5).

pump, rotary piston (vacuum) — Sections 3.4 (3.4.2),
44 (4.4.5).

pump, rotary (vacuum) — Sections 3.4 (3.4.2), 4.4
(4.4.3).

pump, rotary vane — Sections 1.5, 3.4 (3.4.2), 4.4
(4.4.2,4.4.3, 4.4.5, 4.7.

pump, rough (vacuum) — Sections 3.4 (3.4.2), 3.6, 4.4,
4.7.

pump, roughing — Sections 3.4 (3.4.2), 4.1, 4.2, 4.4
(4.4.1, 4.4.5).

pump, screw — Sections 3.4 (3.4.2), 4.4 (4.4.5).

pump, scroll — Sections 1.5, 3.4 (3.4.2), 4.4 (4.4.5).

pump, vacuum - Sections 1.1, 1.2, 3.1, 3.3, 3.4 (3.4.2,
3.4.3,3.4.4), 3.5, 3.6, 4.1, 4.4, 4.6, 4.7, 4.8, 4.9.

pump down — Sections 3.3, 4.4 (4.4.4), 4.5 (4.5.1), 4.7.

pump—down curve — Sections 3.7, 4.1, 4.4, 4.7, 4.9.

pump-down time — Sections 3.3, 3.7, 4.1, 4.7.

pumping speed — Sections 3.1, 3.3, 3.4 (3.4.1, 3.4.2),
4.2,4.4(4.4.1, 4.4.2, 4.4.3, 4.4.4, 4.4.5), 4.7, 4.8.

pumping speed curve — Section 4.7.

pumps, capture — Sections 3.4 (3.4.2).

pumps, dry — Sections 4.4 (4.4.1, 4.4.2, 4.4.4).

pumps, gas transfer — Sections 3.4 (3.4.2).

pumps, kinetic vacuum — Sections 3.4 (3.4.2).

pumps, mechanical (roughing) — Sections 1.5, 3.4
(3.4.2), 4.1, 4.2, 4.4 (4.4.1, 4.4.3, 4.4.5), 4.7, 4.8,
4.9.

rarefaction — Section 1.2

real leak — Sections 3.2, 4.1, 4.3, 4.5 (4.5.1).

reciprocating (vacuum) pump — Sections 3.4 (3.4.2).

retard — Sections 1.3 (1.3.2).

Roots (blower) pump — Sections 3.4 (3.4.2), 4.4 (4.4.4,
445).

rotary piston (vacuum) pump — Sections 3.4 (3.4.2),
44 (4.4.5).

rotary (vacuum) pump — Sections 3.4 (3.4.2), 4.4
(4.4.3).

rotary vane pump — Sections 1.5, 3.4 (3.4.2), 4.4 (4.4.2,
4.4.3,4.4.5,4.7.

rough (vacuum) pump — Sections 3.4 (3.4.2), 3.6, 4.4,
4.7.

rough vacuum (pressure) regime — Sections 1.7, 2.3,
3.4 (3.4.3), 4.1, 4.3, 4.5 (4.5.3, 4.5.4), 4.6.

roughing, roughing line — Sections 3.4 (3.4.4), 3.6,
42, 4.4 (4.4.3), 4.7,

roughing pump — Sections 3.4 (3.4.2), 4.1, 4.2, 4.4
(4.4.1, 4.4.5).

saturation vapor pressure — Sections 4.4 (4.4.3).

screw pump — Sections 3.4 (3.4.2), 4.4 (4.4.5).

scroll pump — Sections 1.5, 3.4 (3.4.2), 4.4 (4.4.5).

SI - Section 2.3.

standard atmospheric pressure — Sections 2.2, 2.10,
45 (4.5.1).

standard temperature & pressure (STP) — Sections
2.4 (2.4.4,2.4.5), 2.5,

sublimation — Sections 1.3 (1.3.1), 1.5, 2.1, 2.2, 2.10.



tees — Sections 3.4 (3.4.4), 4.6.

thermal (conductivity) gauge — Sections 4.5 (4.5.3).

thermocouple gauge — Sections 2.3, 3.4 (3.4.3), 4.5
(4.5.3.1,4.5.3.2, 4.5.4).

throttle vale (throttling valve) — Sections 3.4 (3.4.4).

throughput — Sections 3.1, 3.3, 3.4 (3.4.1).

torr — Sections 2.3, 2.4, 2.5, 2.6,2.7,2.9, 2.10, 3.2, 3.3,
3.4,4.1,4.2,4.3, 4.4, 4.5, 4.6, 4.7, 4.8.

ultimate pressure — Sections 4.2, 4.4 (4.4.1 - 4.4.5),
4.7, 4.8.

universal gas constant — Section 2.5.

vacuum - Sections 1.1, 1.2, 2.1, 2.2, 2.3, 2.10, 3.1, 3.3,
3.4 (3.4.2,3.4.3), 4.1, 4.7, 4.9.

vacuum chamber - Sections 1.3 (1.3.1), 3.3, 3.4 (3.4.1),
3.6, 4.4 (4.4.2), 4.5 (4.5.1, 4.5.3), 4.6, 4.7, 4.8.

vacuum component — Sections 1.7, 2.7, 3.2, 3.3, 3.5,

3.6, 4.6.
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vacuum (pressure) gauge — Sections 3.4 (3.4.3, 3.5, 4.2,
4.5, 4.7.

vacuum piping components — Sections 3.4 (3.4.4).

vacuum pump — Sections 1.1, 1.2,3.1,3.3,3.4 (3.4.2,
3.4.3,3.4.4), 3.5, 3.6, 4.1, 4.4, 4.6, 4.7, 4.8, 4.9.

vacuum technology — Sections 1.1, 1.3 (1.3.1, 1.3.2,
1.3.5),1.4,1.6,2.3,2.9, 3.1.

vapor, vapor state — Sections 1.3 (1.3.4, 1.3.5), 1.4, 1.5,
2.2,2.6,2.7,2.10,3.2,3.4(3.4.1,3.4.2), 4.1, 4.3, 4.4
(4.4.1 - 4.4.5), 4.5 (4.5.3.3), 4.6, 4.9.

vaporization — Sections 1.4, 2.10.

vent valve — Sections 3.4, 3.5, 3.6, 4.2, 4.4, 4.7, 4.9.

virtual leak — Sections 3.2, 4.3.

viscous flow — Sections 4.5 (4.5.3.2), 4.6, 4.8.

volume flow rate (volumeric flow rate) — Section 3.3.
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