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Introduction

An accelerator or storage ring complex is a concerted interplay of vari-

ous functional systems. For the convenience of discussion we can divide it into

the following systems: injector, magnet, RF, vacuum, instrumentation and con-

trol. In addition, the conventional construction of the building and radiation

safety consideration are also needed and finally the beam lines, detector, data

acquisition and analysis set-ups for research programs. Dr. L. Teng has given

a comprehensive review of the whole complex and the operation of such a facil-

ity. Because of the limitation of time, I will concentrate on the description

of magnet and vacuum systems.

Only the general function of each system and the basic design concepts

will be introduced, no detailed engineering practice will be given which will be

best done after a machine design is produced. For further understanding and ref-

erences a table of bibliography is provided at the end of the paper.



Fart I. The Magnet System

Chapter I. Function* of the Magnets

In an accelerator or storage ring complex, various kinds of magnets are

used as charged particle beam handling device to steer, focus, or switch beam in

a desired fashion. In this chapter we will review briefly the major functions

the magnets assume in a storage ring.

A. Particle Trajectory and Orbit

In a cyclic machine, particles are made to travel in the vicinity of a

predetermined trajectory. Usually a dipole magnet is used to bend a charged par-

ticle into a desired direction. The magnetic field inside a dipole magnet can

be represented as

B - By j (1)

From the Lorentz equation a particle inside the electromagnetic field experi-

ences a force

F - q(E + VxB) (2)

It is easy to show that the particle trajectory in a dipole field is

a circular path with radius p given by

Bp(T-m) - J - 3.336 p(GeV/c) (3)

where (Bp) is called the magnetic rigidity.

For example, the results for electron at several momenta have been

worked out and shown in the following table:



T(Mev)

100
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1000

Cp(Mev)

100
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BP(T-m)

0.336

0.669

3.36

Y

197

392
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Referring to Fig. 1, the total bending angle through a dipole magnet

of effective length L and field B is

6 BL
(Bp) (rad) (4)

and S in the maximum transverse displacement of the particle trajectory away

from the: entrance point. It is called the sagitta of the bend. In order to op-

timize aperture utilization inside the magnet} it is desirable to offset the en-

trance point at x * -all. However, if the sagitta is comparable or bigger than

the magnet aperture, a curved magnet is needed.

For a cyclic accelerator, enough dipole magnet should be provided to

achieve a 360° bend to form a closed path for the particles. It is conventional

to call the closed path in a cyclic machine as an orbit and the open path in a

transport system as a trajectory. For example, if we decide to use twelve

dipole magnet for one GeV machine, each magnet has to bend

360° 30° .

Suppose each magnet is 2m long, then the field required to bend 30° would be

B - 15&2.0 - 8.8 kG

and the sagitta will be



Figure 1 Particle trajectory inside a dipole magnet.
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which is too large for a straight magnet.

B. Focusing and Betatron Oscillation

In order to accept as many particles as possible in a storage ring,

there must be a mechanism to confine particle movement in the.vicinity of the

closed orbit. This focusing function is usually fulfilled by quadrupoles. Ide-

ally, the field shape inside a quadrupole magnet could be represented as

(5)7

Bx

- Gx

»

• Gy

G -

•

dB

dx

The effect of such a field shape on the horizontal motion of particle

can be visualized in Fig. 2. Trajectory 2 enters the magnet at the center where

x • 0, consequently the force on the particle is zero and the trajectory is a

straight line. Trajectory 1 enters with positive x deviation and experiences a

downward bend crossing the center line at point B. On the other hand,

trajectory 3 enters at x * -Ax < 0 and experiences an upward bend. In other

words this is a focusing magnet for horizontal motion. It is easy to show that

it produces a defocusing effect in the vertical plane.

In the thin lens approximation, the magnet length is made to approach

zero in such a way that the product GX£Q stays constant. Then from equation (4)

the particle receives a local direction change of
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Figure 2 Particle trajectories through, a horizontally focusing
quadrupole.



and the beam touches the central ray at

(7)

where f is the focal length of the quadrupole.

In the NSLS design the focusing strength k is chosen to be

p

G(T/m)

Km"2)

vuv
700 Mev

9

3.83

X-Ray

2.5 Gev

12

1.43

In an accelerator or storage ring there exists a closed orbit close to

the center of magnets. All particles deviating froa this closed orbit will oscil-

late around it. Such an oscillation is called betatron oscillation for histori-

cal reasons. The goal of a lattice design is to confine the particle excursion

in as small a space as possible. Since the invention of the strong focusing

principle in 1952, all the high energy accelerators have been designed accord-

ingly.

Using the closed orbit as reference trajectory, then in any transverse

plane the equation of motion of particles can be expressed as

4-f + k(s)x - 0 (8)

ds

where a is the measurement of the distance along the closed orbit. Sew ral spe-

cial conditions give ready solution to equation (8).

a. Field free region: k(s) • 0, the solution is a straight line



b. In focusing quadrupole: k(s) • k, the solution is a sinusoidal

curve

c. In defocusing quadrupole: k(s) • -k, the solution is a hyperbolic

sine curve

The most general case is over the whole machine, then k(s) goes

through different constant numbers piecewise. The only property that can be

identified is the fact that k(s) is a periodic function of the machine circumfer-

ence C. Such an equation is called Hill's equation. It's solution assumes the

form ••

X(s) - a&\*) cos(\x|><s) + 5) (9)

where a and 6 are constants related to the initial condition, $(s) is the phase

advance given by

and V is the wave number in one revolution which is also commonly called the

tune of the machine

s+Cp

2TT S |T '

and finally @(s) is the beta-function of the machine which determines the extent

of the transverse excursion at particular location s.

C. Lattice Design

Roughly speaking, a machine is consisted of two distinctive

structures. Using a schematic layout shown in Fig. 3 as an example, the whole
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Figure 3 Schematic illustration of a machine magnet configuration.



machine assumes a four-fold symmetry with four straight sections (s.s) AB, CD,

SF, GH. All the bending is confined in the arcs BC, DE, FG, and HA. Within

each arc there are repetitions of several identical structures called regular

cell. The straight sections are used for injection, RF cavities, instrumenta-

tion, and wigglers or undulators.

Now let us consider the simplest and most commonly used cell structure

FODO as shown in Fig. 4. Using the closed orbit of on-momentum particle as ref-

erence coordinate at any point along the machine circumference, a particle's co-

ordinate can be specified by the distance x and angle x' with respect to the

closed orbit. Furthermore, for particles with momentum deviation Ap from the

reference particle, they will oscillate around a different closed orbit. This

off-momentum closed orbit is called the dispersion function r|(x). If we repre-

sent the coordinate of a particle by a state vector,

x" (I' ) (12)
\ Ap/p /

then the state o a particle emerging from the other side of an optical element

could be represented by a 3x3 matrix M

x 2 - M xx (13)

It is easy to show that with a thin-lens approximation the transfer

matrix for various optical elements are

drift space L (14a)

focusing quads (14b)

10
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a) FOOO Lattice

b) Thin-lens FODO lattice

Figure 4 FODO cell arrangement.
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( 1 0 0 \
k*0 1 C I defocusing quads (14c)

0 ^ 0 1 /
/l 0 0\

M- - I 0 1 0 ] bending magnet . (14d)
\0 0 1/

Now the resultant transfer matrix for a FODO cell structure follows

M - (MF/2 "L/4 \ "L/4 "D «L/4 "B "t/4 MF/2) '

The solution in a periodic system can be parametrized as follows

/COSH + asiny Ssinp \
M- [ ]

V-Asin)i co«u - Csiny / .

Equating equations (15) and (16) gives

: - 4sin H

where y is the phase advance per cell given by

tan(y) ° 1 2

(16)

~ Otln12

Furthermore, the dispersion function can be found as a solution satisfying

x - M x (19)

12



giving

I£ 1 + 111 sinu/2 (20a)
T 2

i* 1 - 1/2 ainu/2 (20b)
D 2 sin2u/2

where § is the bending angle per dipole magnet in unit of radian.

If a machine is formed by N repetition of such a regular cell, the par-

ticle will oscillate around the closed orbit V times; where V is the tune of the

machine given by equation (11). For example, a popular choice of the phase ad-

vance per cell is 90°, then the relation between the cell length L and lattice

functions are:

B_ - 1.707 L Tl_ - 1.354 L<|>
F 5 F (21)

3 D • 0.293 L n D - 0.646 L<t>

For a synchrotron radiation facility, in order to reduce the beam size

at the bending magnet, a regular cell is often constructed with doublet or trip-

let focusing structure instead of the FODO type. Shown in Fig. 5 is the lat-

tice structure of the NSLS x-ray ring.

D» Correction Elements

How, in a very simplistic way, we have the skeleton of the machine

figured out. But in reality there are sources of imperfections or errors inher-

ent in the magnet construction or the survey of the magnet locations. For exam-

ple, in the previous discussion we assume that the closed orbit is at the center

of the quadrupole magnet and the central ray receives no deflection in passing

13
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Figure 5 NSLS x-rray ring la t t ice witb t r iple t focusing structure.



through it. However, if the quadrupole is misplaced, the ray will receive an

equivalent deflection of

at the location of the misplacement. Worst of all, this small angle deviation

will propagate along the lattice in the fora of betatron oscillation which is

usually referred to as closed orbit error. For a new machine, without correc-

tion, it is typical in the few centimeter range. The way to limit the orbit

error to an acceptable degree is to put correction dipole along the ring. If

the orbit position monitor and the correction dipoles are used-in an optimal

fashion, the closed orbit error could be reduced to mm range.

Another source of error is the gradient error of the quadrupoles. In

the last section we derived the tune and betatron function of a designed lat-

tice. If some of the quadrupoles have gradient error k(s), then there will be

a tune shift of

Av " h ̂ o B(s)k(s) ds • (23)

From the non-linear oscillation theory the betatron oscillation will become ua-

stable under the following condition:

\ > « 2 _ _ _ , , , (24)
V • — m,n • 1,2,3 .

In other words, the tune cannot be a rational number, but in reality we only

have to be careful of such an occurrence up to fifth order resonances. In par-

ticular the integer and half-integer resonances, corresponding to n • X or

15



n • 2, are intolerable and should be avoided in all cases. In order to con-

trol the tune of the machine, two sets of independently powered quadrupoles are

often needed. With this provision, the best combination of V and v (working

point) can be found empirically.

The last possible correction I would like to comment on is the chroma-

ticity correction. The chromaticity of an accelerator is defined to be the tune

variation with momentum of the beam, specifically,

A V ^ (25)
* V 'p

or

) v
P

We can easily see that if in the machine the momentum spread is too large, the

tune spread will be large too. In that case some sextupole magnets are needed to

confine the tune spread and stay away from resonance. Another reason of chroma-

ticity correction is to avoid head-tail instability.

E. Special Magnets for Injection and Ejection

So far we have confined ourselves to the machine proper assuming it is

an independent entity itself. In reality we have to bring the beam in from an

injector and extract for dumping or injecting into next stage machine. For

those purposes specially designed magnets are needed. The most commonly used

magnets for injection are Lambertson magnet, septum magnet and fast kicker mag-

net, /nong them the fast kicker magnet is most demanding for its requirement of

fast rise between bunches. Usually ferrite is used for return path of the mag-

netic flux to minimize the eddy current effect.

16



Chapter II. Physics Considerations of the Magnet Design

We have briefly reviewed the functions of magnets in a storage ring. Now

we can go into a little more detailed consideration of how to design a magnet

for accelerator usage. Dipole and quadrupole magnets will be used as an example

to illustrate the design principle because of the quantity involved. As for the

design of special magnets, interested readers please consult the bibliography at

the end of the report.

A. Dipole Magnet Design

A schematic diagram for a dipole magnet configuration is shown in Fig.

6. If there are N turns of the coil inside each coil package with current I in

each turn, then the field produced in the median plane of the air gap is given by

B -y E <26)

y Ho g

putting in the proper unit it becomes

NI(kA - T) - 0.7937 Bg(T«mn) .

For example with a design of gap size g * 50mm, central field B * 1.2T, and

N « 20 turns, the needed excitation current will be 2.4 kA.

Equation (26) is true only for infinite permeability of the iron. For

realistic low carbon ion (carbon content less than 0.05Z), the M is usually in

the 2000 to 5000 range before saturation. If the saturation effect is impor-

tant, shaping of the pole contour can be used to achieve the desired field dis-

tortion within the aperature; however, a balance must be found over the dy-

namic range from injection to the final energy. Other possible sources of dis-

tortion is from the remnant field of the material. If it becomes more than a

17



Figure 6 Cross-sectional view of a dipole magnet.
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few 10 of the injection field, care Bust be taken either to reduce it or to

correct it by correction aagnets. Finally, most of the field calculation can

only be done in two-dimensional space, the field distribution at the end of the

magnet should be measured after the magnet has been built.

B. Quadrupole Magnet Design

A typical cross sectional view of a quadrupole magnet is shown in Fig.

7. Applying Maxwell's equation again, it can be shown that the relation between

excitation current and field gradient is given by

NT - G *L <">

In proper units it becomes

NI(kA-T) - 3.968 G(~) a2(cm2) .

The same cautions about fiald quality and end effects have to be exercised.

C. Computer Codes

There are a great deal of computer codes developed to evaluate the de-

sign in a more reliable and realistic situation. Here we do not have time to go

into the details of the program; I will simply list the name of the program.

Whenever you have to use it, you will know what to ask for.

1. Charged Particle Transport and Tracking

TRANSPORT

TURTLE

PATRICIA

2. Lattice Design

SYNCH

19



Figure 7 Cross-sectional view o^ a quadrupole magnet.
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AGS

MAGIC

3. Magnet Design

POISSON

TRIM

GFAN

4. RF Cavity Design

SUPERFISH

All programs are designed to be able to handle special geometry,

realistic material properties and can give greater accuracy in a shorter period

of time. But the basic physics principle should be understood to be able to

make best use of it.

D. Magnetic Field Measurement and Requirement

In the design stage it is convenient to assume that a magnet pro-

duces magnetic field in a well defined boundary and all the lattice design is

arrived at under that assumption. But after a magnet is constructed, you will

find the real magnet is far away from the ideal model. Therefore a detailed

magnetic measurement program is necessary to achieve the following purposes:

1. Paraaetrization of the actual field for lattice calculation.

2. Devise a correction scheme if the deviation is too large.

The most important correction is accomodated by the concept of ef-

fective length. In Fig. 8 an idealised fringing field of a dipole magnet is

shown to depict the definition of effective length. Assuming that the physical

length of the iron lamination is *-j, it is clear that the field extends further

than the iron boundary. The effective length is defined as follows:

21
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Figure 8 Effective edge of practical fringing field of a dipole
magnet.
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Leff#B(V "

In other words, it is the length of the magnet which gives equivalent bending «•

the real magnet if the field is constant from the center of the magnet to the lo-

cation S. • There are many other corrections for more subtle effects.

As for the method of magnetic measurement, in principle, any physi-

cal phenomena which is sensitive to the magnetic field variation could be used

to measure the field. In practice there are two kinds of measurement which com-

plement each other:

1. Point (local) measurement by Hall probe, NMR or short pick-up

coil.

2. Integrated long coil measurement.

Finally, the measurement.should be done across the horizontal aperture and at

several vertical levels within the gap to determine the good f.eld aperture

limit for the beam.

23



Chapter III. Engineering Considerations of Magnet Design

An accelerator or storage ring is a hybrid of sound physics design and per-

fect engineering execution to serve the scientific research needs. Although a

good physics design comes first, only a disciplined engineering practice can

turn the concept into reality. In addition to general practice of the

engineering profession, there are certain stringent requirements due to the par-

ticular characteristics pertinent to an accelerator in terms of precision, com-

patibility, and reliability under a radiation environment. In the following, we

will discuss some of the special requirements in magnet manufacturing.

A. Steel Properties

In an accelerator, several magnets of the same type are used and

powered in series; it is required that all magnets should be identical with re-

-3 -4
spect to field characteristics within 10 s 10 for all field value during the

acceleration period. The most important factors are the impurity contents of

the steel which affect the saturation characteristics and the remnant field of

the magnet. The example given in Fig. 9 is the B-H curves of pure soft magnetic

iron and the influences of impurities on steel flux density. It can be seen

that the carbon content is the most crucial factor in the reduction of magnetic

-4
field strength. If we require that the reduction is less than 10 up to 18 k6,

the carbon content should be kept less than 0.05Z.

There are other requirements such as low hysteresis loaaea, low eddy

current losses, uniform magnetic characteristics over each slab, etc., most of

which can be imposed by paying proper attention to the chemical composition,

melting practice, hardening process and heat treatment.

24
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Figure 9 B-H curves of pure soft magnetic iron and influence
of impurities on steel flux densities.
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B. Core Design

After the material has been chosen, the empirically measured permeabil

ity curve should be used for the design of the pole race profile to optimize the

field uniformality within the aperture and the desired dynamic range.

There are two ways of manufcturing the magnet core. One is to machine

it out of a whole slab of iron and another is to stamp lamination and bind them

together to form the whole magnet. The first method is acceptable only for DC

magnets. For an accelerator the reduction of the eddy current effect is a main

concern; therefore, lamination stamping is preferred.

We have mentioned that the impurity contents must be low, but in fact

the crucial requirement is the uniformality of the steel property from magnet to

magnet, since the systematic errors can always be compensated by varying the ex-

citation. There is no ready method for correcting the variation from magnet to

magnet. If it ia confirmed that the magnet properties vary from lamination to

lamination, then one way to minimize the damage is to shuttle the lamination to

create a uniform magnet in an average sense.

C. Coil Design

The main requirement of a coil package design is to produce correct

pere turn for the desired field. Since a great deal of heat is generated and

large mechanical stress is applied, the next consideration is for proper

coolirg, insulation and mechanical integrity. Cooling is usually achieved by

using hollow conductors with low conductivity water as a coolant as shown in

Fig. 10a.

The choice of the hole size is determined by the power consumption of

the magnet, temperature rise tolerated, water speed and pressure drop. The

proper choices are for temperature rise AT $ 20°C, water speed V £ 2m/sec,

26
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Figure 10 (a) Resin-bonded hollow-conductor coil for the Brookhaven AGS
magnet, designed for pulsing 20 times per minute, (b) Resin-
bonded stranded-cable coil with internal water-cooling tubing
for the Cambridge electron accelerator designed for 60-cps
pulsing.
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pressure drop Ap $ 100 psi, and water resistivity P > 1 MB. A closed system

heat exchanger with deionication and purification capability should be built.

Another major concern is the electrical insulation between the turns

of the conductor and between the conductor and iron core. It serves to protect

the coils from electrical breakdown and flashovers. In fact, the experiences

from various labortories showed that the insulation is fhe weakest link in the

magnet manufacturing. The life expectancy of the magnet depends on the

soundness of the insulation, its aging*properties and its initial and final

endurance limitations.

Typically, the insulation should be able to sustain twice the maximum

working voltage plus one thousand volts and must be radiation resistive. Modern

coil insulation is comprised of an inorganic structural material, an organic

impregnant, organic and inorganic additives. The inorganic structural material

is an E-type glass cloth, or undirectional S-glass structures, or tapes, heat

cleaned and chemically treated in order to improve the adhesion of the thermoset-

ting of the filament. The organic impregnant or binder is generally an epoxy

system.

D. Magnet Excitation and Power Supply

In one cycle of the machine operation, we have to go through injec-

tion, acceleration, storage and rectification stages as shown in Fig. 11. The

magnetic field strength needed in each phase determines the excitation current

and the power consumption from the power grid. In order to guarantee the excita-

tion of the same type magnet, it is a conventional practice to power them in se-

ries.

For a small system it is possible to link directly onto the commercial

power line using multiphase controlled rectification to generate the current

28
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Figure 11 The representative current and voltage variations of the main
magnet in one cycle .

A-B: Injection
B-C: Acceleration
C-D: Storage for experiments
D-E: Rectification
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desired. In case a tight stability requirement is needed during.the storage op-

eration, a feedback scheme could be used to achieve it.

E. Survey and Installation

The placement of various components in a ring is a major endeavor of

great importance. In a typical machine with survey accuracy.of 0.25 mm on the

location of the quadrupole magnets, the resultant closed orbit error could be as

large as a few centimeters. If the beam cannot circulate one turn during first

injection, magnets have to be moved to steer the beam into a closed path. From

that point on, the orbit correction system could be activated to further reduce

the error to a few mm range.

Usually it is not easy to achieve the accuracy needed in the first at-

tempt. A well-defined iteration procedure should be followed to converge on an

acceptable survey. Because of the geographic location of Taiwan, special atten-

tion should be paid to the design of the floor and stand to be able to withstand

the maximum swing created by the earthquake.

Here is a proper place to conclude the discussion on magnet design.

We only try to point out the outstanding design considerations and by no means

exhausting the problems involved. For further understanding or detail informa-

tion please consult the Bibliography given in the end of the report or talk to

persons with experience on the problem.

Next let us switch to the problem of vacuum systems in an electron

storage ring.
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Part II. The Vacuua System

Chapter IV. Functions of the Vacuum System

A. Introduction

Generally speaking, the term vacuum denotes the condition of pressure

leas than one standard atmospheric pressure (atm) which is defined to be the

pressure under 760 mmHg column and is equivalent to 14.7 Ah/in2. The popular

unit used in scientific discussion is Torr which is defined to be the pressure

of 1 nmHg.

There are wide range applications of vacuum in everyday life, scien-

tific research and manufacturing. For example, a proper vacuum condition is es-

sential for the functioning of fluorescent light and the electron vacuum tube.

In Table 1 the conventional classification of vacuum is presented and some of

the possible applications suggested.

Table 1. Vacuum Classification

Rough

Fine

High

VHV

UHV

Pressure
(Torr)

700 J" 1

1 «/* 1 0 " 3

10"3 J' 10"6

10"6 * 10"9

10"9 J• lo-n

Altitude
(kM)

0

30

80

200

600

«r 30

+ 80

' 200

J* 600

* 1500

Applications

Ballon

Food Processing
Electronics

Medicine
Material

Accelerators
Storage Ring

Space Program

The reason for good vacuum for an accelerator or storage ring is the

beam lifetime consideration from the beam-gas scattering. Typical cycle time

for an accelerator is a few seconds and the corresponding vacuum requirement is
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in the 10~7 ̂  10"8 range. But for a storage ring the lifetime is usually a few

—9 —11
hours, even days, and the corresponding vacuum condition is in the 10 ^ 10

range.

B. Vacuum Requirements for a Storage Ring

In an electron storage ring, the electrons are confined within a vac-

2
uum pipe of a cross-sectional area 30 ̂  40 cm over a length of 100 m or more.

Ideally the electrons are confined to a fraction of the total area by a focusing

system. However, there are residual gases of various composition inside the vac-

uum chamber. During the required storage time of several hours the electrons

circulate around the ring in the order of 10 revolutions. There is finite

probability that the circulating electrons will encounter elastic or inelastic

scattering with the residual gas molecules. The scattering can cause the beam

to diffuse off the central region and deviate from the designed beam size.

Worst of all, they could disappear totally by hitting the chamber wall.

In other words, the vacuum condition determines both the beam quality

and beam lifetime of a stored electron beam. For illustration let us look at

one calculation done for photon factory at KEK as shown in Fig. 12. The beam

lifetime is linearly dependent on the pressure of the vacuum system. For

pie, if in the chamber the only gas left is CO, then the beam lifetime will be

—0 —8

12.5 hours at 10 and 4 hours at 10 Torr. The heavier the species the worse

the lifetime.

So far we only considered beam-gas interaction assuming the residual

gas composition is given. There is another complication for the electron stor-

age ring. When the electrons circulate in the vacuum pipe, they will radiate

electromagnetic waves in the bending section and the photons hitting the chamber

wall will release molecules from the wall, a phenomena called gas desorption. It
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Figure 12 Relation between the beam lifetime and vacuum condition for
various gases.
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could worsen the vacuum condition by two orders of magnitude compared to the

beam off situation.

To illustrate the phenomena, the example from ISR at CERM is shown in

—9
Fig. 13. Originally the pressure in ISR was in the 10 Torr; when the machine'

was being filled the pressure deteriorated. The beam stayed in the machine al-

though the vacuum was much worse. However, by the time the current was a little

bit more than six amperes, the pressure increased immediately beyond the scale

and the beam lost by 20 or 302. Finally it was found that the reason for the

pressure bump, as the phenomenon is called, was the gas desorption of the wall

by the bombarding positive ions from the ionization of the residual gas by the

protons. The problem was solved by proper baking of the wall and more pumping

capacity.

In an electron storage ring the same problem exists. Only now the cul-

prit is the photoelectron-induced gas desorption instead of the positive ions.

For a synchrotron radiation facility the required beam lifetime is about 10

—9hours, then it is necessary to operate the machine in the vacuum of 10 Torr

range corresponding to 10 Torr in the beam free situation.
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Chapter V. Sources of Bad Vacuum

There are many reasons why a vacuum system could go wrong, but no ready so-

lutions exist except a systematic and meticulous approach. Here we can only try

to mention the most obvious sources of bad vacuum to serve as examples for de-

tail discussions.

A. Contacisafciona and Interconnections

Many vacuum problems are created by indiscriminative manufacturing and

assembly practice. As a result of that, certain alien material such as dirt,

grease, water, etc. are left inside the vacuum system which would make it much

harder to pump down or impossible to reach the ultimate designed requirement at

all. This can be eliminated by well-defined and strictly enforced manufacturing

and testing procedures.

Another frequent source of vacuum problems is in the interconnections.

It could be flange, weld, gasket or any other forms. Sometimes the defect is

present in the beginning, or it could be developed over long periods of time.

B. Chamber Wall Properties

A clean wall in the beam off situation could complicate the vacuum per-

formance through surface outgasin.̂ , bulk diffusion, and permeation. They can be

reduced by proper manufacturing procedure and baking. But after you have done

everything, you simply have to live with it and supply adequate pumping power to

cope with the situation.

When there is an electron beam in the ring, the photoelectron hitting

18 —
the wall will produce secondary electrons at a rate around 10 A /sec-m which

will in turn cause desorption of gas molecules from the chamber wall. The

desorption coefficient T\ is defined to be
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_ m Number of molecules released (29)
Number of photoelectrons

and has the value of 0.1 after 24 hours baking at 300°C. In order to stay in

10 Torr this coefficient should be reduced to less than 10 .

One way of solving the problem is doing nothing; by simply running the

machine for several thousand hours the beam will bring the desorption coeffi-

cient down to an acceptable level. The price to pay is bad vacuum and short

life time for that period of time. Another way is to do in situ argon flow dis-

—6
charge cleaning which will bring the coefficient down to the 10 range.

C. Special Components

So far we have concentrated on the vacuum problems related only to the

chamber wall. But inevitably there are special components needed for a storage

ring such as a laminated septum m«gnet, ferrite kicker, RF cavities and diagnos-

tic equipment. The outgasing rate of each of them should be measured and ways

to reduce them found and implemented. In case the rate is still higher than the

average outgasing rate of the vacuum chamber, more powerful pumping arrangements

should be devised to keep the pressure within the acceptable level.
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Chapter VI. Methods to Achieve Good Vacuum

In the above discussion we not only described the causes of bad vacuum,

but also hinted at the possible solutions at the same time. In this chapter, I

will try to group together some of the solutions to the problem.

A. Material Study and Evaluation

The importance of understanding the material properties is obvious in

vacuum considerations. In a vacuum system wide spectrums of materials are used.

They could be roughly classified into four areas: structure materials, cleaning

agents, residual gases and pumps. Not only do their properties under different

vacuum conditions have to be evaluated, it also involves the properties at dif-

ferent temperatures and under different treatments and manufacturing processes.

After thorough understanding of the material properties have been

achieved, a systematic compilation of cleaning and assembly procedures should be

established and strictly adhered to. One example is the welding. In order to

reduce the chance of trapping gases and create a chance of virtual leak in a sys-

tem, it is more advisable to weld metal together from the inside instead of the

outside. Another ready example is baking which is a crucial step to achieve

ultra-high vacuum. The pros and cons of whether to bake or not could be

summarized in the following empirical observations.

In an unbaked system:

- the pumpdown time is long -«<* weeks

- the ultimate pressure ia </>10 to 100 times higher than in a baked

system

- the residual gas consists almost entirely of H,0 with detrimental

effect on the beam lifetime
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- the required baae pressure may not be attainable, e.g., 1 x 10~

torr.

In a baked system:

- from the start of evacuation to »rl x 10 torr takes from 24 to 36

hours depending on the length of the bakeout time

- the ultimate pressure is low

- the residual gas consists almost entirely of Hg which has *ri5 less

effect on the beam lifetime than H-0

- the required base pressure is guaranteed <1 x 10~ torr

- in situ argon flow discharge cleaning is more effective when carried

out with the chamber hot (at bakeout temperature)

B. Special Arrangement

Because of the limitation of the performance of different vacuum pumps

to achieve ultra-high vacuum in the shortest period of time, the pumping down is

usually divided into three stages. In the roughing stage, mechanical pumps are

—3

used to bring the system from air to the 10 Torr range. Then the turbo-

molecular pumps take over to bring the system to the 10 Torr range. Finally,

to keep the system under ultra-high vacuum condition, ion pumps are used during

the machine operation.

The volume, pressure, species of gas and out-gasing rate at each

stage of pumping should be estimated, then certain numbers of each type of pump

are assigned at equal distance around the ring to meet the requirement. If

there are unusually high out-gasing areas, enforcement of the pumping station

will be required.

For the convenience of service and speedy recovery, the vacuum system

is divided into several areas by sector valves. In case of a leak in any sector,
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the valves detect the pressure drop and seal the high vacuum area autoaatically.

To limit the damage to a minimum, the closing time should be in the msec range.

The so called fast-acting valve is invented for this purpose. It comes with two

designs, either spring or gas activated. Shown in Fig. 14 is a design of the

fast acting valve for NSLS. The same valve could be used to separate the ring

vacuum from the beam line if the vacuum condition in the beam line is substan-

tially higher than that in the ring.

One more special arrangement to help the vacuum condition is the dif-

ferential pumping region to separate two regions of different vacuum require-

ments. Certainly, the easiest method is to put a thin window in between. In

case a window is not acceptable either due to the damage done to the beam qual-

ity or troubles in maintenance, the communication between the two regions could

be reduced by a narrow edifice in between.

C. Pumping Stations

The final and ultimate weapon in the hands of vacuum designers is the

vacuum pumps. Implicitly, in all discussions above is the need of putting a

pumping facility somewhere in the machine. Each type of pump is characterized

by the pumping speed and operation range. The system capacity in terms of vol-

ume and out-gasing rate have to be calculated, then with a proper choice of pump

down time and ultimate pressure desired, the final choice of pumps and their' lo-

cation could be arrived at.

Most of the design considerations are not any different from other vac-

uum systems. But we do have a special condition to worry about. For example,

we are working under a high radiation condition; therefore, any material which

could be damaged by radiation should be avoided. Another problem comes from

conflicting requirements for different considerations.
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Figure 14 Schematic diagram of the NSLS fast valve.

(1) Air cylinder; (2) Connecting rod; (3) Solenoid;
(4) Spring housing; (5) Compression spring; (6) Spring
seat; (7) Catch; (8) Shaft; (9) Shock absorber; (10) Top
plate; (11) Bellows; (12) Aperture plate; (13) Blade;
(14) Vacuum enclosure; (15) Back plate
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We all know that the electron will radiate an electromagnetic wave in

a bending field and that is where we get the synchrotron radiation for

experiments. The synchrotron radiation creates photoelectrons which in turn cre-

ate gas desorption and spoils the vacuum. In order to increase the conductance,

the vacuum pipe has to be large. But from the magnet point of view, a large vac-

uum chamber means a large gap between magnetic poles and higher power consump-

tion. Inevitably the gap has to be narrow which implies lower conductance at

the very location that the out-gasing rate is the highest due to the

photoelectron-induced gas desorption. For a typical magnet 3 m long and a vac-

uum chamber of 40 cm in cross section, no pump is powerful enough to achieve

the desired pumping speed at the end of the magnet.

Fortunately a very ingenious idea has been invented (need is the

mother of invention!) which makes use of the magnetic field between the magnetic

gap in the design of the continuous ion pumping system. Proper high voltage

bias is calculated to work with the magnetic field to bring the ion out. Tradi-

tionally the function of a vacuum chamber is to isolate the beam environment

from the outside. Now due to the synchrotron radiation, there is heat generated

on the wall. A water cooling channel along the chamber is first attached. Then

the proper compartment for the continuous ion pump arrangement is created on the

other side of the chamber as shown in Fig. 15. This is probably the most criti-

cal component in the vacuum system for a synchrotron radiation facility.
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