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Abstract. The standard formalism for estimating longitudinal beam pipe impedances
is given. Estimates of realistically obtainable impedances are developed. We show
that where the impedance is critical an impedance divided by mode number of 1-
2 H should be the design goal for the beam pipe group. However for machine design
criteria and planning purposes 5 ft should continue to be adopted so that sufficient
contingency is present in the design.

INTRODUCTION

The TRIUMF KAON factory proposal consists of 5 rings : 0.45 GeV dc accumulator
(A), 0.45 to 3.0 GeV Booster synchrotron (B), 3.0 GeV dc accumulator (C), 3.0 to 30.0
GeV synchrotron (D) , and a 30.0 GeV stretcher(E).

Features in the rf shield( or vacuum wall) in these rings will tend to impose a time
structure on the beam in the frequency range around the beam pipe cut-off frequency (0.5-
2 GHz). The amplitude of this structure will grow unless there is within the beam pulse

• sufficient variation in revolution period, which arises from the momentum spread, to smear
, out such structure more quickly than it occurs. To avoid this instability the longitudinal
]j emittance has to be increased prior its onset. This is normally achieved by rf techniques.
| As the procedure is technically difficult, and long beam pulses are undesirable for many
) physics experiments, it is best avoided or at least limited by keeping the impedance as low
' as possible. The longitudinal emittance required to stay inside the stability region gives a
{_ minimum pulse length which is proportional to the cube root of the impedance
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where h is the harmonic number of the machine, / is the average circulating current for all
buckets occupied, and Vrf is the rf voltage. Much of this paper will cover how to calculate
the impedance so as to locate potentially large contributions to the impedance, and where
practical be reduced by good rf shield/beam pipe design.

The impedance divided by the mode number is the ratio that is normally quoted
for an accelerator and is in the range of 0.5 to 50 ft for high-energy machines. In most
modern machines this ratio is less than 10 SI.

The normal conservative approach to the problem of the microwave stability is to
satisfy the Keil-Schnell criterion as applied a la Boussard1 to bunched beams. This criterion
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gives an area of stability that is circular in the Re(Z/n) versus lm(Z/n) plane and centred

at zero. In this criterion a longitudinal beam distribution is assumed that is parabolic

at the peak and drops quite sharply to zero. If a longitudinal beam distribution with

slightly more tails is assumed then the stable region around the positive real axis opens up

making the area of stability less like a badminton racquet and more like a tennis racquet.

Conservatively, we ignore this extra region of stability and demand that the criterion on

the magnitude of Z/n be satisfied. The frequency region in which this instability occurs

is the 200 MHz to 2 GHz region. This is the important region as we are considering

instabilities within a single bunch which grow faster than a synchrotron oscillation (the

"microwave instability"); coupled-bunch instabilities are excited by lower frequency beam

pipe elements such as the rf cavities and the kickers and are not treated in this paper.

The upper cut-off on the frequency range (2 GHz) is given by the cut-off frequency of the

beam pipe (wave length approximately equal to the beam pipe circumference), while the

lower cut-off is given by the bunch length.

CALCULATING IMPEDANCES

There are several equations for estimating impedances; here we bring together equa-

tions from various sources2'4 using a consistent formalism.

The following notation will be used: Z is the longitudinal impedance, 6 is the radius

of the circular pipe, a is the radius of the circular beam, a is the conductivity of the wall,

R is the radius of the machine, Za is the impedance of free space (377 il), c is the speed of

light (m/s), /? = velocity/c, -y2 = 1 / ( 1 - J 9 3 ) , C is the fraction of the circumference occupied

by an element, and n is the mode number. '

1) Perfectly conducting circular pipe (space charge impedance) (called negative mass in-

stability above transition):

Z iZo "+21n
n 207

2) Resistive circular pipe (resistive wall effect)

01-
(2)

where S. = skin depth = y/2R/(pZontr)-

3) Bellows with corrugation depth 6

1 . (1 + 5 ) . (3)

The SSC report4 points out that this formula should multiplied by 2 at high frequency

and divided by 2 at low frequency.

4) Clearing electrodes or pick-up stations, electrode width u>, protruding 6 from the beam

pipe wall.
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Note this formula assumes the pick-up have zero impedance, the SSC report gives the

formula for a plate terminated with resistance ZieTm:

) 2 . (5)

5) Transition from pipe radius 6 to 6+6, at angle 0, m transitions in the ring. 0.04 < 6/b < 1

(Note the ISR transitions are outside this range and a correction factor of 2.5 should be

used, to obtain a realistic estimate of the ISR impedance.)

Z . mb 3 / 6 \ fa ...
W ^ U ; (C)

6) Short small iris protruding S into pipe, m transitions per ring

For clarity we will refer to impedance components from Eqs. (2)-(7) above as the

beam pipe impedance, and that from the Eq. (1) as the space charge impedance.

We now calculate the effect of various components in the KAON factory, using these

above estimating formulas, summarizing the results in Table I. We assume the KAON

factory pipe radius is 6 cm, resistivity of stainless steel 72xlO~8 ft in, resistivity of sil-

ver/ceramic paste 3.5xlO~8 ft in, radius A and B rings 34 in, C, D, and E rings 170 in.

For Eq. (3) above we assume 10 cm long bellows every 6 m, with 1 cm deep corrugations,

around all the rings. Note that the bellows term can be significantly reduced by installing

internal sleeves. For Eq. (4) above we assume clearing electrodes or pick-up stations with

3 cm width (the beam width) protruding 3 mm, except in the B and D rings where

they are built into the walls and so do not protrude. We assume the total sum of all the

lengths of pick-ups and clearing electrodes is half the circumference of each ring. Note this

impedance is directly proportional to the distance the plate protrudes from the wall. For

Eq. (6) we assume two transitions from 6 cm to 8 cm pipe every 6 in to allow for dipole to

quadrupole beam pipe transitions. Two values are calculated one for an abrupt transition

and one for a 50 cm long transition. For Eq. (7) we assume 4 scrapers protruding 1 cm per

ring. Please note we are over simplifying the problem as we have not taken into account

all the components in the rings, for instance the kickers, pumping ports, and rf cavities.

Using the above formulas and the published shape of the ISR vacuum vessel we

calculate a value Z/n of 14 ft, compared with the measured value of about 20-25 ft. In

view of this we feel it is reasonable to double the estimated beam pipe impedance, to

obtain a conservative estimate of the impedance of the rings.

Table I and the estimating formulas are only true at low frequencies; as the high

frequency beam pipe cut-off is approached the imaginary components of the beam pipe
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impedance become real although the modulus of the beam pipe impedance remains con-

stant. So the apparent cancellation of the space charge impedance and the beam pipe

impedance at about 9 GeV (if 5 fl is assumed as the beam pipe impedance) only happens

at low frequencies. Hence the beam pipe impedance limit is set by requiring that neither

the vector sum of the beam pipe and space charge impedance or the vector sum of the

beam pipe impedance rotated by 90° and the space charge impedance leave the stability

region of the Keil-Schnell criterion.

Table II lists two non-space chaxge beam pipe impedances for each ring, so as to

satisfy the Keil-Schnell criterion, one assuming a pulse length of 2 ns due to deliberately

produced blow-up in the C ring, the other assuming no blow-up that is giving a 1 ns pulse

length. For the E-ring debunched beam in the no blow-up case the space charge impedance

(0.6 ft) by itself exceeds the allowable impedance (0.25 fl). This calculation assumes an

imaginary transition energy (71 = 301) in the D-ring. In the E-ring for bunched extraction

7i = 30i is assumed, while for debunched extraction 71 = 10 is used.

These impedances are compared with two estimates of the beam pipe impedance:

reasonably easily obtained and best obtainable. The first is calculated by taking double

the sum of equations 2,3,(4+5)/2,6, and 7, the second is calculated using the same sum

except that it assumed that the bellows Eq. (3) is reduced by a factor of 5 by insertion of

sleeves, that the dipole/quadrupole transition is smooth, and the pick-up stations are flush

with the wall reducing Eq. (4) by a factor of 5. Note that for the pick-ups and clearing

electrodes we assume that only half the installed electrodes will be used in high current

operation, and that those not in use will be shorted to ground.

CONCLUSIONS

While the assumptions going into the calculation of the estimated impedance are

somewhat arbitrary and considerable hand waving has been applied, the results are very

close to what is generally accepted. We suggest that in the A, B, and C rings care is taken,

while in the D and E rings tedious attention to detail is worth while, as it will reduce the

bunch length and the technical difficulties of deliberately spreading the beam. The E-ring

debunched beam requires deliberate blow-up.
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TABLE I Components of the impedance for the KAON Factory.

Eq. #

1
2
3

4
5
6
6
7

Description

Space charge impedance8

Resistive wall at 1 GHz
Bellows at 1 GHz
Pick-up stations/clearing
electrodes (shorted)

(50 ft)
Dipole/quad transition - Smooth
Dipole/quad transition - Abrupt
Collimators

A

+390
-0.03
-1.42

-0.59
-0.73
-0.08
-0.52
-0.01

Bi

+390
-0.005
-1.42

-0.00
-0.73
-0.08
-0.52
-0.01

Bc

+51
-0.005
-1.88

-0.00
-0.97
-0.11
-0.69
-0.005

C

+36
-0.04
-1.88

-0.78
-0.97
-0.11
-0.69

-0.005

Di

+36
-0.005
-1.88

-0.00
-0.97
-0.11
-0.69
-0.005

Dc

+0.94
-0.005
-1.94

-0.00
-0.99
-0.12
-0.71
-0.005

E

+0.56
-0.04
-1.94

-0.81
-0.99
-0.12
-0.71

-0.005

03

P3
O

o

P3

2

>
O
z
3

"Assumes a beam pipe radius to beam radius ratio of 3 at injection energy. Q

3
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TABLE II Estimated impedances for each ring.

Ring

A

B,

Bt

C

D;

De

E

E (debunched)

Allowed impedance

Reference
design

1600

1900

102

131

1050

17

17

7.4

Reference design
with no artificial
blow-up in C ring

1600

1900

102

131

131

2.1

2.1

0.9

Calculated impedance

Easily
obtained

5.3

4.6

6.1

7.0

6.1

6.3

7.2

7.2

Best
obtainable

1.0

1.2

1.9

1.3

1.9

2.0

2.1

2.1

Space
charge

340

340

47

36

36

0.6

0.6

0.6


