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I. Introduction

The SNS storage ring impedance budget is presented in this article. The
results are preliminary, further investigation of this matter is needed. The
first reason is that the design of the ring is still in progress, and the second
is that many impedance issues have to be settled by the measurement.

The impedances of a synchrotron fall in several categories, and they need
to be treated differently.

1. Resonant modes of broad band impedance are in a few GHz. Therefore,
below 1 GH z, this impedance can be seen as an inductance. The bel-
lows, steps, ports, etc., contribute to the broad band impedance. The

general relation between the longitudinal and transverse impedances,
Zyp ~ (Zy/n) 2R/b?, can be applied [1].

2. Resonant modes of low frequency impedance [2,3] are in a few tens to
several hundred M Hz. For relevant frequency range of up to 1 GHz,
not only the imaginary part cannot be seen as a pure inductance, the
real part of the impedance might not be negligible, also. There is no
general relations between the longitudinal and transverse impedances.
The low frequency impedance includes the BPM, the extraction and
injection kickers.

3. Resistive wall impedance is of interest at very low frequency range. The
relation of Zr ~ (Z;/n)2R/Bb* exits. Sometimes, one estimates the
resistive wall impedance by its value at the revolution frequency.

4. Space charge impedance is frequency independent, and it is negative
inductive. This impedance is a dominant one in the SNS storage ring.

5. Narrow band impedances are mainly from the RF cavities. However,
parasitic parameter may cause sharp resonance in the kicker impedance,
and large steps and cavities of the vacuum chamber may also be the
sources of narrow band impedance.



II. Resistive Wall Impedance

Assuming a smooth cylindrical vacuum chamber, the longitudinal and
transverse resistive wall impedances are,

Zuw) = (sgn(w) + ) G0 )
and
Zr(w) = (sgn(e) + 5) )

where Z; is the impedance in free space, 377 2, b is the radius of the vacuum
chamber and R is the machine radius. The skin depth at the frequency w is
defined as,

5, = |2~ (3)
M0|w |

where p is the resistivity of the vacuum chamber, for stainless steel it is

p=0.73x 1078 Qm, and po = 47 x 1077 H/m is the permeability of free
space.

For the SNS [4], R = 35.1 m, and the average beam pipe radius is taken
as b = 10 cm. At the revolution frequency 1.189 M Hz, we get 6, = 0.39
mm, and the longitudinal and transverse resistive wall impedances at the
revolution frequency are

Zy(wo) = 0.65(1 + §)Q2 (4)

and
Zr(wg) =35.22(1+ j)KQ/m (3)
respectively.

Since the fractional tune is 0.82, the most damaging resistive wall impedance

III. Space Charge Impedance

The longitudinal space charge impedance is defined as,



Z
Zy(w) = —jj?;gf; (6)

where b
g=1+ 2 ln;l (7)

For Gaussian distribution, a = \/Qa, where ¢ is the transverse rms beam
size.

The transverse space charge impedance is,

RZy,1 1

Zr(w) = T3 g) (8)

For SNS, 8 = 0.875, v = 2.066, taking a = /20 = 2.36 c¢m, then the
longitudinal and transverse space charge impedances are

Z@(wo) = —]196 Q (9)
and
Zr(w) = —j6.87 MQ/m (10)
respectively.
The longitudinal impedance can be written as Z;/n, with n = w/wo.
Thus, we have Zy/n = Zy(wy).

Both Z,;/n and Zr are independent of the frequency and appear to be
negative inductive.

IV. Broad Band Impedance

The broad band impedance is caused by the bellows, steps, vacuum ports
and valves. The impedance of the collimator can be seen as the combination
of a resistive wall with smaller pipe radius, and the steps as well, but it is
dominated by the steps. The models of these components will be presented,
and the longitudinal impedance will be estimated. The transverse impedance

will be obtained by using
Zrm ot () (11)

~ g2\ n
with b = 10 ¢m. Since the real part of these impedance rises only above the
pipe cut-off frequency, therefore, it is negligible. Only the imaginary part of
the impedance will be presented.



A. Model
1. Pillbox

The impedance of bellows and steps can be estimated using a model
of pillbox. In all cases, we assume the worst case without tapering at the
transitions.

If the dimension of the discontinuity, i.e. width w and height h, of
a pillbox are smaller than the pipe radius b, then for the low frequency,
w < 2.405¢/b, the impedance of the pillbox is reduced to two quasistatic
problems, i.e. electrostatic and magnetostatic ones [5]. Assuming the beam
azimuthal magnetic field fills up the pillbox, the oscillation of this flux with
time generates a solenoidal electric field. The electric term to the impedance
comes from the distortion of the beam potential field by the pipe discontinu-
ity.

For the magnetic term, the longitudinal impedance is

ng = jw (12)

where o, is the magnetic polarizability of the discontinuity. For small pill-
box, a,, = S, where S is the cross section of the enlargement.
For the electric term, the longitudinal impedance is

Z0ae
Zge = 13
te =1J 4drtbe (13)
where a, is the electric polarizability of the discontinuity.
The function a, has the asymptotic behavior,
_ o
cxe=——-,ifg§h (14)
s
and 2h? 2
ae=—2wh+7<2ln—;;g+l),ifw>>h (15)
Therefore, total impedance for short pillbox (w < h) is
Z, =1 ﬁ h w_2 . (16)
€= ]w27rbc v 2w



which is inductive. The electric contribution is negative and small. In [6],
this part is neglected.

For a deep pillbox, h ~ b, the magnetic polarizability of the discontinuity
is amy, = wbln(1 + h/b), rather than a,, = wh, which is valid if A < b. The
electric term needs no corrections. Thus, the impedance is,

. Z() h w2
Zy = Jwy - (wbln(l + b) — 2ﬂ_> (17)

If w > h, we have

Zoh? 2w
Zy=j — 1

= Jwo o (21 Y +1) (18)
where w < b is still required.

Increase further the length w beyond b, the situation becomes two sepa-
rate steps. The transition is at w = b. Simply substitute w by b, and divide
by 2 in the equation (18), we have

| Zoh?
Zy = jw (21 27—T—I—’+1> (19)

4m2be h

2. Iris

In the case of an iris, both magnetic and electric dipole moments change
sign. However, the electric term is larger than the magnetic one, and the
impedance is still inductive.

For w >> h, the impedance is the same as the shallow cavity, i.e. equation
(18) can be used.

For a thin iris, w < h, it becomes,

Zo (2, wh () 8w
Zg—3w4b (h - (ln . 3)) (20)

This equation is derived with h < b, where the verification was made using
the simulations.



3. Ports

The longitudinal impedémce associated with a round vacuum pumping
hole of radius byors can be estimated as [7],

Zy . Zo B

— =j 21

n 7 6x2 R (21)
and the general relation between the longitudinal and transverse impedances,
the equation (11), can be used.

B. Impedance of bellows

For the SNS, there are 40 bellows at b = 10 c¢m, each has 20 corrugations
with the period of 0.75 c¢m, i.e. w = 3.75 mm, and the depth h = 1.5 cm.
Also, there are 32 bellows at b = 15 ¢m, each has 10 corrugations with the
period of 1.5 ¢m, i.e. w = 7.5 mm, and the depth h = 2 cm. Using the
equation (16), we have

2L = 110 (22)

and
Zr = j8.8 KQ/m (23)

C. Impedance of steps

The impedance of steps can be estimated by using the equation (19).
Note that the difference between a step-up and a step-down is disregarded.

The normal vacuum chamber radius is b = 10 cm. However, there are
total 8 large quads with b = 15 ¢m, which result in 16 steps from 10 ecm to
15 em. For the 40 BPM’s associated with normal quads, there are 80 steps
from 10 ¢m to 12 cm, and for 8 BPM’s with large quads, there are 16 steps
from 15 ¢m to 17 cm. The present design shows that half of BPM tanks’
steps are with taper.

The average vertical radius for all dipoles is taken as 8 e¢m. Therefore,
for 32 dipoles, there are 64 steps from 8 cm to 10 c¢m. Half of these steps are
with a 3” taper, and another half is not decided yet.

Consider the horizontal steps. For 16 steps, with b6 = 10 cm, h = 13
cm, we have Zy/n = j3.3Q. For 80 steps, with b = 10 cm, h = 12 cm, we
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get Zy/n = j11.8Q, and for 16 steps, with b = 15 cm, h = 17 c¢m, we have
Zy/n = j3.2Q. In total, we have, Z,/n = j18.3Q.

There are additional 64 vertical steps, with b = 8 ¢cm, h = 10 ¢m, which
result in Z;/n = j8.0Q. '

It is shown in [8] that for LHC, a taper length about twice of the transition
height helps to reduce both longitudinal and transverse impedances by a
factor of 2. A further extension to 10 times of the transition height reduced
the longitudinal impedance by another 25%, and the transverse, 40%. This
is approximately agreeable to the results in [9].

Let us take the shielding effect of the striplines at a BMP tank as a factor
of 2 reduction in impedance. Also we assume that half of the transitions at
dipoles are with taper, resulted in the impedance reduction by a factor of 2.
- The total vertical step impedance is,

Z
g‘ = j16.8Q (24)

and
Zr = j134.4 KQ/m (25)

The horizontal impedance is a little smaller than the vertical one, but
both are much larger than the impedance caused by the bellows.

D. Impedance of ports

The storage ring has total 64 round vacuum pumping holes, with 6”
diameter. We take byore = 7.5 cm. Let the beam pipe radius be b = 10 cm,
we get the total longitudinal impedance

Z
—7;‘1 = j0.49 Q (26)

and the transverse impedance

Zr = §3.9 KQ/m (27)

E. Impedance of valves

There are 8 vacuum valves at b = 10 ¢m, and we may also have 8 valves
at b = 12.5 cm. Let a valve be roughly described by a pillbox with w =5
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cm, and h = 4 cm. Using the equation (17), we get the total longitudinal
impedance

— =30.28 Q (28)
and the transverse impedance

Zr =22 KQ/m (29)

F. Collimator

A simplified model of collimator consists of a resistive wall with smaller
pipe radius and the steps as well. There are 4 collimator units, each has an
overall radius by; = 7.5 cm, and a length of £.; = 2.43 m. Assume the
collimators to be made by stainless steel, the same as the vacuum chamber.
The collimator resistive wall impedance at wy is,

4‘60011 b . '
Zegwan(wo) = = fé o Zelwo) = 0.04(1 + 5) (30)

and " 3
Z1 watt(wo) = 2;‘;;’—63 Zr(wo) = 0.52(1 + §) KQ/m (31)

colli
The longitudinal and transverse resistive wall impedances are 6% and 10%
of the ring impedances, respectively.

For both horizontal and vertical transition impedances, we calculate 8
steps, with b="7.5 cm, h =10 cm, i.e,

g |
—ni" = 71.04 O (32)

and
Zr = j83 KQ/m (33)

Note that these are much larger than the resistive wall part of impedance.

G. Summary

The total longitudinal broad band impedance is estimated as Z;/n ~ j17
Q. .



The broad band impedance is probably the most explored one in the past
3 decades. For instance, in [10,11], it showed to be 14 to 26 Q for ISR. In
(12,13], 20 to 30 © for CPS. In [14,15], 10 to 16 Q for SPS. In [16], it was
measured that for AGS, Z,/n = 530 .

A carefully designed synchrotron nowadays can achieve Z;/n < j1 Q. In
terms of conventional beam instabilities, however, only moderate tapering
and shielding in the transitions are required for the SNS storage ring, given
the experience of several low energy proton synchrotrons in operations. For
possible elimination of the electron accumulation, which is a possible culprit
of the PSR instabilities, smooth chamber transitions might be desired. This
issue will be further investigated.

V. Low Frequency Impedance

The low frequency impedance comes mainly from the beam position mon-
itor (BPM), extraction kickers, and injection kickers. The resonant frequency
of the low frequency impedance is between several tens to several hundreds
M H z, the imaginary part of Z;/n is less constant in the relevant frequency
range, and the real part of the impedance may no longer be negligible.

A. Beam position monitor

Dual plane stripline BPM’s will be located adjacent to each quadrupole.
One end of the stripline is shorted and another end is terminated for detec-
tion.

The longitudinal impedance of one strip plate, for such kind of BPM, is

[17,18],
Zy=Z, (%) (sm 2wt + jsin w Cos w_é) (34)
2n c c c

where £ and ¢ are the BPM length and subtends, and Z, is the character-
istic impedance of the stripline. One may notice that the lowest resonant
frequency of the impedance is at fp = ¢/ (4€). The reactive part, for fre-
quency much smaller than fg, can be estimated as,

Zg . (250 . wl wl ¢0 :8
n =y (2%) sin c COS?NJZ (271') R (35)
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The transverse impedance can be obtained using the Nassibian-Sacherer
derivation from the longitudinal impedance of the displaced beam [19]. For
a pair of striplines, it is in the perpendicular direction,

R (4N .0 (%
ZT— —ﬁ—gz' (g(‘)) sm2—2— (—n—) (36)

where Z, is the longitudinal impedance for two striplines. In another direc-
tion, it is Z7 = 0. ,
Let ¢ be small, the transverse impedance can be estimated as,

Zp f}‘? (%) (37)

In the SNS storage ring, total 40 BPM’s are associated with normal quads,
where b = 10 cm. Total 8 BPM are associated with large quads, where b = 15
cm. All striplines have the length £ = 50 ¢m, and the subtends ¢y = 70 deg.
The characteristic impedance of the stripline is Z, = 50 (2.

The longitudinal and transverse impedances are shown in Fig.1.

For the low frequency, w < c¢/¢, the longitudinal and transverse impedances
can be estimated by (35) and (37). Thus, for 48 pairs of plates, we have,

Z,
~t ~j2.58 (38)
n

and,

Zr = j41.4 kQ2/m (39)

Note that these are a little different from that shown in Fig.1.

B. Extraction kickers
1. Transverse impedance

In a window frame magnet, the transverse impedance is dominated by
the differential flux in the core induced by the beam position deviation. Dif-
ferential flux generated by the beam is the same as two parallel wires, one
represents the beam, and another returned at the position center, terminated

11



at both ends. Neglecting the chamber effect, the conductor shielding effect,
the ferrite boundary effects, etc. this yields the transverse impedance [19]

cwpdl?
4027,

ZT Q / m (40)
where ¢ is the magnet length, 2a is the inner height, and Z; = jwL + Z,,
with L the magnet inductance, and Z, the termination impedance. Results
of measurement performed on several kickers are in agreement with this for-
mulation [19,20].

The SNS extraction kicker has 8 window frame magnet units, the average
length is £ = 40 c¢m, and the average inner width is 2b = 14 ¢m, all have the
same height 2a = 11.5 cm.

The magnet inductance of each unit is L = pobl/a = 0.61 pH. The stray
inductance is about Ltrqy = 0.5 pH. For the simplified model with only the
charging resistor R., = 200 Q as the winding termination, the impedance is
shown in Fig.2.

We note, however, more realistic magnet winding termination gives rise to
very different impedance. Between the magnet and the charging circuits there
is a PFN, consisted of 20 sections, with L,s, = 0.15 pH, and Cppn, = 4.15
nF, terminated by a 6 ( resistor. Placing two stray capacitance of 50 pf
around the stray inductance, the equivalent circuit and the corresponding
transverse impedance are shown in Fig.3.

The sensitivity of the impedance with respect to the terminations are
demonstrated in Fig.4, where the only varlable is the charging resistance.
The impedance varies largely.

We note that in a travelling wave kicker, the energy propagation speed
is low, and the low frequency impedance is dominated [21,22], which is less
sensitive with respect to the terminations.

2. Longitudinal impedance

Consider the beam passes a ferrite ring with the outer and inner radii by
and b,. The inductance of the ferrite ring is

41
27 i b1 ( )
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where p, is the relative permeability. For CMD35005 used in the extraction
kicker, u, =~ 1000. Taking the equivalent by = 8.8 ¢m, and b; = 6.3 cm for
the extraction kicker magnet, we get L = 26.7 pH for each module.

To reduce the massive ferrite loss, copper sheets are placed in the ferrlte
core as flux break.

Let the thickness of the copper sheet be §opper, then the corresponding
leakage is estimated as [23],

ol wa
Ligar =21
teak = o 26 opper

(42)

Taking Ocopper = 1 mm, 2a = 11.5 cm, we get Liear = 0.72 pH for £ = 40
cm, i.e. one magnet module. This is 2.7% of the flux generated without
the copper sheet. The leakage of approximately 3% ~ 4% is obtained by a
simulation, shown in Fig.5 [24]. The shielding effect of the copper conductor
is under study. If we take a 1% flux leakage around the copper sheet, the
total inductance of 8 modules presented to the beam is L,, = 2.14 pH. Using

Zr . "
_T:f = JWOLm (43)

we get the equivalent longitudinal impedance of Z;/n = j 16 .

We note that the beam image current at the conductor, which is used
as the magnet winding, will partly offset the field created by the beam,
therefore, the flux induced in the core should be lower. This reduction will
be estimated in the measurement.

On the other hand, the Nassibian-Sacherer approach has a longitudinal
impedance
W ugal®

4a2Zk
with o the position shift. For zo = 1 ¢m, |Z/n| is in ~0.1 Q range, which is
negligible compared with the flux leakage.

It is interesting to note that the SNS longitudinal space charge impedance
is —7 196 Q, which is negative inductive. Therefore, the magnet flux leakage
may compensate a part of that impedance.

Compensation of the longitudinal space charge impedance has been stud-
ied by inserting ferrite rings in the beam pipe, such as that at PSR [25] and
KEK PS [26]. This approach is also proposed for the muon-collider proton

Zy = 0 (44)
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driver [27]. If handled carefully, the ferrite window frame used for the ex-
traction kicker may be used for the same purpose. A thinner copper sheet
might be used without causing a heating problem [28], which is associated
with the real part of the impedance.

Finally, a complete model will include a differential flux leakage through
the gap air, L,. Assuming L, = L,,/2, and let the parasitic capacitance
be 50 pf, the longitudinal impedance is shown in Fig.6 and Z,/n in Fig.7.
Termination is again very important [29,30].

C. Injection kickers

There are 4 units of horizontal and 4 units of vertical kickers, all have same
window frame magnet, with copper sheets inserted. The inner height and
width are 2b = 2a = 16 c¢m, with the length £ = 34 cm. The injection kickers
are desired to have a response time constant of 7 = 150 us, to accommodate
horizontal and vertical painting. To reduce the impedance, it is preferred to
put the kicker magnet outside of the vacuum chamber. The rise time due to
the shielding by eddy current is [31,32],

Trise = @M ' ) (45)
2
where b is the vacuum chamber radius, dcond is the thickness of the chamber
conductor, and o =1 / p=1.37x10° (Qm) is the conductivity for stainless
steel.

A 0.03” inconel wall is presently under consideration. With dgonq = 0.76
mm and o = 10° (Qm)"l, we get Trise = 38 us. The desired injection kicker
dynamics with 7 = 150 us and the response with this wall are shown in Fig.
8.

1. Transverse impedance

Different from the extraction kicker, these injection kickers have 10 turns
of windings. Therefore, the termination impedance seen by the beam is
reduced to about 1%, and the termination becomes much less sensitive, com-
pared with the extraction kickers. i

14



Only the beam frequency below the skin depth frequency fein can pene-

trate the wall [32], with
1

I B
then the cutoff frequency is foin = 0.45 M Hz for the 0.03” inconel wall.
The resulted impedance is negligible compared with the extraction kickers.

(46)

2. Longitudinal impedance

The longitudinal impedance is also calculated similarly to the one for
extraction kickers, except that a resistance of the wall is in parallel with the
mutual inductance shown in Fig.6. For the 0.03” inconel wall, the resistance
is R = pl/(2mbdeong) = 0.9 mQ. Therefore, the longitudinal impedance and
the heating are both negligible.

VI. Narrow Band Impedance

For the fundamental mode of the RF cavities, the impedance can be

expressed as
Rsh

7 = ,
1+ jQ(w/wr — wr/w)
where R, and Q are the shunt resistance and quality factor of the loaded
cavity, respectively, and wpg is the resonant frequency.

(47)

There are 3 RF stations in the ring, each station consists of 2 gaps, at
6.7 KV per gap [33]. The second harmonic consists of 1 station, with 2 gaps
at 10 KV per gap. The same ferrite of the AGS Booster band III cavities,
Phillips 4M2, will be used. The design of h = 1 and h = 2 cavities is the
same.

The relative permeability is u, = 130 for Phillips 4M2. Taking the ferrite
length £ = 80 cm, the inner radius r;, = 12 cm, and the outer radius 7o, =
24.5 c¢m, the total inductance of a gap is

)u'r/l'()‘e Tout
L=——In— =148 uH 48
2 . Tin S u (48)
The inherent capacitance is
2mend

Cin = In(7out/Tin )

(49)
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where € = 1/ (poc?) = 8.8542 x 1072 F/m. We get Cinp, = 62.4 pF.

The capacitance needed to get wg = 2 X 1.189 MHz is C; = 1.2 nF for
h = 1 cavities, and Cy = 0.3 nF for h = 2 cavities. The inherent capacitance
is small compared with the added ones.

The ferrite resistance is Ry, = 10 K2 per gap, and the generator resis-
tance is Rye, = 375 2. Therefore, we have the shunt resistance of a gap,

Ry, = Ryen = 3750 (50)

The loaded cavity quality factor is

Q1= Rsh\/%— = 3.38 (51)

For h = 2 cavity, it is Q2 = 1.69.

The longitudinal high order modes and the transverse modes will be es-
timated using simulation codes. Once a prototype of cavities becomes avail-
able, measurement will be performed.

The possible narrow band impedance caused by large steps and cavities
in the vacuum chamber will also be studied by the simulations.
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Fig.8. Response of Injection Kickers
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