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I. Introduction

In this note, we try to estihate the Tongitudinal coupling impedance for
the Energy Doubler, which is essential for the stability of a particle beam.
We find that the longitudinal coupling impedance per unit harmonics |Zn/n|
starts off with ~5Q0 ohms which is due to the resistivity of the beampipe and
the resistivity of the laminations of the Lambertsons. It falls off as n'y2
and when the harmonic n 2 102, it is lower than a few ohms both at injection
(150 Gev/c?) and ejection (1000 GeV/c?) energies.

1 2

Qur discussion follows closely that of Faltens and Laslett’ and Ruggiero~.

Before estimating the 1ongifudina1 impedances, let us first get an idea

how much can be reasonably allowed. We take as a stability criterion,

the Keil-Schnell formula

2 |
. InlE (AE
‘%';(T) : (1.1)

Z
n
+
where n is the momentum compaction factor of the accelerator, E the energy,
AE the FWHM energy spread and e the proton charge. Equation (1.1) is derived
for a coasting beam. However, it can be applied to a bunched beam provided
that I_ is interpreted as the instantaneous peak current in a bunch which is

p
related to the average current IAV by
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v2mR

I - tav 3,

where R is the average radius of the accelerator ring and there are M bunches

each of r.m.s. length o, - Also, the following two criterions have to be

satisfied:
wave length of instability (A = E%BJ << bunch length , (1.2)
growth time of instability << period of synchrotron (1.3)

oscillation,

For the Energy Doubler, we take

R = 105 cm ,
n = 0.0028 ,
M~ 1000 ,
_ 13
IAv = 0.15 amp (2x10°" ppp) ,

RF harmonic h = 1113 ,

and obtain

o, = 140 % g% vRF‘% em

AE % %
E - 0.026 S E 4VRF Cm [

with the RF voltage VRF in MV, E in GeV and the invariant bunch area S in eV-sec.

Using VRF = 2.16 MV and S = 0.3 eV-sec, we find that criterions (1.2) and (1.3) .

are satisfied when the harmonic of instability is n 2 5x104. Thus from

Eq. (1.1),
7 34 ohms at 150 GeV/c

< ' ' (1.4)
8.1 ohms  at 1000 GeV/c2.

Therefore, when n 2 5x104, our estimation shows that the bunched beam is stable.

The following sections are devoted to free-space radiation, space-charge
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and wall resistance, impedance due to curvature of beampipe, bellows,
monitor-plates, steps in vacuum chamber, RF cavities, sniffers and Lam-
bertsons. Finally a summary is given.
II. Free-space radiation

Without any beampipe, in free space, the power spectrum radiated by a
particle carrying charge e and travelling along a curve with radius of

curvature p,as derived by Schwinger3, is

£ 22 1 2 1
3 (e .3 rz .3
P(w,t) ———T_Tp—_(w_o-) 1 -_2—(21—);:_) + e (2.])
for w << Wes and drops exponentially as
; -z
2 w w 55 w
=33y e 40y ¢ o C ...
Plost) = 7 lg7) 5V IED e {1 . (2.2)
when w >> W - In above, the instantaneous angular frequency W, is defined as
wy = Bc/p, the critical angular frequency is we = %— y3 W,

g and v are the relativistic parameters of the charge particle. The coupling
impedance Rn at the nth harmonic (n = %%‘ and R = average radius of accelerator
ring) can be obtained from Pn’ the power radiated into the nth harmonic, by

Rn = 2Pn/In2, where In = eBc/7R for n # 0 is the nth harmonic Fourier current
amplitude of a &-function charge travelling in the accelerator ring. Inclu-

sion of the reactive terms4 leads to the impedance

2
Z -—
D =354 n° (B+51) (2.3)

5

when w << Wes where we have set p = R. For the Doubler, R = 10” cm but

p = 7.54x104 cm for the part with dipole magnets. This modifies Eq. (5) to
z 4 5
n _ 3.1
T' 322 n (7+32). (2.4)
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Although Eq. (2.4) is within the stability 1imit of Keil-Schnell for
r|>5x104, we are not sure whether it is too high at Tow harmonics, where the sta-
bility criterion is still unclear. However, our beam is placed inside a -
beampipe of radius b~3.5 cm. As a result, below the cutoff harmonic Neutoff -
%—(2.405) = 6.9x104 (for TM mode), the beam particles cannot radiate at all and
thus the impedance is lowered. Starting from Neutoff® the beam particles
radiate reaching the free-space value of ~.1Q shortly afterwards1. The
radiation is completely absorbed by the beampipe and is a real loss. In reality,
due to the various discontinuities placed along the beampipe, the cutoff fre-
quency is reduced and the beam particles start radiating earlier. Although the
beam particles are forbidden to radiate at low frequencies, we need to pay
the price of having extra impedances due to the beampipe, which we will discuss
in the following sections.

I1I. Impedances due to space-charge and wall resistance

The space-charge impedance and resistive wall impedance for an infinitely
long straight cylindrical beam pipe are well-known. If we let a = beam size
radius, b = beam pipe radius and X = n/Ry, then when Xb << 1

JZ BZ R

1 by, 1 . 0
Z/n=e—2(24an2)+— (1+j) 4/ ==, (3.1)
n BYZ 2 a /2b no
when Xb >> 1 but Xa << 1
iz,
- . 2R
Zn/n ET (2.n na .327) s (3.2)
Y
and when Xa >> 1 1
2 7 3.n 2
2jZ R R o [%p O
Z/n=-—3— (1 -1+ (1-j) 5 (3.3)
n anaz na a3 B5n7

where o is the conductivity of the pfpe wall and Z0 = 120 mohms is the free-
space impedance. The emi@tance of the beam in the main ring is € = 1.5 mmm-mrad

at ~8.9 GeV/c2 and is inversely proportional to the beam energy.
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The B-oscillation parameter for the Doubler has a maximum of Bmax ~100 m,
so that the beam size radius is

.30 cm  at 150 GeV/c®

2 cem at 1000 GeV/c? .

The beam pipe is made of stainless steel having a conductivity of

13.7x103 mho-cm"]. The space-charge and resistive wall impedances are plotted

in Figs. 1 and 2 along with the free-space radiation impedance (solid curve
is the real part and dashed curve is the imaginary part). We note that, at
low harmonics, they are much lower than the free-space radiation value and

change from inductive to capacitive at high harmonics.

IV. Impedance due to curvature of beam pipe

In reality, the beam pipe curves around to form a toroid. When the

harmonic is high enough and the particle velocity is sufficiently close to

¢, the beam harmonic wave can match an excited wave in angular velocity

around the toroid giving a resonance].

For a beam pipe of rectangular cross section of height h and width 2b,

the resonant wave has a vertical electric field proportional tov
Z(r) = I (aR N (ar) -d (qr)N (aR_)

for the TM mode (in the vertical sense) and a vertical magnetic field pro-

portional to

= - |
Z(r) = J,"(aR_IN (qr) - J (qr)N_'(qR_)
for the TE mode, where Jn’ Nn are Bessel and Neumann functions of order n,

R, = R(1:D)

+
are the major outer and inner radii of the toroidal ring, and
22

2 _ n’g? _ (2k+1)%n
R? h

q

(3.4)



with k = O, 1, 2,.. . The corresponding resonant harmonics are obtained by

solving for n from

\
o

Z(R,) = ™ (4.3

n
o

I'(R,) TE . (4.4)

Taking b ~ h/2 ~ 3.1 cm (the size of the square beampipe of the dipoles),

the resonant harmonics for the Energy Doubler are computed both at extraction
energy and injection energy and are tabulated in Tables 1 and 2. We note,

in particular, the lowest modes

6

9.9x10 at injection

res 7
3.4x10 at injection

which are in the TE mode. The figure of merit is roughly given by

q ~ 2 volume _ b

§ surface 6

where ¢ = /ZR/nZoc is ‘the skin depth and o the wall conductivity. For these
modes ,

4

4,9x10 at extraction

9.2x104 at injection ,

The shunt impedance at resonance is given by

3 2
Y4 41°1 Q ,2 JZ(x)}
(@ = R (2k)? beam (4.5)
res n"q- hvb -I dx(1l%§)22(x) |

for the TM mode and*

*In Ref. 2, the corresponding formula is in < cor by having an extra power of n
in the denominator; so the result there might have been underestimated by
several orders of magnitude.
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di{x)}z
Eﬁ _ 4z Q RZ dx beam
n

res nq hb fdx +%_ (x)

for the TE mode, where the radial distance from the vertical axis of symmetry

of the ring has been rewritten as

_ b
= R(T+§x).

The Towest TE and TM modes are found to have shunt impedances per harmonic of

-3

7 9.0x10 ~Q TE

—
5|5
~—
]

res 1.4x10732 M

-4

1.2x10 'Q TE

~~
>5[
~
1]

res | 3.8x10% ™

at injection energy. Note that for respectively TE and TM .modes. for large k

Thus the impedance per harmonic drops extremely fast after the first few

resonances (see Figs. 1 and 2). Also a small change in n will lead to big

changes in {zn/n)res if the error in n is not due to errors in b and h.
The Towest modes are summarized in the following:

E nY‘ES Q (Zn/n)res

A1 qx07t

7

150 GeV/c? |  3.4x10 9.2x10

1000 Gev/c2 | 9.9x10®  4.9x10% | 9.0x1073¢

In reality, the beam has a radial spread; the beam particles travel with



different velocities at different radial distances and thus give resonances at
different positions. For particles at a radial distance R+AR, the change of

velocity is given by

2

A 3
2
N

a8
B R

with Y1 related to the momentum compaction factor by n = YT'Z-y'Z. Thus the

fields excited at the center of the beampipe have a change of velocity given

by
\2
.M MRz MR
T = (-0 TFT=-vwn3
Y
~ _ AR
"'R (4.7)

in our case where the beam energy is much bigger than the transition energy.

1

Faltens and Laslett’ had given a formula for thevharmonic n of the lowest

resonance -that could be excited by a beam travelling at the center of a

circular beampipe of radius b:

2
8(1+-E—) =1+ 0.80862 n 3 (4.8)

Note that thi; formula leads to a resonance at different harmonic from our
former calculation when the square beampipe is approximated as circular.
Nevertheless, with Eq. (4.8), when the resonant harmonic is changed by unity,

_the change in velocity of the fields excited at the center is
5

Ae(1+%) - --§-x 0.80862 n °

and the corresponding displacement of the beam from the center is

5
2 0.80862 n ° R
- {'1.5x10‘8 cm at injection energy

1.2x10-7 em  at extraction energy.

n

AR

This is just the radial spacing of the beam particies in the beampipe for

successive azimuthal resonances (each differs by unity). Taking into account
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their high Q's, the resulting shunt impedances should be about one hundred
times larger. However, the components of the beam current at such high
harmonics are extremely small., As a result, the power lost to these
resdnances may turn out to be negligible.
V. Bellows

The dipoles, quads, spool-pieces and beam pipes are joined together
by bellows. There are roughly one thousand bellows each of maximum length
2 = 4,68 cm and average radius d = 4.26 cm. They are joined to beam pipe

of radius b = 3.49 cm.

Here v
R - 1.3ax10° >> 1,
R _ 4
aq = 2.35x107 > 1, (5.1)

with R = average radius of the accelerator ring and 8 the velocity of thé beam
particles. According to Keil and Zotter,5 for harmonics n << é%—and g%& » the
impedance per harmonic per bellow seen by the beam is

Zn . ) d

= d_ -4
o JZOB 7 R &n b j(5.57x107 )8 (5.2)

where Zo = 120 mohms is the characteristic impedance of free space. In above,
the convolutions of the bellow as well as the resistivity of the wall have
been neglected. |

For one thousand bellows, we have

z

ﬁ?—= j(.56) ohms. (5.3)

In reality, the wall of the bellow has resistivity and the image current

has to flow around each convolution. There are, on the average, 24 con-

volutions in each bellow, Each convolution has an amplitude or depth
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T = 0.635 cm. Thus the image current travels a distance of ~2 1 for each

convolution, and the impedance is

o 2T |

Zw - ZTl‘dR (5.4)
and for 1000 bellows or 24,000 convolutions, the impedance per harmonic is

7z
D= 2 (24,000) - 0.42 (145, (5.5)

n
In above R = (1+j)p/d is the surface resistivity of the wall, & is the
skin depth, and p is theqresistivity of the wall taken to be 73x107° ohm-cm
for stainless steel.
At higher frequencies, the convolutions will exhibit resonances. We
approximate the convolutions by rectangular wiggles as in Fig. 3. The gap

is given by

A~ §§%1-~ .0976 cm. (5.6,

Each gap can now be viewed as a transmission line for which we assign a
capacitance per unit length and an inductance per unit length

e 2nd uOA

=0 = -

respectively. The input impedance for this line is
Zi = ZC tanh vyz T, (5.8)
where the characteristic impedance of the line is
z =/Z, (5.9)
the series impedance per unit length is

zZ = ij-FZw/T (5.?;,

and the shunt admittance per unit length is
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y = jwC.

The resistive impedance of the 1ine Zw is 'given by Eq. (5.4) and w is the
angular frequency of the electromagnetic fields.

The kth resonance occurs when tan Imyz T = «, or on neglecting L,

3 (2k-1) =& k=1,2,

%)

Ny

(2.47x10

(2k-1).

When n << 2.47x10°

impedance per harmonic due to convolutions alone

Z
D= 5(.21) + (149) <42 ohms.

/n

At resonances, the shunt impedance per line is

Zi = Zc coth Re vyz 1

If all the 24,000 convolutions resonance at exactly the same harmonics,
the shunt impedance per harmonic becomes

z Z,
n L 429

non (2k-1)
which is outside the 1imit for stability, Eq. (1.4). The figure of merit

of the resonances is

Q = 5= 262/2%KT .

If the amplitude t of the convolutions has a statistical spread of
+A, the resonant frequencies of the 24,000 convolutions will have a spread

of tzlnk/r. In this case, the shunt impedance will be Towered by a factor

, the input impedance is Zi = zT1, leading to a longitudinal

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)
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3/2, the impedance ner

which is still rather high. Since Zn/n < T
harmonic can be reduced by using bellows with a smaller convolution ampli-
tude. Also shorter bellows will help too. The contribution of bellows is
plotted in Fig. 4.
VI. Monitor-plates

In each quad, there is a pair of plates monitoring the beam. Each
plate is of length 2 = 18 cm subtend%ngd ah angle 2¢o at the beam axis,

and is terminated at both ends by a resistance whiéh equals the character-

istic impedance Zo of the plate with the beam pipe. For M plates, the

longitudinal coupling 1'mpedance6 seen by the beam is
RS ¢ » Iy(qa) . :
ZL = M(7F) Zc ag-z—zz—g— (1-cos 2% cos 26 - j cos 26 sin 2@),
o (ab)

where
q = n/Ry ,
26 = nz/R ]
2% = n2B/R ,

a is the beam radius, b is the beam pipe radius, 8 and y are the rela-
tivistic parameters of the beam particles and Ii is the ith order modified

Bessel function, When y >> 1, the last factor of Eq. (6.1) becomes

j(sin 26 - ey'z cos 29)e"]29 .

(5.17)

(5.18)

(6.1)

(6.2)
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Thus ZL starts from zero at n = 0, becomes inductive and changes to
capacitive at n = mR/22. It is clear from Eq, (6.2) that there is no
resonance at all frequencies. The geometrical factor

o Iy{e@)

L~
qa , 2
Iy (qa)

when gb << 1 and falls exponentially when gb >> 1, The transition takes

place at

. 4.30x10°  aty =150 ,
2.87x107  at y = 1000 .

Before this critical harmonic is reached, Eq. (6.1) can be written as

(assuming that y >> 1)

2
¢ .
= im0 . ng _-jng/R
ZL JM(Tr) ZC sin =~ e .
Thus
2
¢
0
‘ZL' <M .,
and when ng/R << 1,
2
A ¢
7%'= J %%'(7$9 Zc '

There are 216 quads; there are two plates in each quad. We assume

M = 432. Thus below nc,

Z, | < 2020 ohms
L

where we have taken 2¢0 = 110° and ZC = 50 ohms. When n << R/% = 5.56x103,

L

o j(0.36) ohms.

Thus the longitudinal impedance per harmonic due to the monitor-plates

(6.4)

(6.5)
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is inductive and constant at low harmonics, starts dropping 1ike 1/n
and alternating between inductive and capacitive when n 2 5.56x103.
When n > 4.3x106 at injection energy (or 2.9x107 at injection energy),
it drops exponentially (see Fig. 5).
VII. Vacuum Chamber Steps

The dipoles, quads and spool-pieces are joined together by bellows;

so there are steps in the vacuum chamber. Let

g = 4 - outer radius
b  1inner radius

. 7 R . .
According to Hereward,  when n g Ny = E%%:TT , the impedance per harmonic

per step is
Z 27
N oo (J+in) —2 2 2
T' (]"'J'”) ™ 2Z7R (S‘]) s
and when n > Ny
I Iosa
n T N

For bellow joined to beam pipe, d = 4.26 cm and b = 3.49 cm; so S = 1.22.

Thus ny = 4.09x105. There are about ~2000 steps in the Energy Doubler.

Therefore when n < 4.09x105,

z
T" = .42 exp j 72-3° ohms.
and when n > 4.09x105,
In _ 2.68x10*
n n C?

which equals .065 wheh n is replaced by Ny Thus the contribution of stéps

to the longitudinal coupling impedance per harmonic is small. The result is

plotted in Fig. 6.

(7.1)
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VIII. RF Cavities
The present design of the Doubler includes three RF cavities whose
contribution to the longitudinal impedance is to be studied here. When the-

13

RF system is loaded with a beam of 2.5x10°~ ppp, the fundamental mode is

characterized by

resonant harmonic nR = 1113 ,
figure of merit Q = 3650 ,

shunt impedance ZS = 0,5 MQ per cavity . (8.1)

Because of the high Q, the cavity is well approximated by a RLC Tumped circuit
with

i z
R = -3 S and C = —3-, (8.2)

— L = =,
Q °* QwR mRZS
with wp the resonant angular frequency. Therefore we get for the longitudinal

impedance for the nth harmonic

i
7 = S . (8.3)

n n
450 - =

Slightly away from the peak of the resonance, the impedance is reduced to

zn - ZSnR (8 4)
LR TR -
4Q (n-nR)
For example, |n-nR| > 10 leads to Zn/n < <10 well within the tolerable range
for stability. As a result, large value of Zn/n can be avoided by adding
RF bypass loops at NRe

However, there are still substantial reactive contributions at other

frequencies. At frequencies well below W ji.e., n << Nps from Eq. (5.3),
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L Zson, 5
n Q-3+t ng
g R
= 3.03x10°%n + j(-12) (8.5)

which is inductive and changes to capacitive well above Wp i.e., n > Nps

_ZL:_Z_S.n_R_,jZ_SEB.
n Q n Q n2
41.8 . 1.52x10°
- AL8 | 120 (8.6)
n n

which equals 3.03x10'9 - j(+12) when n is replaced by Np- The fractional
errors in Eqs. (8.5) and (8.6) are O(nz/nRz) and O(nRz/nZ) respectively.
For three cavities, Zn/n will be three times bigger; however, it is well
within the stability limit of Eq. (1.4).
.VI. Sniffers

There are sniffers in spool-pieces. They are circular holes of radius
a in the beam pipe. - When half of the wavelength X/2 of the beam wave is
very much bigger than the diameter of the hole, the radiation loss can be
approximated8 by Bethe's diffraction.9 That is, the diffracted field at each

hole is approximately the fields coming from an equivalent electric dipole

- 2¢ =
_ o .3
d - - 3 a Eo (9.1)
and an equivalent magnetic moment
. S 1

- ->
placed at the hole, where E0 js the electric field and Bo the magnetic field

at the position of the hole when the hole is not present. The powers radiated
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from the dipole and magnetic moment are respectively

N 2
Z|
Pd=——0—T
6mc
and
. 2
-
AL
m 6mc

Now, with the absence of the hole, the electric field perpendicular to the

beam pipe and the magnetic field parallel to the beam pipe are respectively

I

_n__ !
ZﬂbEOBC

-> ]-lo
and IBOI = _fEél

-
£yl = ,
where In is the- beam current in the nth harmonic, Bc is the velocity of

the beam particle and b is the radius of the beam pipe. One half of the
power diffracted at the hole is reflected back into the beam pipe and the

other half is lost. Thus the total power lost in the nth harmonic is

6.4
5 7 1 2 n4 a g

P. = vra— s
n 10871 "0 "n b2R4

and the longitudinal impedance per harmonic due to one hole is

A

When-i << 2a, we can use ordinary geometric optics. If the pipe wall is

perfectly conducting, a plane wave with magnetic field H and electric
field E = ZoH (a1l are magnitudes) incident normally on the wall will be
reflected as shown in Fig. 7, such that the total magnetic and electric

fields at the wall are respectively

Ho = 2H and Eo =0,

(9.3)

(9.4)

(9.5)

(9.6)

(9.7)
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We know that Ho = In/Zwb, S0

When a hole is present with diameter much bigger than one half the
wavelength of the plane wave, there will be no reflection and the incident
wave just passes through the hole and is lost, Thus the power lost in

harmonic n is

R >+ 1 2 _ 9

P = §-_[ds ExH = 5 ma® Z M
_1,2 %o
7 Ten 7

2y L

= ‘32
m Tém EE
In above we have neglected the circumstance that the beam is bunched.
This is quite all right because in a proton storage ring, the bunch length
is very much bigger than the diameter of the beam pipe.
Numerically, radius of sniffer a = 1.93 cm, radius of beam pﬁpe

b = 3.49 cm. Thecritical harmonic is, therefore,

- 1R 4
n, =75 = 8.2x10" .

There are roughly 250 sniffers. Thus

1.16x10"16 n3 ohms  when n << n
Zn c
T

§%Q_= ohms when n >> nc

which is only ~.07 when n is replaced by o Thus the sniffers offer no

(9.9,

(9.10)

(9.11)

(9.12)
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threat to stability at all. The result is plotted in Fig. 6.
X. Electrostatic Septum

The electrostatic septum consists of a U-shaped block of aluminum of
length 2 = 600 cm, width ~11.5 cm and gap 2b = 4.15 cm, Fig. 8. Except
for extraction, the beam is far from the septum wires. So we can
approximate the septum by two parallel plates with the beam in the center.

The longitudinal impedance pef harmonic is

z o 2

n . 1 1 1 ~ = tanh nb
— = -.JZ s - dn g b
n o 27R Byz {2 fo n n }

R4z 2
=" J‘o dn o sech” nb , (10.1)

where R, is the surface resistivity, En is the cosine transform of the
horizontal profile of the beam. For an infinitely narrow beam, Sn =<£F.
If it has a narrow width of 2a, Sn tapers off when |n| > w/2a. Using

p = 2.8 uQ-cm for the resistivity of aluminum,

z
(=0 z gz A B I (10.2)
N “space charge 0 ZmR g 2 '2 ca
-j 6.2x107° ohms  for y = 150
-J 1.73x107% ohms  for v = 1000
and
(_Z_rl) _ Re _ 3.34x1073 (144) (10.3)
nyall  2mon /i

which are plotted in Fig. 6. These numbers are negligibly small compared
with the stability requirement of Eq. (1.4).
XI. Extraction and Injection Lambertson

There are five extraction Lambertsons each of length 220 in. The beam

is very near to the vertex of the field-free region (see Fig. 9a) so that



the image current will concentrate near the vertex too. In order to
complete the circuit, this image current has to flow around each lamina-
" tion of the Lambertsons up to perhaps the stainless steel stiffeners

10 the

which are approximately 5 cm away. Very roughly, we approximate
Lambertsons by an annular stack of iron laminations of total thickness

= 5x220 in., inner radius b ~3.0 cm and outer radius b+d ~8 cm, and is
shorted at the outer circumference (Fig. 9b). The beam is at a distance
f ~%—h1=.953 cm from a point on the inner circumference. We define an

off-center parameter for the beam

Then the longitudinal 1'mpedance.IO for the nth harmonic is

2

I N B b eff 1+
e g e 2] S

BY 1+g -

where a is the beam radius

{.30 em at 150 Gev/c? ,
a -

12 em at 1000 GeV/c® .

The first term is the space-charge part which gives

o3

7 1.34x10"% ohms  at 150 Gev/c? ,
) = -
sp.ch 4.54x107° ohms  at 1000 GeV/c? ,

which is too small to affect stability. The second term is the effective
wall resistive part with an effective surface resistivity R,ff which will
take into account the penetration of e1ectromagnetic fields into the

lamination gaps.

(11.1)

(11.2)

(11.3)

(11.4)
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Each lamination has a thickness T = .0953 cm and a gap A ~3% of T or
.00296 cm. Since the image current flows along the edge of each lamination

as well as its two surfaces, we have an impedance due to resistivity

RL R
zr‘ 21Tb+ 2.n('|+—) ’

where R = (1+j)p/8 and p and § are the resistivity and skin depth of the
lamination respectively. Due to the path length difference, the second
term, the flow along the surfaces is ~100 times bigger than the first term,
the flow along the edges;so the latter is neglected.

Each gap can be viewed as a radial transmission 1ine shorted at the
far end. We can assign an approximate capacitance "per unit length" and

an inductance "per unit length"

e md u-A
=0 2b = .0 d
C= =5 O%g) o L= g )

The input impedance is

ZT.=thanh/j/_z'd,
where Zc = vz/y is the characteristic impedance of the line and
= 3 R d
= jwL + d 2n(‘l+3)
and
= jwC

are the series impedance per unit length and shunt admittance per unit

Tength of the 1ine, w being the angular frequency of the field.

The kth resonance occurs when tan Imy/zy d reaches the kth infinity, i.e.,

neglecting R,

(11.5)

(11.6)

(11.7)

(11.8)



-22- UPC-150

_ 7R

3.14x10% (2k-1)  k =1,2,3,-+-- . (11.9)

When n << 3.]4x104, Zi = zd, we get

A

_2mb R, ¥ d
R‘eff Tt (F+ 2m ) R'n(HE) ) (11.10)
Thus from Eq. (11.2),
Ly 9.30 ;1. .\ .
(=) = == (14j) +3(-14) . (11.11)

wall /n

This impedance per harmonic is perhaps too high at low n, where the stability
criterion is still unknown for bunched beams.

For the kth resonance, the figure of merit is
Q ~% = 2.53/2%T, (11.12)
and the shunt impedance per gap is

Z, = 1, coth RevyZ'd

- A pd _
ZO 55 coth ZOAG (11.13)

giving an effective surface impedance of

_2mb
Reff = _?—'Zs . (11.14)

Therefore at the kth resonance, using Eq. (11.2), the longitudinal im-

pedance per harmonic is
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Although each gap will not resonate at the same harmonic, the
extremely small figure of merit Qk implies that the smearing out of the
resonances of the various gaps will not lower Zn/n at all as is evident
from Eq. (5.17).

The situation of the injection Lambertsons is exactly the same,
There, we have four Lambertsons each of length 189 in. So we only need to

scale the resulting impedances .per harmonic by %ﬁ%g%-giving

z
(1) =839 (145) +5(-10) ohms
wall n
when n << 3.14x10% and
Z
" 5.18
o518 ohms
n(2k-1)3/2

as the shunt impedance per harmonic for the kth resonance. The results are
plotted in Fig. 10.
XII. Abort Lambertsons

In order that the beam can be aborted as fast as possible, the beam is
at all times very close to the wall of the abort Lambertsons, Fig. 1ia.
The space occupied by the beam is rectangular in shape with the width very
much bigger than the height. Thus, it can be approximated as two parallel
plates separated by a distance 2b = 4,08 cm, with the beam at a distance
f~ %—ﬂﬁfrom;the upper plate,

The space-charge part of the longitudinal impedance per harmonic is

(11.15)

(11.16)

(11.17)



o0

. 1 1 2 ~ 2
(1) = -j2Z S 1 + 47 dn o © x
" sp.ch. o 2mR BY2 z «L n
tanh nb sinh? n(b-f) |
X —/—— 1= 2 (]2.]/
n sinh® nb

where 2 = 6x490 cm is the total length of the six abort Lambertsons,

oh is the cosine transform of the transverse beam profile. For a beam
width of 2a << 2b, Sn ~ é%-and tapers off when |n| > n/2a. This space

charge part (Z"/n)sb is ~10'59(]0'7Q) at injection (extraction) energy

ch,
which is too small to affect stability and can be neglected.

If there are no laminations, the wall effect leads to an impedance
Zn = RL/2nf, (12.2)

when f/b << 1, where R = (1+j)p/8 is the surface resistivity, p and § are
the_resistivity and skin depth of the upper wall. This can be interpreted as
having an image current flowing in a width of 2nf in a depth & with
resistivity p, Fig. 11b. Now because of the lamination in reality, this
current has to flow around each gap along the surfaces of the laminations.
~In general, when flowing along the surfaces of the laminations, the current
will fan out since the magnetic field fans out when farther away from the
beam. But due to the stainless steel stiffeners which are roughly at a dis-
tance d ~5 cm from the upper wall and where the image current will turn
around along the surface of another lamination, it is a good assumption

that there is no fanning. Thus the resistive impedance of Eq. (12.2)
becomes

Zr ) Zedge 'Fzgap

RE LR L,
orF tor = 2d, (12.3)

where T ~.037 in. = .0953 cm is the thickness of each lamination and
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therefore &4/t represents the total number of gaps. Since 2d/T ~104 >> 1,
the first term can be neglected.

Each gap can be viewed as a parallel - plate transmission 1ine for
which the capacitance per unit length and inductance per unit length are

respectively

e 2nf BA

=0 = _9_
. C= i and L = S (12.4)

where A ~3% of T is the gap width. The input impedance of each trans-
mission line is
Zi = Z. tanh vYyz d , (12.5)
where the characteristic impedance is
Z. = Vzly

c

and the series impedance per unit length and shunt admittance per unit length

are respectively
z=84ju and y = juc, | (12.6)

where w = nBc/R is the angular frequency of the fields. The kth resonance

occurs at tan Im vyz d = » or

_ mR
N = (Zk-])-Zi

3.4x10% (2k-1) (12.7)

where the shift due to resistivity has been neglected. When n << 3.14x104,

Z,i = zd, and for the six Lambertsons,
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In o, 3ot d e
n enf 2nf ‘nT
19.1

= 2 (1+j) +3(.278) ohms ,
/n

which may be too big at low harmonics, where the stability criterion is
still unknown for bunched beams.

For the kth resonance, the figure of merit is

Q = % = 2.53/2K=T ohms

and the shunt impedance per gap is

Z = Z_ coth Revyz d

shunt

.7 B od
Zo 7nf SOt 7 18
giving for the six Lambertsons,
VA
n 58
— = ———— ohms .

There are 3.O9x104 gaps and there will be 3.09x104 resonances at the funda-
menial mode. Although they will spread out in frequency, the smallness of
Qk will not Tower the shunt impedance at all. As a result, it may be
necessary to install copper foil at the upper wall so as to screen off the
laminations and lower the longitudinal impedance to a vaiue safer for
stability. The resuit is piotted in Fig. 12.
XIII. Summary

A11 the contributions discussed above are added up in Figs. i3 and 14

for injection energy and extraction energy respectively. The contribution

(12.8)

(12.9)

(12.°

(12.11)
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due to RF cavities have not been included because there is not enough
information for the parasitic modes as well as their damping mechanism.
Also the effects of the kickers magnets have not been included because
their final design is not available. The two figures are very similar.
The real part starts off with Zn/n ~50 n’%ohms with contribution mainly
from the resistive walls of the beampipe and the resistive surfaces of the
laminations in the Lambertsons. Just below n ~104, the contributions of
the monitor plates and the vacuum chamber steps set in; the curve is tilted
upward a bit. Near Deutoff’ the curve starts rising to the free-space
radiation value. After about n ~106, the resistive part comes mainly from
the free-space radiation plus the contribution of .the steps. The resonances
of the gaps of the laminations of the Lambertsons can still be seen near cutoff
frequency while the resonances of the convolutions of the bellows are highly
visible. The imaginary part starts off inductively also with ~50 n'%ohms
due to the resistive walls of the beampipe and the surfaces of the lamina-
tions of the Lambertsons. Very soon the contributions of the bellows,
mqnitor plates and vacuum chamber steps set in. The imaginary curve then
oscillates from inductive to capacitive and vice versa at the bellow’'s
resonances, and at the same time decays expoﬁentia]]y. Finally, it follows
the space-charge curve of the beampipe and is capacitive. For E = 1000 GeV/cZ,
because of the smaliness of the space-charge contribution, before following
the space-charge, the imaginaryvcurve first matches with the inductive free-
space radiation curve and vanishes near n ~109.

We see that except for very low harmonics (n £ 102), both the real part
and imaginary part of Zn/n are less than a few ohms, Thus beam stability
can be achieved so far as the Keil-Schnell ;riterion is concerned. The problem

4

of beam stability at harmonics <10 will be considered elsewhere.
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Table 2

Resonant-harmonics for TE modes at injection energy (150 GeV/cz):

kel k=2 k=3

3.4x107 5,8x10 8 13 1 ——
1.6x108 1.7x108 1.8x10% -
2.008 - 2.9x08 S

- on o '} e -

Resonant harmonics for ™ modes at-injection energy (150 GeV/cz) ‘

k=1 k=2 k=3

9.9x10’ 1ax107 e

2.3x10% S
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Table 1
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Resonant harmonics for TE modes at extraction energy (1000 GeV/cz)

2.4x10
3.8x10
5.5x107
7.2x107
9.0x10’

k=2

3.7x107

'5.2x107

6.7x107
8.3x107
1.0x108

k=2

4,5x107
5.9x10’
7.5x10
9.1x107

1.1x108 -

7.

k=3

1x107
.6x107

5

6
8.0x107
9

k=3
.9x107
.3x107
;7x107
1.0x108

W N o

- - - -

k=4

6.4x107
7.9x107
9.3x107

k=4

7.2x107

8.7x10’
1.0x108

k=5

k=5 k=6

7.7x107  9.1x10
9.3x10)  —oemee-

at extraction energy {1000 GeV/cZ)

k=6
8.6x107  1.0x10°
1.0x10%8  —eeee
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