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I. INTRODUCTION 

The Tevatron dipoles and quadrupoles a,re at superconducting t,emperature while 

the low-beta ins&ion is at room temperature. In order to limit the heat flowing into 

the low temperature region, the low-beta insertion is joined to the ring through a 

special bellows shown in Fig. 1. The beat-pipe radius is 3.7 cm corresponding to a 

cutoff frequency of 3.1.0 GHz f or the monopole mode and 2.38 GHz for the dipole mode. 

There are approximately 32 such bellows. Each bellows has a narrow gap of about 

6 mm at the beam pipe and opens up into a - 7 cm wide cavity at, larger radius. The 

bellows ripples start at a, ra,dius of about 12 cm. We therefore expect the bellows to 

contribute sharp resonances below cutoff at frequency below 1 GHz. In this article, we 

are going to compute the longit,udinal and transverse impedances a,nd to check whether 

they can drive any collective instabilities of the barn bunches. 

II. IMPEDANCES 

The bellows is approxinmted by the geometry as shown in Fig. 2. !Ve run URRIEL’ 

and obtain the lowest 5 resonances for the monopolr and the dipole modes. They are 

listed in Tables I and II 
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Table I: First 5 resonances of the longit,udinal impedancr 

In the computation, the bellows wall is assumed to be of stainless steel ha,ving a 

resistivity of p = 7.14 x lo-’ 0-m. As is usual in URMEL computation, the beam pipr is 

closed at both ends. As a, result, we cannot trust any resonances with frequencies a,bove 

3.1 GIlz (2.38 GHz), t,he monopole (dipole) cutoff frequency. The fields corresponding to 
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Table II: First 5 resonances of t,he tra,nsverse impedance 

these resonances will leak out and propagate along thr beam pipe. Thus, in reality they 

will be very much de-Qed. To demonstrate this, we run TBCI’ in the time domAn with 

beam pipe open at both ends. The longitudinal impedance and transverse impedance 

shown in Figs. 3 and 4 are obtained by Fourier transforms of the corresponding wakr 

potentials. 

For the longitudinal impedance, we see in Fig. 3 only the first t,wo resonances of 
Table 1. These resonances should ha,ve zero widths a,nd infinite heights becausr infinite 

conductivity of the bellows walls has been assumed in the computation. However, due 

t,o the finite length e = 3 m of the wake potential, a J-function resonance at w0 has 
t,he shape of sin[(wpw,)f!/2c]/[w --w,] instead. I n other words, the infinitely narrow 

width is widened to - 200 Mhz and there are ripples of period - 200 Mhz. The 

ripples on the broad resonances can be smoothed out by increasing the length of the 

wake or by truncating the wake at a, length when it vanishes. Howrver, the sinx/x 
deformation of the b-function resonance cannot, be avoided. Provided tha,t t,he wake 

is of finit,e length, we always g& the same envelope of (w ~ w~)~’ no matter how long 

the wa,ke is computed. As a result,, we should always interpret these impedance plots 

a.fter averaging out, the ripples. Only in this way will the real part of the longitudinal 

impedance be non-negative. 

The third a,nd strongest resonance at 3.06 GII z is absent. This is beca,use it is very 

nea,r to the cutoff frequency 3.1 GHz of the beam pipe and all the field corresponding 

to t,his mode leaks away as the lowest propagating Thl mode of the pipe. At cutoff, the 
propagating mode has infinite phase velocity. Therefore, it does not interact with the 
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particle beam and does not contribute to the longitudinal impedance. The spectrum 

at higher frequencies is completely different from the prediction of URMEL. We see a 

broad band at about 4 GHz with a peak of about 44 R. 

The transverse impedance of Fig. 4 shows similar features. We see two sharp reso- 

na.nces below the dipole cutoff frequency of 2.38 GHz. In addition, there are broader 

resonances of a,bont 1.3 kR/m near 4 GHz. 

III. SINGLE BUNCH INSTABILITIES 

Sharp resonances can drive microwave growths for both the monopole and dipole 

modes. The stability limits are given by3 

zllN < 4l9lcEle)6* 
qah- Lx” ’ 

ZI 8~l71(~/+5 

~7 ah < 8L” ’ (3.2) 

where e is proton charge and E is the particle energy. We take 

frequency dispersion 17 = 0.0028 , 

particle per bunch N = 1O1’ , 

revolution frequency f0 = 47.75 khz , 

frxtional rms energy spread S = 3.18 x 1V4 , 

a,verage beta-function 0 = 57.6 m 

The avwage current per bunch is therefore I,, = eNfo = 0.765 mA. At the injection 
energy of E = 150 GeV, we obtain the limits &,/Qlah 5 0.22 MR and lZi/C)lah < 
19.3 hl~/m. 

Microwave growths driven by broad-band impedances have stability limits 

I I- !I < wl(E/e)62 
n 1, ’ 

Ipi, < 4vmIIl(~l~P~c 
a ’ 
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where R. is the azimuthal hamanic number around t,he ring, nL, is the harmonic near 

cutoff and is usually taken as the ratio of the ring radius to the pipe radius, and I, is 

the peak current of the bunch which is related to the avera,ge current I,, by 

I,, = Ipdhfo , (3.5) 

if the bunch is of gaussian shape with rms time length ol. For a bunch of rms length 

CT( L 30 cm, rl = 1 ns and I, = 6.39 A. At the injection energy of 150 GeV, the stability 

limits are jZ,i/nI 5 41.8 R and IZll < 98 MR/m. 

Instabilities due to bunch-mode crossing are driven by impedances at frequencies 

comparable to the frequency range of the bunch. The limits for stability are 

ST!! < s!?!!!.!lt! 2 62 
71 - I a” R ’ 

zmzI < 4vwvl(~l~)~~ 
pr,, > 

In above, the anwage impedances with a bar on top are defined a,s 

(3.7) 

T&3! = -& - &W+g 
n I -m n 

Zmzi : STL/~ dwZ,~(w)h(w) , (3.9) -m 
where h(d) is the bunch power spectruln normalized to unity. For a gaussian bunch 

of rms lengt,h ol = 30cm, the powa spect,rum has an rms widt,h of w/2~ = I/& = 

0.113 GHz. When thr frequency is below - 0.5 GHz, Zm Z,,/n and Zm Z_ a,re roughly 

constant and can therefore taken out of the integral signs. The integrals then becorn? 

trivial. Since t,hr longitudinal impedance consists essentially of two shwp resonances 

and so does the t,ransverse impedance, we ca,n nrit,e approxima,tely 

“%“$f-~~ , 

at rero”a”cc 

zm zL = g 2 ~“, rcs,,nancc 
(3.11) 

If we use the first two resonances in Tables I and II, we obtain for 32 bellows, Zm 21,/n = 

0.0198 R and ZmiL = 9.65 kn/m. 

From Eqs. (3.6) and (3.7), tl le lmits of stability are Zm z,,/n = 236 R and Zm 2,~ _ 1’ 
21.5 Ma/m. Thus, if there are any mode-colliding instabilities, the contribution from 

these 32 bellows is negligible. 
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IV. MULTI-BUNCH GROWTHS 

The two sharp resonances of the monopole and dipole modes can drive coupled- 
bunch growths. For M equal bunches, there are M independent modes. The growth 

rate for the p-th monopole coupled-bunch mode is 

-1 _ IMIbfO 
TP - 2Y.(E/e)Z~i=R ’ (4.1) 

where V, is the synchrotron tune and the effective impedance is defined as 

Zp = 7ze F v~Z,,(V,,kwa)e-(YllkWO~L)I , (4.2) 
k=-m 

for a gaussian bunch of rms time length bt, with 

Yllb = kM + p + v. . (4.3) 

Because of the exponential factor in Eq. (4.2), most of the contribution comes from the 

first resonance at 0.885 GHz. We take the extreme condition that the resonances of 

the 32 bellows line up exactly at 0.885 GH a and lie exactly on top of one of the line 

defined by Eq. (4.3). This gives 2ll.r = 6.65 x 10m5 R for all the 32 bellows. With 

v. z 0.025 and a full ring of M = 1113 bunches, we obtain the worst growth rate 

‘T@ -I - 101 x lo-” set-1, - . which is negligibly small. 

For the dipole mode, growth rate for the /l-th coupled-bunch mode is given by 

-1 = MIbc 
TP 4nu&qe)ZL’” ’ (4.4) 

where the effective transverse impedance is defined as 

co 
Zlc* = Re c ZI(VlkWo)e-(YIIWOu’)l , (4.5) 

k=-cc 

with 
vLk = kM - p + v8 (4.6) 

Again we take the extreme case that the first dipole resonances of the 32 bellows 

line up exactly and fall exactly on top of a line defined by Eq. (4.6). Then Zlce = 

1.04 x 1O-29 MR/m and the worst growth rate is 7;’ = 7.26 x 1O-29 set-‘. 

The smallness of these growth rates is a result of the long bunches of the Tevatron. 

A ~~=l ns bunch has a power spectrum of rms width 0.113 GHz only. But the lowest 

resonances of the bellows are 0.885 GHz and 1.313 GHz for respectively the monopole 

and dipole modes. The overlaps are therefore negligibly small. 
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V. SUMMARY AND DISCUSSION 

We summarize the stability limits and the impedance contribution of the 32 bellows 

in Table III. We can therefore concludr that the introduction of the 32 bellows joining 

the warm sections to the cold sections will not contribute to any single-bunch and 

multi-bunch instabilities. As a result, no shielding will be needed. 

Stability Limits Bellows Contribution 

(32 bellows) 

Microwave 

Sharp Resona,ncr rn : 0 12jsh = 220 kR 1”: lah = 325 R a,t 0.885 GHz 

m = I l$l., = 19.3 Ma/m 1$18, = 7.91 kR/m at 1.31 GHz 

Broad Bad m = 0 12 I = 41.8 R 121 = 0.017 R 

1 
m-1 IZ.: 1 = 98 iW/m iZ’l1 = 42 kflt/m 

Mode Mixing 

m-0 =~I,=, = 236 R / y ,u=o = 0.020 R 
Im q ~ 

m =: 1 Zm ZI /wzo = 21.5 Mn/m / Tm 2; ,v=o = 9.7 kR/m 

1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Coupled Bunch 

m=O Worst growth rat,e driven at 0.885 GHz 7 1.0 x lo-” XC’ 

111. : 1 Worst growth rate driven at 1.313 GHz = 7.3 x 10mz9 see-~’ 

Table III: Sta,bility limits and bellows contributions 
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Figure 1. The bellows at low beta 
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Figure 2. The geometry of the bellows used in URMEL computations 
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Figure 3. Longitudinal impedance of one bellows 
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-Figure 4. Transverse impedance of one bellows 


