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ABSTRACT

In order for the LHC to reach an ultimate luminosity
goal of 103%/cm?/s, CERN is considering upgrade options
for the LHC injector chain, including a new 50 GeV syn-
chrotron of about 1.3 km length for protons and heavy ions,
to be called the PS2 [1]. The proton energy will be ramped
from 4 GeV to 50 GeV in 1.2 s, and the design proton
current for LHC operation is 2.7 A. In the LARP frame-
work, we are studying the instability thresholds and the
impedance requirements of the vacuum system for the PS2.
Goal of this study isto develop an impedance budget for the
machine.

INTRODUCTION

We consider the standard single and multi-bunch col-
lective effects that may be an issue in the PS2. For sin-
gle bunch, we study the microwave instability and the
transverse mode coupling instability (TMCI); for multi-
bunch, the transverse coupled bunch instability. While the
impedance budget will include many components in the
machine, at present, we only have sufficient information to
include the resistance of the beam pipe, the vacuum flanges
that connect the various pieces of the vacuum chamber, and
space charge impedance in our estimate. Note that earlier
estimates of theimpedance and its effectsin the PS2 can be
foundin Ref. [2].

Table 1 presents selected PS2 parameters that will be
used in the calculations. The equations used, unless in-
dicated otherwise, can be found in Ref. [3].

BROAD-BAND IMPEDANCE

Estimating the single bunch instabilities requires knowl-
edge of the broad-band impedance or short-range wake of
the important ring components such as RF cavities, beam
position monitors (BPMs), bellows, collimators, transi-
tions, kickers, pumping slots. At present, the details for
these contributions are being gathered up, however, we
have sufficient information of the basic vacuum chamber
and the flanges to begin adding up the contributions and get
a first overview of the potential instability issues in PS2.
We remind here that the beam parameters in PS2 will re-
quire its impedance to be roughly half of that of the extant
PS.[2].
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Table 1: Selected PS2 parameters. Subscripts 0 and f indi-
cate parameters at, respectively, injection and extraction.

Parameters Value Units
Circumference, C' 1346.4 m
Chamber half apertures, b, x by, 63 x 32.5 mm
Initial, final energies, Ey, Ef 4,50 GeV
Bunch population, LHC beam N, 42 10
Average current, 1 27 A
Long. emittance (47o:05), € 04 eV-s
Norm. emittances, (LHC) ve, = vey 3 mum
Rms bunch length, ¢, o+ ¢ 38,1 ns
Rmsrel. energy spread, 050, o5 ¢ 32,1 1073
Transition gamma, 26i
Slippage factor, 1o, 1f —0.037,
—0.0012
Synchrotrontune, v, s ¢ 18,08 103
Vertical tune, v, 6.71
Average betafunction, 3, 32 m

Resistive Wall Impedance

Thelongitudinal resistivewall (RW) impedanceisgiven,
in the case of around pipe with thick walls, by

¢ 1

D
with ¢ the pipe length, b the pipe radius, and o . the metal
conductivity. The skin depth 6 = /2¢/Zyo.w, with c the
speed of light, Zo = 377 2, and w the frequency. However,
itis Z/n, withn = w/wq (wo is revolution frequency) that
is the important quantity for longitudinal stability. Taking
£ to be thering circumference, b = 32.5 mm, o, = 1.35 X
105 ©~tm~! (SS), and evaluating at the typical frequency
of thebunch, w = ¢/, wefind that the RW component of
the PS2 impedanceis | Z/n| = 0.55 (0.28) 2 at injection
(extraction). Transversely, we can characterize the strength
of interaction by the kick factor £, defined as the average
of the bunch wake 1V,; in the resistive wall case

T(1/4) cf [Zy
k?! = <Wy> = 23/271'2 b3o'1/2 U_c ) (2)

withI'(1/4) = 3.63. For the PS2, k,, = 24 (47) V/pC/m at
injection (extraction).

Vacuum Connections

There will be a significant number of vacuum connec-
tions; we assume here that the number is 1500, though this
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is likely an overestimate. Each connection is made with
a ConFlat flange pair and has a narrow gap that—if not
bridged with suitable rf shields—present a tiny cavity to
the beam with additional impedance. For our estimates we
consider a generic geometry shown in Fig. 1; we consider
the model to be a cylindrically symmetric, small rectangu-
lar cavity with depth » = 10 mm and gap g = 1.5 mm,
connected to a beam pipe of radiusb = 30 mm. A small
cavity is inductive to a long bunch, i.e. the longitudinal
bunch wake is given by W, ~ —c?L), with X the lon-
gitudinal bunch distribution and prime indicates taking the
derivative of afunction. For our small cavity theinductance
L can be approximated by

2o 9°
L= 2mch [gh 277} ' ®)

The vertical wakeisgivenby W, = 2¢2L\/b?.
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Figure 1: Geometry of avacuum flange.

To verify these equations we have performed numerical
calculations using 1. Zagorodnov's 2D, finite difference,
time-domain wakefield program, ECHO2D [4]. The lon-
gitudinal example is given in Fig. 2, where we show the
wake of ac, = 40 mm bunch dueto one flange. (Note that
a bunch much shorter than the PS2 bunch length was used,
to make the calculations easier; but since the cavity is still
inductive to a 40 mm bunch, the form of the wake and the
inductance L remain unchanged.) We find good agreement
between the numerical and analytical results, and the same
istruein the transverse case. A fit to the numerical results
gives L = 80 pH (the analytical result is 71 pH); for 1500
flanges Ly, = 120 nH, or | Z/n| = 0.17 Q a bothinjection
and extraction; and &, = 5 (19) V/pC/m at injection (ex-
traction). Finally note that the flangeis a A/4 short, which
means that it will ring at 7.5 GHz; for the bunch lengths of
consideration for the PS2 the heating and HOM losses will
be infinitesimally small.

Soace Charge Impedance

In a proton machine space charge can be important, and
the effect can be approximated by the space charge (SC)
impedance, given by

A Z, b
ZaiZl (142m2) . (4
no 2y oy
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Figure 2: Longitudinal wake of aflange, assuming a Gaus-
sian bunch with ¢, = 40 mm (blue), and the analytical
approximation (dashes). The bunch shape X is also shown.

Here v is the Lorentz energy factor, b, the typical verticel
beam chamber half-height, and o, thetypical vertical beam
sizein the ring. Because of the v ~2 dependencethis effect
is important primarily at lower energies. For PS2 parame-
ters|Z/n| = 50 (0.5) 2 at injection (extraction).

We summarize the PS2 impedance budget we have ac-
cumulated so far in Table 2.

Table 2: Impedance budget for the PS2, including objects
considered so far, assuming no Cu plating of the beam pipe.

ltem Z/n (2] ky_[V/pC/m]
Inj. Extr. | Inj.  Extr.

RW 0.39(1 —4) 0.20(1 — 1) 24 47

Flanges —0.17¢ —0.174 5 19

SC 50i 0.5i

Total | 0.39+49i  0.20+0.13i | 29 66

Cu Coating of the Chamber

It is under consideration to provide the chamber with a
highly conductive layer of copper, 10-20um thick. Fol-
lowing the method of Burov and Lebedev [5], we have
obtained the impedance of a round 2-mm thick, SS beam
pipe that has been coated on the inside with 20 m of Cu
(SeeFig. 3). Theeffect of the coating is strongly frequency
dependent with the most benefit at the higher frequencies
(1 MHz and above), and a moderate reduction (by about a
factor 2-4) at frequencies that drive multi-bunch instabili-
ties. A similar estimate for a 2um coating showed no sig-
nificant benefit (except at single bunch frequencies); there-
fore, we conclude that any coating would need to be above
10 pum thick to significantly affect the multi-bunch insta-
bilities. Note that alow-SEY coating of amorphous carbon
will go on top of the Cu but will not contribute significantly
to the impedance.

Thereis an upper limit for the coating thickness besides
technological considerations: A highly conductive layer
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Figure 3: Vertical impedance Z,, in [MQ/m] vs. frequency
f in[HZz], for the PS2 beam pipe, assuming 2 mm thick SS,
whenitis (solid)/ is not (dashed) coated with 20 um of Cu.

will increase the amount of eddy currents induced by the
ring magnets. The eddy currents retard and also distort
the field. The currents are proportional to Bto. (¢ is the
thickness of the material). The field retardation due to the
chamber is[6] )
Ho toc

=0 (5)
where b is the average half height. Thisis about 80 usfor
the 2-mm stainlesswall. For a B of 1.5 T/sthiscorresponds
to afield error of about 0.07% near injection which would
be acceptable. Adding 20 pm of Cu would raise this to
0.1%. The eddy currents do give rise to a sextupolar field,
however, which can affect the beam dynamics and change
the chromaticity of the machine. Preliminary investigation
indicates that this effect may not be completely negligible.

INSTABILITIES
Sngle Bunch Instabilities

The microwave instability is often characterized by the
Boussard criterion

Nth 3 |77|0on2
o< gy LT ETES 6
Nb ~ ( ﬂ—) €2CNb|Z/TL| ’ ( )

with Ny, the number of bunch particles at threshold (and
other parameters as defined in Table 1). It is known to
be a very rough estimate of the threshold. Taking the to-
tal |Z/n| for the three impedance components, we obtain
N /N, = 27 (59) at injection (extraction). The threshold
is very comfortably above the nominal current even before
taking credit for any Cu coating.
The TMCI threshold can be approximated by [7]

Ny,

471EVS

. 762Nb6yky . (7)

Combining the contribution from the resistive wall and
1500 flanges we find that N, /N, = 10 (2.5) at injec-
tion (extraction). We see that at extraction the margin is
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not so large, and is likely to shrink as the impedance bud-
get becomes more complete. Cu coating may become an
important element in reducing the overall impedance and
maintaining a comfortably high threshold against TMCI.

Transverse Coupled Bunch Instability

The RW impedance is often the dominant contributor to
the transverse coupled bunch instability in storage rings.
Assuming only this source of impedance, the growth rate
can be estimated as [8]

c mel

) _
= Hm\ 1= (ByAy) ®

4 [ 1
Ay = 7T1/2b3 ZOO'c ) (9)

with m., m,, themass of theelectron, proton, I 4 = 17KA,
and [v,] the fractional part of the vertical tune. For the
stainless-steel chamber we estimate I' = 7800 s~ ! at in-
jection and 760 s~ at extraction, corresponding to 30 and
294 turns, respectively. The injection growth rate will be
challenging to control with feedback. Note that in this case
the Cu coating is of relatively little benefit because of the
low freguencies involved, but we may expect a factor of
1.5-2 decrease in growth rate for a Cu-coated chamber, ev-
erything else being equal.

where

CONCLUSIONS/DISCUSSION

The present baseline of the vacuum system considers el-
liptical stainless steel chambers. We find that for a bare
stainless steel chamber, the resistive wall wake aone will
lead to multi-bunch instability that will need to be damped,
whereas for the single bunch, transverse mode coupling in-
stability (TMCI), the threshold is above the design beam
current, though this instability may become an issue once
other impedance contributions are taken into account. The
benefit of coating the chamber with copper of varying
thickness has also been studied and is shown to raise the
TMCI threshold but unlikely to prevent the need for atrans-
verse damping system.
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