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Beam Dynamicswith Noisein Superferric
Very Large Hadron Collider (* Pipetron”)

V. D. Shiltsev, FNAL * M.S.345, PO. Box 500, Batavia, IL 60510, USA

Abstract

We study transverse and longitudina beam dynamics in
“Pipetron” collider under influence of external noises.
1 INTRODUCTION

Several proposalsof the*beyond-LHC” large colliderswith
30-100 TeV beam energy and luminosity of 1033 — —103°
s~1em™2 have been considered in recent years. Two ap-
proaches can be distinguishedin thetrend—namely, smaller
circumference ring with high magnetic field dipoles based
on high-T, technology [1], and (presumably) lower cost op-
tion of amicro-tunnel low-field superferric magnet machine
with large circumference [2]. The later — often referred as
“Pipetron” —isasubject of thisarticle. Table 1 showsrele-
vant parameters of the collider [3].
Table 1. Parameters of ” Pipetron”

Proton Energy, E,, TeV 100
Circumference, C, km 1000
Luminosity, L,s"tem™2 10%°
Intensity, Np/bunch | 4.1-10°
No. of Bunches, Ny 25000
RMS emittance, n, 107%m 1
Long. emittance (rms), A, eV-sec 0.3
Bunch length (rms), os, CM 10
Rev. frequency, fo,Hz 300
Interaction focus 5%, cm 10
Beam-beam tune shift ¢, 0.005

The collider consists of thousands of magnetic el ements,
and their field imperfections can serioudy affect proper ma
chine operation. Depending on the frequency band one can
di stingui shtwo mechani sms of beam perturbationsin circu-
lar accelerator. Slow processes (with respect to revolution
period) produce a distortion of the closed orbit of the beam.
At higher frequencies (comparable with the revolution fre-
guency), noises cause direct emittance growth.

2 TRANSVERSE EMITTANCE GROWTH

Effect of Transverse Kicks The primary sources which
lead to emittance growth in large hadron colliders are
quadrupoles (quad) jitter and high-frequency variations of
the bending magneticfieldin dipoles. Both sourcesproduce
angular kicksand excite coherent betatron oscillations. Af-
ter decoherence time (determined mostly by beam-beam
non-linearities, Ny..., = 1200 turns) filamentation or dilu-
tion process due to tune spread within the beam transforms
the coherent oscillationsinto the emittance increase. If the
kick amplitude A@ varies randomly from turn to turn with
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variance of 662, one can estimate the transverse emittance
growth as:

dEn 1 all kicks , 1 ,

= 5for Z AGF B = 5 fordt? < 5> N (D)
where < 3 > isthe average beta function, v isreativis-
tic factor, and IV isthe number of elements which produce
uncorrelated kicks. Two major sources of the dipole kicks
arefluctuationss B of the bending dipole magnetic field By
which give horizontal kick of 66 = 0,(6B/Bg) (6o =
27 /N4 isbending anglein each dipole, N, istotal number
of dipoles); and transverse quadrupole magnets displace-
ments 6 X (e.g. due to ground motion) which lead to kick
of ¢ = §X/F,where F' isthe quadrupolefocusing length.

Non-“white” noise can be described by frequency-
dependent power spectral  density(PSD)  Sse(f),
and causes the emittance growth with rate of [4]

o = (8T Sselfolv — nl)) which
consists of the sum of PSDs of angular kicks produced by
the i-th source a frequencies of fy|v — n|, n isinteger,
the lowest of them is fractiona part of the tune times
revolution frequency f; = Av fo.

Beam lifetime in the Pipetron is about . = 5 hours
(determined mostly by longitudinal intrabeam scattering [5]
rIfBS ~ 6 hrs, while synchrotron radiation transverse
damping time is about 42 hours). Let us constrain that ex-
ternal noise should|ead to less than 10% emittanceincrease
whilethe beam circulatesin theaccel erator, then we get tol -
erable the noise-induced emittance growth rate of d;—t" <
0.1¢= = 5.6-1071%m/s. Taking into consideration 500-m
IongCFODO cel (i.e. L = 250m) focusing structure with
@ = 90° phase advance per cell [3] one can estimate the
tune v ~ 500, total number of focusing quadrupoles as
N, = 4000 and about the same number of dipoles N;.
Now, the acceptable transverse emittance growth rate re-
quires:

a) the PSD of single quadrupoletransverse vibrationislim-
ited by thevalueof >~ Ssx (folv — n|) = Ssx (foAr) <
2101 % =20 p;’;; , where Av isfractiond part of v;
b) or the rms amplitude of turn-to-turn jitter of each
quadrupole (white noise in frequency band f;) 6 X,ms <
7.6-1071m;

¢) and a tolerable level of bending magnetic field fluctua
tionsto its mean value By in the dipole: (63/30) <
3.4-10710,

Measured Ground Motion Let us make a comparison of
the above cal culated constraints with experimental data on
ground motion. Fig.1 presents PSDs of ground velocity
Sy (f)(2x f)? inunitsof (um/s)?/H = for the USGS*“New




Low Noise Moddl” — a minimum of the PSD observed by
geophysicists worldwide — and data from accelerator facil-
ities of HERA, KEK, CERN, SLAC, and FNAL (see ref-
erences in [5]). These spectraindicatethat: 1) accelerators
areessentially “noisy” places; 2) ground vibrationsabove 1
Hz are strongly determined by cultura noises— they mani-
fest themselves as numerous peaksin Fig.1; 3) even among
accelerator sitesthedifferenceisvery large, that givesahint
for the Pipetron builders.

Ground motion spectra at different sites.

4 (SLAC, CERN, DESY, KEK, FNAL, USGS New Low Noise Model)
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Figure 1: Measured ground velocity spectra.
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Below 1 Hz the ground motion amplitudeis about 0.3-1
pmdueto remarkabl e phenomenaof “7-second hum”. This
humiswaves produced by oceans— see abroad peak around
0.14 Hz in Fig.1 — with wavelength of about A ~ 30 km. It
produces negligible effect on Pipetron, because A is much
bigger than typical betatron wavelength 275 ~ 2 km. In-
vestigationsof spatial characteristics of thefast ground mo-
tion have shown that above 1-4 Hz the correlation signifi-
cantly dropsat dozens of metersof distance between points.

Table 2 compares requirements for the Pipetron with
three particular tunes Ay = (.18, 0.31 and 0.45 and ex-
perimenta data.

Table 2: PSD of Ground Motion (in (pm)?/ H =)

Av 018 | 031 0.45
Ji=Avf 54Hz | 93Hz | 135Hz
Pipetron tolerance 20 20 20
SLAC (quiet) 100 - -
DESY (tunndl) 10° 7000 | 1700
CERN (tunnel) 300 20 -

One can see that none of the accelerator data shows vi-
brations which are less than the Pipetron requirements, al-
though PSDs at higher frequencies (say fi = 135 Hz) are
much lessthan at lower frequency of 54 Hz, and, therefore,
larger Av —closer to half integer resonance —are preferable
from thispoint of view. At Av = 0.18 one needsthevibra-
tion power reduction factor of # = 5 — 5000. We have
not enough experimental data on dipole field fluctuations
at 50-150 Hz which may drastically increase the emittance
growth.

Feedback System A transverse feedback frequency al-
lows one to suppress the emittance growth caused by exci-
tation of thebetatron oscill ationssimply by damping the co-
herent beam motion faster then they decohere. The system
monitorsthe dipole offset X of the beam centroid and tries
to correct it by dipole kicks @ which are proportional to the
offset, applied a quarter of the betatron oscillation down-
stream. We operate with dimensionless amplification fac-

tor ¢ of the system (gain) whichisequa to g = i Vglm,
where 5; and 3, are the beta-functions at the positions of
the pick up and the kicker electrodes respectively. In the
limit of ¢ < 1 the decrement due to the feedback is equal
to %fog, i.e. the amplitude of the betatron oscillations be-
ing reduced 1/e times after 2/¢ revolution periods. Theory
of thefeedback (see e.g. [4]) givesthetransverse emittance
woyégoifoqprlélﬁarms 2/ de, v fog? 2 .

a -\ ) [(dt)o+ o, \noise]s (2
g > 4wbv.ms, Where emittance growth rate without feed-
back (de,/dt)o isgiven by (1), X,is. iSthe rmsnoise of
the system (presented as equivaent input noise at the pick-
up position), and év,.,,s is the rms tune spread within a
beam.

Magjor source of the tune spread (and, consequently, de-
coherence) is nonlinear beam-beam force which resultsin
thermstune spread of évgp ~ 0.1676 = 8.4 - 104,

Analytical consideration of the feedback system resulted
in maximum useful gain factor ¢,,4, ~ 0.3 —thereis
no reduction of the emittance growth rate with further in-
crease of ¢ because of higher-(than dipole)-order kicks ef-
fect, the system noi se contribution grows, while the coher-
ent tune shift due to feedback becomes too large, and &f-
fects multibunch beam stability in presence of resistivewall
impedance.

Therefore, maximum reduction factor R,,qe =
(gmaz /A7 Avpp)? is about 800 for the Pipetron de-
sign parameter of ¢ = 0.005, while the minimum
practical gain which still can lead to the damping is about
471'(51/33 ~ 0.01.

Asitisseen from (2), feedback noise also leads to emit-
tance growth and its relative contribution grows as < g¢2.
Taking the beta function at the pick-up 3, = 500m we get

IimitonthermsnoiSQeamglitugﬁ: 12
Xnoise<< 61( En/ )0

fo(4mbvpr)2y
Power of the output amplifier of the system depends on
maximum noise amplitude of the proton beam oscillations
and is estimated to be about 50 kW for a bunch-by-bunch
system[5].

~ 1.4 pm. (3)

RF PhaseNoise Turn-to-turnjitter of the RF phase A¢ re-
sultsin fast momentum variation (Ap/p) = (eVo/E,)A¢
which leads to an instant change of the horizontal orbit of
AX = D,(Ap/p), where D, isthe dispersion function at
the RF cavities. Measured A¢ isfound to be two orders of
magnitude less than estimated tolerances [5] that take the
jitter out of list of Pipetron problems.



3 LONGITUDINAL EMITTANCE GROWTH

The RF phase errors a frequencies of the order of syn-

chrotron one f; = v, f; and higher lead to the longitudinal

emittance growth of:
dA  eVy d¢?

6V0
E = Frp di = f—2 f S¢(f07/s)a 4)
wherew, = 27w, fy > 0, .S, isthe PSD of the phase noise

Thesynchrotronfrequency fyv; variesfrom3.1 Hz at the
beginning of the ramp to 0.33 Hz at the end of the ramp at
100 TeV, and then it is about 0.076 Hz during the collision
timewith v = 20 MeV RF.

If one requires less than 10% emittance increase during
half an hour of ramp time 75, than thetol erance on the phase
jitter PSD in frr = 450 MHz RF system is Sy (w,) =
T}S(i%ﬁ& ~ 84 10_ . Measurements with the SSC RF
system HP8662 syntheﬂ zer [6] show that in frequency band
of 1-100 Hz the PSD of phase noise can be approximated by
Sp(ws) = % that is only twice the tolerance at fre-
guencies about 1 Hz. Equivaent rms phase jitter tolerance
iSé¢p ~ \/w;Sy(ws)~ 0.3 mrad at f, = 3 Hz

The same 10% tolerance for 5 hours of the collision op-
eration with eVy = 20 MeV gives Sy(w;) ~ %20_5 that
isvery close to the measured PSD. )

We can conclude that with minor improvement of the RF
phase stability with respect to the SSC synthesizer, no lon-
gitudinal feedback will probably be required.

Another possible source of the RF phase errors, the
change of the circumference due to non-zero dispersion
function D, at the position of dipolekick [7], isfound to
give negligible contribution to the emittance growth [5].

4 CLOSED ORBIT DISTORTIONS

Alignment Tolerances The rms closed orbit distortion
dXcop isproportional to therms error d X of quadsalign-
ment, and if these errors are not correlated, then in the
FODO lattice we can get:

ﬁdX?
dXtop = Z

dsin?(
Let ustake the “safety criterid’, i.e. ratio of maximum al-
lowable COD to the rms one, equal to 5, then for maximum
COD of dX57,=1 cm (this is about half aperture of the
vacuum chamber) at thefocusing lenseswhere 3 = 765 m
(L = 250 m, u = 90?) weget requirement on thermsalign-
ment error of d.X =~ 15 um (herewetake Ay = 0.31). This
value sets achallenging task, itssolution needs the most so-
phisticated alignment techniques and two questions arisein
this connection: 1) temporal stability of the magnets posi-

tions; and 2) applicability of the beam-based alignment.

_ BNtg(p/2)dX>

Lsin?(nv)

- (9

Slow Ground Motion Numerous data on uncorrelated
slow ground motion support an idea of “space-time ground
diffusion”. An empirica rule that describes the diffusion
—so cdled “the ATL law” [8] — states the rms of relative
displacement d.X (in any direction) of two points located

a adistance L grows withtime interva 7' < dX? >=
ATL, where A is site dependent coefficient of the order of
1075+ ym? /(s - m).

The ground diffusion should cause corresponding closed
orbit diffusion (COD) in accel erators * with rms value over
the ring approximately equal to (dX2,,) ~ 2VATC. It
clearly shows that the diffusive orbit drift is not very sen-
sitive to the focusing lattice type (only the circumference
C playsrole), in particular, there is aimost no difference
between the combined- and separated-function lattices re-
sponses on the AT L-like diffusion.

If oneappliesthe ATL law with A ~ 4-1075 um?/(s-m)
to the Pipetron (see [5]) then rms COD at 5,4, = 850 m
isequd to dXcop = 800[um]+/T[hrs]. Requirement of
“safe” rms COD of 2 mm yields in 7'=6.3 hours of mean
time between necessary realignmentsto an initial “smooth”
orbit. It does not seem to be an easy task to do it mechani-
caly, even with use of robots, especially taking into account
15 pm precision of theprocedure. “Beam-based alignment”
technique looks as an appropriate method but requires nu-
merous (of the order of the number of quads) correctors
with 4.3 Tm maximum strength.

5 CONCLUSIONS.

Preceding consideration shows that natural and man-made
vibrations at Pipetron can lead to dangerous transverse
emittance growth rate (high-frequency part of spectrum)
and closed orbit distortions(at low frequencies). Thetrans-
verse feedback system can drastically reduce the emittance
increase. Sophisticated alignment methods are necessary to
keep Pipetron beam on a“golden orhit”.

It seems reasonable to carry out “on-site” ground motion
studies and magnet vibrationsmeasurements, aswell as get
data onlong-term tunnel movements, the RF phase and am-
plitude stability, and dipolefield jitter.

| acknowledge valuable comments and useful discus
sions with G.W.Foster, D.Neuffer, D.Finley, P.Colestock,
E.Maamud (FNAL) and G.Stupakov(SLAC).
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