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Abstract

I ssues concerning beam stability of the proposed Fermi-
lab proton driver are studied in its Phase |. Although the
betatron tune shifts are dominated by space charge, these
shifts are less than 0.25 and will therefore not drive the
symmetric and antisymmetric modes of the beam envelope
intoinstability. Thelongitudina space-charge forceislarge
and inductiveinserts may be needed to compensate for the
distortion of the rf potentia. Although the longitudina
impedance is space-charge dominated, it will not drive any
microwave instability, unlesstherea part of the impedance
coming from the inductive inserts and wall resistivity of
the beam tube are large enough. The design of the beam
tubeistherefore very important in order to limit the flow of
eddy current and keep wall resistivity low. The transverse
impedance isal so space-charge dominated. With the proton
driver operated at an imaginary transitiongamma, however,
Landau damping will never be canceled and beam stability
can be maintained with negative chromaticities.

1 INTRODUCTION

The proposed Fermilab proton driver will be a 15 Hz
rapid-cycling high-intensity synchrotron that serves anum-
ber of purposes in the Fermilab high energy physics pro-
gram. In Phase | Stage 1, the proton driver, of circumfer-
ence C' =27 R = 711.3 m, accelerates N = 3 x 10'3 pro-
tonsin n, = 126 bunches with a 53 MHz rf system from
the injection kinetic energy (K.E.) of 400 keV to the K.E.
of 12 GeV to beinjected into the Main Injector. In Stage 2,
the 3 x 10'3 protons are divided into n; = 18 bunches and
accelerated witha 75 MHz rf system to the K.E. of 16 GeV
for the production of muons destined for a neutrino factory.
Because of its low-energy injection, space-charge effects
are significant. Because of itshigh intensity, collective sin-
gle and multi-bunch instabilities are important issues. In
Stage 2, thereisabunch compression by rotation before ex-
traction, which will be covered in detail in Ref. [1].

2 SPACE CHARGE AND TUNE SHIFTS

The stainless steel vacuum chamber is of eliptical cross
section with horizontal/vertical radii w = 119 mm and
h =63 mm. The magnet pole faces have vertical half gap
g = 64 mm covering about k = 50% of thering. The bare
horizontal/vertical tunes are vy, , =12.428/11.380 so that
the average betatron functionsare (3, ;) =9.109/9.948 m.
The average dispersion is (D) = 1.247 m. The beam has
normalized 90% emittance €, , = 60 x 10~%7m. Thus,
at injection the beam has elliptica cross section with hor-
izontal/vertical radii a, , = 23.2/24.2 mm, where the full
energy spread is 7 x 10~* throughout the cycle. The rf
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Figure 1: (color) Bunching factor, energy and tune shifts during
one acceleration cycle.

frequency is 53 MHz. An acceleration cycle has been de-
signed [2] with K.E. and bunching factor By as shown in
Fig. 1. Withz =z, y, theincoherent and coherent tuneshifts
can be computed according to [3]
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where~ and § are therelativistic factors of the protons, r,
the proton classical radius, and . the neutralization factor.
Inabove, €, 2. arethe Laslett incoherent el ectric/magnetic
image coefficients, while¢; , arethecoherent el ectricimage
coefficients. For the elliptical beam pipe, we have e;, =
—€14 =0.1669, &1, = 0.0948, &, = 0.5956. For the mag-
neti c coefficients, parallel-plate approximation giveses,, =
—é€9, = 72 /24. ThetuneshiftsareplottedinFig. 1. Stage?2
will be similar in the early part of the cycle. We see that
the tune shifts reach their maxima about 1-2 ms after in-
jection and capturein therf field, when the bunching factor
decreases sharply from By = 0.9 but thebeam energy isstill
low. Wealso seethat theincoherent tune shiftsare lessthan
0.25, although space charge is dominating. However, if the
transverse distributionisnot uniform but peaked, the space-
charge tune shift can be higher. Simulation shows that the
incoherent vertica tune shift isdightly above 0.25 and the
horizonta slightly below [4]. But thisisof no concern, be-
cause it is the coherent tune shifts that play arole of reso-
nant instability. Dipole errors cannot deflect the beam co-
herently [5]. Quadrupole errorswill shift the 2 quadrupole
modesby 3 and 3 of theincoherent space-charge tune shift
which islessthan 0.2. Thus, the choice of the current bare
tunes will not lead to a half integer resonance.



3 SINGLE BUNCH INSTABILITIES

3.1 Broad-band impedance estimates

The largest impedances in the proton driver at low ener-
gies are dueto space charge [6]:
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where Zy ~ 377 Q). With the vacuum chamber made of In-
conel having resistivity p. = 129 pf2cm and relativity per-
mesbility 1. = 1.002, the wall resistivity is, at injection,
ZL: (1+j)gu7,zoﬁ = 1.48(14+j)n "2 Q.
n 2h

The transverse impedance is found by multiplication with
2R/(Bh?) or 0.033/0.118(1+j)|n — vy | ~1/2 MQ/m. In
above, o5 =+/2p./(wpop) isthe skin depth.

Other sources of broad-band impedance are the rf cavi-
tiesloaded with ferrite (or Finemet), kicker tanks, bellows,
and variationsof vacuum cross section. However, they will
contribute mainly inductiveimpedance at low frequencies.

3.2 Eddy Current and shielding of emfields

To prevent excessive eddy current losses, the metdlic
vacuum chamber can be divided into narrow strips, similar
to thewire-cage used in ISIS[7]. The eddy current power
loss per unit length in a metal strip of width w, thickness
t and conductivity o, a right angle to a changing mag-
netic field with time derivative B, is approximately given
by o.tw?B2/12. Sinceit is proportional to the third power
of the width, it can be reduced from, for example, over
8 kW/m for a 1.3 mm thick, 22 cm wide, dliptic Inconel
chamber to afew W/m by replacing it with 2 x 50 copper
strips of 4 mm width and 50-100 p:m thickness.

When the vacuum chamber is thin enough, we have to
worry about thefield of the beam penetrating into the mag-
netic laminations, where the large rel ative permeability .
translates into large Re Z;™. For this purpose, a screen or
liner has been proposed, similar to the radiation shield for
the LHC [8]. To minimize eddy current losses, the screen
should be made as thin as possible. Assuming rotational
symmetry, the shielding conditionin the longitudinal direc-
tion of a screen of thickness ¢ at radius b, with skin depth
dp > t, and an outer wall at radius d, with skin depth ¢4,
can be written as[9]
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In the transverse direction, the shielding condition under
the same assumption is the same but without the factor of
21n(d/b). Hence, once longitudinal shielding is achieved,
transverse shielding is guaranteed.

For higher energies, the shielding criterion becomes
t/0p>>(d/b)(0p/d4), whichis difficult to fulfill. However,
at higher energies the beam is more stable and the space
charge part of the impedance is strongly reduced.

3.3 Longitudinal stability criteria

The Boussard-Keil-Schnell criterion for longitudina
bunched beam stability is[10]
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where I;, is the average bunch current, n = ;> —v~2 the
dlip factor, and the form factor F' ~ 1 for a parabolic dis-
tribution distribution, but is actually very much larger for
a space-charge dominated beam. With a transition gamma
of vy = 27.715 and F' = 1, the stability limit starts from
24.95 k2 at injection and drops monitonically to 0.16 k2
at extraction, and isat all timeslarger than the space-charge
impedance | Z¢/n|. For Phase| Stage2, thesame currentis
dividedintoonly 18 bunches so that thethresholdis 7 times
smaller, but is still much larger than | Z¢/n| at all times.
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34 Transverse stability criteria

The Boussard-K eil-Schnell-like criterion for transverse
bunched beam stability is (for z==z, 3) [11],
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where the effective chromaticity is.S, = (n—v,)n+&,, with
n an arbitrary integer and &, the chromaticity. Instability
occurs only for dowwaves withn > v,. The formfactor F'
depends on the transverse particle distribution, but is large
compared to unity for aspace-charge dominated impedance
as inthe longitudinal case. Here, n isalways negative. If
also the chromaticity £, is negative, the two terms add and
cannot cancel. The lowest value of the spread is obtained
for n just above the tune v,. Sinceaso |n| ~ 1, thefirst
term in S, can be neglected if |¢.]| is large enough. For
F = |S.| = 1, the transverse impedance threshold dips
down to 11 MQ/m in Stage 1 about 5 ms into the accel-
eration cycle. Thisis very much larger than |Z7“ | even
when |n—v| = 1, and requires £, ~ —4 to cope with the
space-charge impedance. In Stage 2, however, the thresh-
oldis 7 times smaller and is still much larger than |27 |,
but requires F'|S,| ~ 28 to overcome the space-charge
impedance. To safeguard stability, one may blow up thelon-
gitudina emittance so as to attain a larger energy spread,
thus enhacing Landau damping.

3.5 InductiveInserts

To compensate for the large space-charge distortion of
therf waveform, inductiveinserts can beinstalled for com-
pensation. However, theferrite coresintheinsertscan have
large Re Z); and may drivethe beam into microwave insta-
bility. Thus, we should choose ferrite with small 1osses or
we may lower the ferrite losses by hesting the inserts[12].

|52,

4 COUPLED-BUNCH INSTABILITIES

4.1 Longitudinal stability criterion

Longitudinal coupled-bunchinstability are mostly driven
by the parasitic resonances in the rf system. The 53 MHz rf
cavities used in the present Fermilab booster and the past



Fermilab Main Ring have a large number of higher-order
resonances and have driven coupled-bunch instabilitiesin
these two machines. However, careful passive detuning of
these resonances has gotten rid of most instabilities. Since
the total number of protons in the proton driver will be
about 3 timesthat in the present booster, the coupl ed-bunch
growth rates will be 3 times as fast. Asaresult, past expe-
rience in passive damping of parasitic resonances may not
be sufficient to cope with the coupled-bunch instabilities.
Further lowering of growth rates can be achieved by blow-
ing up the longitudinal emittance of the bunches which al-
ters the form factor by decreases the coherency inside the
bunches, or by installing a fast bunch-by-bunch damper.

In Stage 2, 75 MHz Finemet rf cavities with low quality
factor Q ~10 will beused. Asaresult, therewill not be any
parasitic resonances inside the cavities to drive coupled-
bunch instabilities, either longitudinaly or transversely.

4.2 Transverse stability criterion

Possibletransverse coupled-bunchinstabilitiesdriven by
parasitic resonances in the 53 MHz rf cavities can be cured
by detuning passively as in the longitudina situation, or
by blowing up the longitudina emittance of the bunches.
However, transverse coupled-bunch instabilities can aso
be driven by the resistive wall impedance at the frequency
([v2] = 1) fo, where f, isthe revolution frequency and [v.]
the noninteger part of the betatron tune. For n; bunches
each with average current I, the growth rate is[11]
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where x, = —£,wo7r /1 isthe chromatic phase shift across
the full length 71, of the bunch. The frequency spectrum
for the m-th mode of transverse oscillations with coupled
bunch mode number n (0 < n < ny) isgiven by wix =kny
+n + v, + mys. Theform factor F’(w) expresses the
cancellation occurring in the summation over both positive
and negativefrequencies of theimpedance, weighted by the
spectrum of the m-th mode of oscillation. In thissituation,
however, the contributionisdominated by only one spectral
line a the above low frequency and F’ = 0.8. Fortunately
the ring is small; with the resistive wall impedance com-
puted in Sec. 3.1, the growth times are just 137/37 ms hor-
izontaly/vertically with £, =0 at injectionin both Stages 1
and 2. The growth rate for mode m =0 can be lowered by
operating a anegative chromaticity. However, thismay in-
troduce instabilities of mode m > 1 which can be damped
by atune spread of order 1/(wor,) that usudly occurs nat-
urally; thus alow-frequency damper may not be necessary.

5 ELECTRON-PROTON INSTABILITY

When a proton beam is partialy neutralized, with frac-
tional neutralization x., the electronsin it will start to os-
cillate transversely with the bounce frequency given by, for
small amplitudes, w? = 4c®r.n,, wherer, isthe classica
dectron radius, and n, = Ny/(magzay,Ly) is the volume
density of the protonsin a bunch with N, protons, cross
sectiond area wa,a, and full length L,. The oscillating

electronswill excitethe protonsto oscillate with frequency
wg =4c?ryn. = 4c*rpxen,. The coupled oscillations|ead
toadispersionrelation[13] for thee-p oscill ationfrequency
w as function of the azimuthal mode number 7:

(W? — W?)[(vowo)? + w; — (nwo —w)?] = wzw; .
While the amplitudes of the heavier protons are small,
those of the lighter electrons are larger and will grow
rapidly, reach the vacuum chamber wall, and generate more
electrons by secondary emission, which can lead to an
avalanche effect called multipactoring. Thismay then lead
also to emittance growth and/or beam loss of the protons.

e-p oscillations had been seen in the CERN ISR and had
to be eliminated by better clearing and pumping. They are
also seen in anumber of proton storage rings, likethe PSR
at Los Alamos, where the beam current remained below the
designgoa for many years after many attemptsto eliminate
or at least reduce the number of electronsfailed.

The most common method to reduce neutralization of a
beamistoleaveagapinthetrain of bunches, which hasalso
been foreseen for the Fermilab proton driver. A moreactive
method isto ingtall clearing electrodes, and eliminate the
electrons by applying transverse el ectric fields. If the elec-
tronsare generated by vacuum, better pumping may help—
but not if the electrons are coming from the H~ stripping
foil. Multipactor at thewall can be reduced by coating with
amaterial with low secondary emission coefficient, such as
Ti-N. If nothing else helps, a feedback system can be the
solution. For the case of the LANL PSR, all these methods
were tried and failed, and only a combination of higher rf
voltage, sextupoles, partia wall coating and finally an in-
ductiveinsert permitted to reach the design current.

For the present proton driver, theinjection fromthelinac
isin chopped beams. Astherf voltageisraised, the bunch-
ing factor decreases rapidly from By =0.9t0 0.44in2 ms
and 0.18 one half into the acceleration cycle. Thus, there
will belarge bunch gaps so that trapped el ectrons should be
cleared and hence no e-p instability is expected.
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