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Abstract

We examine the stability of intense flat bunches in bar-
rier buckets used in the Fermilab Recycler. We consider
some common stationary distributions and show that they
would be unstable against rigid dipole oscillations. We
discuss the measurements which identify stable distribu-
tions. We also report on experimental studies on theimpact
of creating a local extremum of the incoherent frequency
within the rf bucket.

INTRODUCTION

The creation of long flat bunches is under study for the
LHC upgrade as a way of increasing the luminosity [1].
The stability of such bunches is one of the key issues of
interest. At the Fermilab Recycler, long flat bunches are
created using a barrier bucket technique. At present in-
tensities these bunches are observed to be stable with life-
times around 20-50 hours (depending on intensity) without
electron cooling and ~ 500 hours with electron cooling at
bunch intensities below 4.5x 1012, We explore the longitu-
dinal stability of these bunches at higher intensities.

Bunches are confined within a barrier bucket by two
voltage pulses of equal magnitude and opposite polarities,
equal duration T'; separated by a duration 7> with no ap-
plied voltage. The body of the bunch is contained within
the interval T, but the head and tail of the bunch pene-
trate into the barrier on either side. Changing 7'» adiabati-
cally changes the bunch length while preserving the bunch
area. The main longitudinal parameters of the Recycler
bunches are shown in Table 1. Single particle dynamics
within such a bucket was studied in [2]. There are some
factors that may have a potential impact on the stability.
The synchrotron period is rather long, hence even slowly
growing instabilities can drive the beam unstable. Further-
more, since the bunches are long, they can be excited by
perturbations with wavelengths of the order of the bunch
length or equivalently relatively low frequency excitations.
In this paper we report on measurements of proton bunches
in the Recycler and theoretical studies of the rigid dipole
mode.

STATIONARY DISTRIBUTIONS

In the absence of radiation damping, the equilibrium lon-
gitudinal distribution of aproton bunch is not uniquely de-
termined. Any phase space distribution which isafunction
of the Hamiltonian only is a stationary solution of the Li-
ouville equation. Consider first a binomial distribution of
theform p(AE, 1) < [H, — H|? where H, is the value of
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Table 1: Recycler bunch parameters

Parameter Value Units
Circumference 3331.0 m
Energy 8.93 GeV
Bunchintensity | 4.5x10'2
Vi 19.97
Rf voltage V, 1.8 kV
T 48.0 0.0189; sec
w 324.0 0.0189; sec
Bunch area 100.0 eV-sec
ymar 9.97x10~6

the Hamiltonian H on the bunch boundary and p is area

number. The Hamiltonian for the longitudinal variablesis
H = —U(AE)Q/(2ﬁ2E0) — eU(T)/To. Here Ey, T, are
the energy and revolution period of the synchronous parti-

cle, and U(7) isthe rf potentia function. The line density
obtained by projecting the phase space density on the time
axisis A = \o[U(7) — Up]P+1/2 where the constant \ is
found from the normalization condition and U, is the po-
tential function on the bunch boundary. For the special case
p = 1/2, theline density is proportional to the rf potential

and the potential well distortion due to space charge or ex-
ternal impedance simply changes the scale of the potential

without changing its form. Thisis a unique feature of this
elliptic distribution first pointed out by Hofmann and Ped-
ersen [3]. Assuming that the rf pulses are rectangular with
constant voltage +V}, the normalized density for this dis-
tributionis

Mr) = b (), (7 — 3T0), (7 — )}

7 — (T2/2)
o)

intheregions —7, < 7 < —T5/2, —Tx/2 < 7 < Ty/2,
and T»/2 < 7 < T, respectively. Here 47, are the bunch
boundariesand W}, = 7, — T»/2 is the extent of the pen-
etration into the barrier. The rf voltage profile and the line
density are sketched in Fig 1(a). The expression for the en-
ergy density (AE) = [ p(AE, 7)dr can befoundin [4],
itsformis plotted in Fig 1(b).

The frequency of coherent rigid dipole oscillations for
any distribution can be found from [4]

/Tb /\/(T)(?ﬂ_ng 2

—Ty

2 _ e|n

Y T B2EoToNy

In general thiswill not coincide with the small or large am-
plitude frequency of incoherent oscillations. In the barrier
bucket, the bare incoherent frequency (without intensity ef-
fects) rises from zero at the origin to a maximum value
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Figure 1: Sketch of the rf voltage and line density (left)
and a plot of the energy distribution (right) in an elliptic
distribution.

Ws0.maz = 27(|n]eVo/ (3262 EoToT»)]'/2. Theratio of co-
herent frequency to the maximum of the bare incoherent
frequency is

We 4 T2

= ;[T2+Wb]1/2 ©)

Ws0,max

Space charge shifts the incoherent frequencies downwards,
thus the above ratio will be greater when space charge
forces areincluded. For the Recycler parameters, this ratio
is > 1 suggesting that L andau damping would be lost even
at zero intensity since the coherent frequency is outside the
incoherent spread. We conclude that this is not an appro-
priate distribution for the Recycler since the bunches are
observed to be stable; and furthermore the energy distribu-
tion seen in Figure 1 does not match the measured energy
distribution.

Another simple choice of stationary distribution is the
exponential distribution p o exp[—H/H,| where Hy is
a scale constant. The line density is exponentia A(7) =
Mo exp[—eU(7)/(HyTp)]. This line density is also con-
stant between the pulses from —75/2 to T5/2 and fdls
exponentialy in the barriers. The energy distribution in
thiscaseisaGaussian, u(AE) = pg exp[—(AE)?/(20%)]
where 0%, = 32EoHy/|n|. The measured energy distribu-
tion is approximately Gaussian, as seen in Figure 3. The
ratio of the coherent to the maximum of the bare incoher-
ent frequency for thisdistributionis

1 — exp(—xWh)
14 (2/(xT2))[L — exp(—xWp)]

where x = 3%2EpeVy/(In|o%To). Thisratio for the Recy-
cler parametersis greater than 1 suggesting that this distri-
bution is also not appropriate for the Recycler bunch. The
coherent frequency depends critically on the line density
within the barriers, thus it is important to have a good de-
scription of the bunch tails.

We 4

[ RENC)

Ws0,max m

MEASUREMENTS

During normal operations. the Recycler electron cooled
anti-protons for injection into the Main Injector and Teva-
tron. In arecent study protons were injected into the Re-
cycler with a increasing number of Booster batches. The
bunch profiles were measured with awall current monitor
at three different intensities. Longitudinal Schottky spectra
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Figure 2: Comparison of the measured line density and fit
to the data with a tanh profile at three different intensities.
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Figure 3: Measured Schottky power of a proton beam in
the Recycler compared with a Gaussian fit.

were also recorded. The measured bunch length profiles
are well described by the function

Apit (T)=a[{1+tanh(br+c) }0(—7 H{1—-tanh(br—c) }6(7)]
©)
Here 0 is the step function. The measured profiles and the
fit function are shown for all three setsin Figure 2.
For this line density, the ratio of the coherent to maxi-
mum of the bare incoherent frequency is

c 4 1
Yo — 2./l \/tanh[bTb — ¢] — tanh[=bTh — ]
Ws0,mazx ™ 2
(6)

Thisratio is 0.93 for the Recycler, i.e. at zero intensity the
coherent frequency iswithin theincoherent spread. The co-
herent frequency is outside the spread and L andau damping
is lost when the intensity exceeds 8.5x 1014 [4], about 400
times higher than present intensities.

It has been observed in the SPS that a region where the
incoherent frequency as a function of amplitude has an ex-
tremum is associated with the appearance of alocal insta-
bility [5]. In a barrier bucket, the maximum of the inco-
herent tune occurs when the ratio of the peak energy on the
orbit to the bucket height is \/T%/(4T}). If this ratio is
greater than unity, as is the case for the nominal Recycler
parameters T5/(477) = 324/(4 x 48), the maximum lies
outside the bucket. The effects of this local instability are
not present under normal operation but can be studied by
changing the separation 7.

These studies were carried out in the Recycler using pro-
tons. The Recycler is equipped with a broad band RF sys-
tem [6] capable of providing avariety of rectangular barrier
buckets at atime. For the experiment we chose 7'1 = 48
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bkts (a’bkt'= 0.01893usec) and pulse height of 1.8kV. At
the start protons were injected into the barrier bucket with
T2 = 84 bkts. Once equilibrium was reached, beam in-
tensity along with data from the wall current and Schottky
monitors were recorded to establish the initial parameters.
Subsequently the beam was expanded or compressed adi-
abatically by decreasing T to different values of interests
without changing 7. The beam cooling systems as well as
the transverse dampers were turned off during the experi-
ment.

Fig. 4 shows wall current monitor and Schottky
data on the beam in the barrier bucket with 72 =
14, 44, 84,130, 180, 228 and 276 buckets with initial beam
intensity of about 29.7 x 101° protons. Asthe separation T,
and hence bunch length is decreased, the energy spread in-
creased. Thisis seen in the Schottky data which shows the
spectrum broadening as 7> was decreased. At the shortest
separation T2 = 14 bkts the measured energy spread ex-
ceeds the rf bucket height. For values of T, > 84bkts, the
energy spread was well within the rf bucket.

RWM data for Beam in Ractangular Barrier
Buckets of different T2 values
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Figure 4: Recycler measurement data on beam in a rect-
angular barrier bucket (a)wall current monitor (b) Schot-
tky spectrum for various 72 values with a fixed value of
T1=0.908us. The barrier pulse heights were 1.813kV in
all these cases.

Fig. 5 shows the surviving beam as a function of time.
Various T2 to T'1 ratios along with the beam lifetime are
also indicated. There are three distinct regionsin this plot.
Thefirst section had T, < 474 with T5 assuming values of
14,44, 84,130, 180 bkts. The average lifetime of the beam
at 8 hours was significantly lower than in the second sec-
tion where it was about 50 hours with T2 = 228, 276 and
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> 4T inboth cases. In the third region the beam was com-
pressed to its original value of 72 = 84 bkts. The lifetime
again decreased by about afactor of two. While some of the
beam loss may have been due to the larger energy spread,
we observe a shorter lifetime even when this was not ex-
pected to contribute. The datais therefore not inconsistent
with the hypothesisthat alocal instability at the extremum
of the incoherent synchrotron tune can lead to beam loss.
The effects of this instability are easily avoided in the bar-
rier bucket by choosing appropriate values of 7'y, Ts
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Figure 5: Recycler beam and its lifetime at various times
with different T2 to T1 ratios.

SUMMARY

We considered two typical stationary distributions and
found they were not adequate descriptions of the Recycler
bunches. From the measured line density distribution we
find (&) the tanh function is a good fit to the line density,
and (b) the coherent frequency of therigid dipole mode for
this distribution is within the incoherent spread at nomi-
nal intensities. Stability diagrams when the beam couples
to space charge and external impedances will be discussed
elsewhere. Our initial experimental investigationsindicate
that longitudinal stability in the Recycler is, consistent with
expectations, influenced by the ratio T/(477) which de-
termines the location of the extremum of the incoherent
tune. The coherent tune depends strongly on the distribu-
tionin the bunch tailswhichis difficult to measure. Numer-
ical studies using both a conventional tracking code and a
Vlasov solver are in progress and should provide more in-
sight into conditionsthat may lead to unstable behavior.
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