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Abstract 2 EXPERIMENTAL RESULTS

. . . ... The minimum length of the barrier that can be created by
The use of barrier buckets to modify the azimuthal d|str|bué1 TW cavity is defined by the filling timey 600 ns. With

t|03 c:jf a bear:[n '? 3 c_:|rcular aclcelera;]t_o rhas geeq debs Crf%%nstant power applied to the cavity the voltage rises lin-
and demonstrated in Several machines. barrier buc ?é%rly from zero to its maximum value as the field advances

could become interesting for future modes of operation '%Iong the structure. When the power is switched off the

the CERN SPS. Up 1o now the specially designed RF Ca¥ield decays linearly in a similar time. In practice, these

met?l US?d fO;thl_S purpgsel haye been ve_rrth|de.-li_amd,28 mes are increased by the power amplifier risetime and the
pable of producing a singie sine-wave. € existing hape is no longer exactly linear. In Fig. 1 one can see the

MHz Travelling Wave cavmes- n the SPS are not as Wlde|'”ninimum pulse length that can be formed by switching off
band but nonetheless have rise-times that are small coy-

pared with the revolution period. The possibility of using; e drive to the power amplifiers the moment the voltage

o : . . .2is maximum. The pulse shown is the detected RF voltage
these cavities to provide "thick” barriers has been studie P g

th ticall d . tallvin the SPS een by the beam. The beam signal, taken from a longitu-
eoretically and experimentally in the ' dinal electrostatic pick-up, gives the batch envelope. Note

also that due to reflection from the cavity loads, there is
some RF voltage present between the RF pulses, but this is

1 INTRODUCTION less than 10% of the maximum voltage.

Barrier buckets, as proposed in [1], have been explored in
different laboratories [2], [3]. One possible applicationis to
inject and rapidly debunch a beam to reduce space charge
effects, limiting the azimuthal distance that can be occu-
pied by the beam by using two barriers. This allows subse-
guent injections into the empty part of the ring. As an ex-
tension, the barriers can later be moved to compress the un-
bunched beam into an even smaller part of the ring. These
two ideas have already been demonstrated in practice [Higure 1: The beam current (top trace), held by two RF
Acceleration of unbunched beams using barrier buckets h@griers (bottom trace).

also been suggested [4].

In the CERN SPS, possible applications arise with the The effectiveness of these barriers has been tested dur-
future CERN Neutrinos to Gran Sasso project. One woulthg machine development (MD) studies in the SPS below
be to maintain an azimuthal hole during slow extractioriransition at 14 GeVi/c, by injecting a 2s batch ¢ 420
of part of the beam at high energy. Fast extraction obunches) filling~ 1/11 of the circumference. Beam inten-
the remaining beam could then be made in a clean wag§ity for most experiments was 2 x 10'? protons.
the kicker field rising during the hole. A further possibil-
ity, mentioned already, occurs with the very high intensity 50000
beams that must be injected into the SPS so that local den-
sity effects are important.
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nber
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In the references cited above, the barrier bucket was cre2

ated with a single RF sinusoid using very wideband cavi- £ 20000
ties. This provides a barrier which can be as short as one
RF wavelength. The 200 MHz accelerating cavities in the
SPS, while not being very wideband, are nonetheless of 1 716 8 1
higher bandwidth than normally found in accelerators and Time [us] Time [us]

can react in times significantly less than the revolution peFigure 2: Mountain ranges: left, continuous debunching
riod 23 us. They are of the untuned Travelling Wave (TW)(RF off); right, beam held by barriers. 500 turns/trace.

type, quality factor~ 200, the four cavities giving up to

a total of 8 MV. We have explored the possibility of using With RF off, the beam debunches as shown in Fig. 2,
these cavities to create barriers in the SPS [5]. left. When two RF pulses are applied, spaced by some time

Turn Nunber

10000}
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greater than the beam length, the beam debunches as famdsere¢; and¢, are constant phase shifts ag@) can be
these pulses and is then reflected, see Fig. 2, right. In thégproximated by the following (see Fig. 1):
example the RF pulses are not placed equally on either side
of the beam - the beam hits the right barrier before the left. B 0_(¢ +d0)/ 0, :((;Sbjfi) ; ¢ <=

It is important to adjust the RF frequency to a multiple A ((;5 Y " b< b <y j_ P
of the revolution frequency of the central particles to center b P )
the barriers symme_tncally in momentum. Iflth|s is not thevvhere2¢p is the total length of one RF pulse, aBd is
case, the debunching becomes asymmetric and the begma 5ich length.
moves towards one barrier where it is reflected and then g these multi-period barrier buckets the potential well
moves towards the other barrier where it is again reflectefl < the form

This situation is seen in Fig. 3, left. b
W= L [ ¢/ sin (¢ — ¢ — ¢2)dd),

W(g)=4 0
Wi =L [ ¢ sin (¢ + &' + ¢1)de,

3)
where the regions of applicability are as fdr) in (2).

As one can see, this potential well is symmetric,
W(—¢) = W(¢), only if ¢ = —¢p2. Below, non-
symmetric wells are not treated, so we assume =
—p2 = ¢o.
oz [‘ZS] g1 oz [‘ZS] g1 ~In Fig. 4 the shape of the potential well arouﬁQ: 0

is shown forg, = 0, ¢o = 0 (left) andpy = = (right).

Figure 3: Mountain ranges: left, barriers at the shifted fre: .
quency; right, insufficient voltage. 500 turns/trace. Independently of the shape of the potential wells around

¢ = 0, barriers are provided earlier or later for particles
o o ] moving between the two RF voltage pulses for any value
The initial voltage was 1 MV giving a bucket height, for of 4. different from the single-period barrier where phase

the traditional RF system, akp/p = +2 x 107, equal s important. From now on we assume for simplicity that
to the momentum spread in the injected beam. However, 9, = 0.

hold the beam with barriers it was necessary to significantly
increase the voltage, otherwise some particles could pass oW (0) O W (0)

the barrier, see Fig. 3, right. =
/\ 0 / . A haall /\
K P

In our experiment it was also possible to allow the beam * /\ A
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then to push the particles back again by moving the barriers -»
closer together.
One other phenomenon that can be observed in Figs. 1-
3, is the production of “ears” of density at the barriers - thérigure 4: Potential well fory, = 0, ¢o = 0 (left) and
reason is explained in the next section. ¢o = m (right).
The situation at higher intensities was less easy to con- . ) )
trol. The debunching beam appears to become unstableor the experimental parameters in the SPS, which were
with consequent increase in momentum spread. This hgg = 400w and¢, =~ 240w, the potential well is shown in
been observed before when high local intensity beams afdd- S (Ieft). To see more detail we also presept= 407
debunched. It is probably due to the impedance of the TV@Nd¢, = 24, Fig. 5 (right).
cavities at frequencies near the edge of the accelerating
pass-band. The maximum intensity that can be held is then W(¢) W(¢)
limited by the maximum available voltage. Instabilities in
single-period barrier bucket systems have been studied the-
oretically in [6]. ° °

to debunch as far as barriers, placed abous @way, and
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3 ANALYSISOF THE METHOD ¢ ¢
Figure 5: Potential well: SPS parameters (left);= 40,
The voltage applied to create the barrier buckets in the SRg, = 24r (right).
can be presented in the general form:

Unlike phase motion inside a standard RF buckets or be-
V(g) = Vog(o) sin (¢ + ¢1), ¢ <0, 1) tween single-perilod. barrier bu.ckets, in our case the _maxi-
T Vog(o) sin(¢+ ¢2), ¢ >0, mum energy deviatiol\E,,,.,, is reached by the particle
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(;'S/wso \/ prd')/wso (left) shows the contribution from the first term in expres-

sion (6) which in fact describes the drift time in the re-
Fﬂ W\W%\A/\ gion without field,VV = 0. The resulting frequency is de-
SR K S N S . creased by the time particles spend oscillating around the
. ¢ : ¢ barrier buckets. The envelope of this frequency distribu-
F tion is shown with dots in Fig. 7 (left). At every unstable
) o i fixed point the oscillation period becomes infinitely large
Figure 6: Limiting phase trajectory for SPS parametergnq the corresponding phase oscillation frequency goes to
(left), trajectories around = 0 for ¢, = 0 (right). zero. This creates a modulation of the phase oscillation fre-
guency with the number of zeros equal to the number of RF
not até — 0 (in the centre) but close to the maximumPEeriods in the pulse~ 120 in our case}. The fine struc-
phase deviation,,, see phase trajectories in Fig. 6. Thef[ure. of the_ frequency distribution for smadll is presented
shape of the phase trajectories explain well the appearanid-19- 7 (right).
of “ears” in the beam line density (see photo in Fig. 1 and

mountain range displays in Fig. 2). For the motion between °,.. Wo /w50 v Ws/Wso
the barrier bucketshE,,.. is related to the initial energy ~ ° "~
deviation of the particlé\ £y by 0. o0u7s
AEmam':\/iAEo. (4) ' 07 04 06 08 1 501 002 0.03 604 005
H/Hmar H/Hmar

In a simple way this can be understood from the fact
that the particle reflected by the wall at= ¢,, has an Figure 7: Left: phase oscillation frequency envelope (dots)
initial energy deviationAE, proportional to/W (¢,,) plus contribution from drift (solid line) as a function of
and its maximum energy deviatiahE,,, ., is proportional Hamiltonian H/H ... Right: finer detail for small os-
to /W (pm) — W (dmin), WhereW (¢,,:,) is the near- cillation amplitudes.
est minimum ofiV(¢). For multi-period barrier buckets
W (hm) =~ —W (¢min) and thereford £, ~ v2AEj.

Note that normal RF buckets and barrier buckets (thin 4 CONCLUSIONS
or thick) created by the same voltage amplitudgehave
the sameAFE,,... However, a beam held by thick bar-

Thick barrier buckets provided by the existing Travelling

rier buckets should have an initial energy spreétlless to Wave RZfsystem werehable o hold a low-intensity dp'rot(;]n
avoid particle loss. This explains why at the beginning o eam. Ter capt;[ure the maxm:umfente(;gy_?ﬁrea n the
our experimental studies the voltage amplitude roughly eSystem is larger yda.pproxu;r:a;eye;] afc . d efm:le—)
timated for a traditional RF system was insufficient to hold"UM €nergy spread 1S reacne at.t €1arencs o t € beam.
the beam with thick barrier buckets. The increase in patch Iength is tvylce the pavny risetime.
After capture, the final batch length is increased by the C'ontrary to_single-period, thin, barrlgr buckgts, the
length of the RF pulse (depth of barrier) and becopagst choice of the RF phase (or voltage polarity) for thick bar-

2¢,. The final longitudinal emittance is connected with ner buck_ets IS nqt critical for providing walls. .
initial £, by the expression For thick barrier buckets the total frequency spread is

smaller than (however comparable to) for thin barrier buck-
1+v2¢, ets. In both cases it is much smaller (by an order of mag-
ere(l+— %)- (5) nitude) than in a traditional RF system. For thick barrier

buckets the phase oscillation frequency has a fine structure

In our experiments this gives approximately a factor 1.7eading to increased local frequency spread.

increase in the longitudinal emittance.
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. The phase. osqillation freque.ncys (H) = 27T/T.S(H? 1This is true for a symmetric potential well. For a nonsymmetric po-
is presented in Fig. 7. The solid line on the top in Fig. #&ential well the number of zeros would be twice as large.
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