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Abstract The Rapid Cycling Synchrotron (RCS) of the China Spallation Neutron Source (CSNS) complex
is designed to provide 1.56x10'® protons per pulse (ppp) during the initial stage, and it is upgradeable to

3.12x10"® ppp during the second stage and 6.24x 10" ppp during the ultimate stage. The high beam intensity

in the RCS requires alleviation of space charge effects to reduce beam losses, which is key in such high beam

power accelerators. With higher intensities in the upgrading phases, a dual-harmonic RF system is planned

to produce flat-topped bunches that are useful to reduce the space charge effects. We have studied different

schemes to apply the dual-harmonic acceleration in CSNS- I, and have calculated the main parameters of the

RF systems, which are presented in this paper.
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1 Introduction

The China Spallation Neutron Source (CSNS)
[1, 2] is a short-pulse accelerator facility mainly con-
sisting of an H™ linac and a proton rapid cycling syn-
chrotron (RCS). As shown in Table 1, the accelerator
is designed to accelerate proton beams to 1.6 GeV in
kinetic energy at a repetition rate of 25 Hz. It delivers |

space charge effects, bunching factor, dual-harmonic RF acceleration

a proton beam of 100 kW in beam power in the first
phase with an upgrading capability to 200 kW in the
second phase by increasing the linac output energy
from 80 MeV to 130 MeV, and increasing the aver-
age beam intensity at the same time. Meanwhile, the
accumulated protons in the RCS are increased from
1.56x10'3 to 3.12x10*3. The main parameters for the
third upgrading phase are also listed in the table.

Table 1. Some basic parameters of the CSNS RCS.
project phase I I I
ring circumference/m 228 228 228
curvature of bending magnet/m 8.1487 8.1487 8.1487

beam power/kW 100 200 500

No. of RF cavities 8 (h=2) 8 (h=2)+3 (h=4) 8 (h=2)+3(h=4)
injection energy/MeV 80 130 250
extraction energy /GeV 1.60 1.60 1.60
protons per pulse/lO13 1.56 3.12 6.24
repetition rate/Hz 25 25 25

The 2nd higher harmonic RF system (h=4, abbr. | it will not be discussed in this paper. Compared

as H4 cavities) will be added to the fundamental one
(h=2, abbr. as H2 cavities) in the RCS for CSNS-
II. The studies concerning the longitudinal motion
with the dual-harmonic RF system are presented in
this paper. The situation in CSNS-III is similar, but
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with CSNS- I, the number of accumulated protons
and the extracted beam power are doubled at CSNS-
II. Generally speaking, higher beam intensity means
stronger space charge effects, which may cause severe
beam loss. To alleviate the space charge effects, we
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add some H4 cavities along with higher injection en-
ergy at CSNS-1II. The layout of the RCS is shown in
Fig. 1.
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Fig. 1. Functional layout of the RCS with eight
H2 cavities and three H4 cavities.

There have been other proton synchrotrons in the
world applying dual-harmonic RF system to improve
the control on beam bunch shape; for example, the
PS booster at CERN [3], the AGS booster at BNL [4]
and the RCS at ANL [5]. At ISIS, the 2nd higher har-
monic cavities were installed and the initial operation
shows that the beam loss rate becomes dramatically
smaller [6]. At J-PARC, a dual-harmonic RF is used
at a lower energy range to improve the bunching fac-
tor [7].

Similar to ISIS and J-PARC, at CSNS-1I, we also
plan to use a dual-harmonic RF to obtain flat-topped
bunches and to control the beam loss rate.

The theory of dual-harmonic acceleration is briefly
described in Section 2. The calculation results with
the CSNS-1I parameters are presented in Section 3.

2 Dual-harmonic acceleration and

Laslett tune shift

Beam bunch shape is determined by the RF
bucket after the beam capture in the longitudinal
phase plane, while the bucket shape depends on the
RF voltage waveform. By adjusting the waveform

by adding a higher harmonic RF component, a long
flat-topped bunch can be created. A lower peak line
charge density of the bunch means a larger bunch-
ing factor and a smaller Laslett tune shift, which is
required to reduce the beam losses.

2.1 RF acceleration voltage waveforms

When the applied RF voltage is sinusoidal and
the dual-harmonic RF voltage is a combination of the
fundamental harmonic h and the second higher har-
monic 2h components, the total voltage (as shown in
Fig. 2) can be written in the form

V(¢) = Vi [sin(hwt) — §sin(2hwt + 6)], (1)

where V) is the amplitude of the harmonic h, 6V,
is the amplitude of the harmonic 2h, w is the mean
angular cycling frequency of the beam and 6 is the
relative phase between the two RF systems with dif-
ferent harmonics.

delta=0.6, phis=37.3 degs, theta=58.3 degs
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Fig. 2. Voltage waveforms of a dual-harmonic

RF system (in unit of H2 voltage).

For a synchronous particle, the acceleration volt-
age has the following relation to the ramping rate of
the bending field,

Vo =2nRpB=V,[sin¢, —sin(2¢,+6)],  (2)

where R is the mean radius of the ring, and pB is
the product of the curvature radius and the magnetic
field in a ring dipole.

For convenience, we mark A =2mpRB /V1 (shown
as the dashed curve in Fig. 2). The value of A de-
pends on B/V;. When §=0, assuming A <1, there
are two solutions to Eq. (2) in the range of [—m, 7.
When § #0, if the voltage is high enough to have
A <0.5, in most cases with the condition of § <0.6
and 6 <0, there are four solutions to Eq. (2), and
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this can increase the bucket size or the stable region
in the longitudinal phase space [8]. However, if Ais
increased above 0.5, the ranges of acceptable § and 6
will diminish. When A >(0.7, it will be not possible
to find out a combination of § and 6 to give four so-
lutions. Therefore, the relevant voltages should not
be too low to maintain a reasonable A.

For example, the magnet field ramps up and
down by following a DC-biased sinusoidal curve in
CSNS: B(t) = Bo—Bj cos(2mtft), where B;=0.5961 T,
B,=0.3839 T, f=25 Hz. At the moment of 2 ms
(zero moment denotes the lowest field), A Vi =

27pRB|max=34 kV, then V.. reaches 48.7 kV at |

Vi(¢) =
V(9),

where Z./n = —j[(g0Z0/267*) — woL] is the space
charge impedance, and the second term is the induc-
tance of the vacuum chamber wall. For synchrotrons
of low energy, the longitudinal space charge force
is far stronger than the inductive wall force, thus
the latter may be ignored. I, is the mean current
per bunch. u(¢y,¢s) = —=ViF(¢1,0s), where ¢, and
¢, are the phase extremity values for the full phase
stable region and F(¢;,¢,) is a function defined in

Eq. (9).

2.2 Bucket area of a dual-harmonic RF
system

The longitudinal beam loss in the ring primarily
happens in the RF capture stage and the initial ac-
celeration stage when the energy is still low. Ideally,
the RF bucket is large enough to encase all particles
to avoid the longitudinal beam loss. However, a large
bucket usually means a large RF voltage that is equiv-
alent to the higher cost of the RF system. At CSNS,
the beam is injected by filling into the bucket with a
chopped beam and the off-momentum method. Since
the bunch area is almost constant during the accelera-
tion, it is important to keep the bucket area undimin-
ished, namely, the bucket size is constant or increas-
ing during acceleration. Due to the emittance blow-
up, some particles can still escape from the bounding
of the RF focusing and get lost. From the compro-
mise between the RF voltage and the beam loss, we
can design the bucket size as constant in the early ac-
celerating stage but somewhat increased later when
the RF voltage is less exigent.

In the longitudinal phase space expressed by
(¢, AE/hwy), the bucket per bunch is given by

V(¢) —2mh2 I, Im{ Z. /n}w

least for A, <0.7.

The longitudinal distribution of the beam is
formed by a longitudinal painting process where dif-
ferent techniques can be used to fill the injection
beam in the longitudinal phase plane. At CSNS, the
off-moment method is used [9]. When the space
charge effects are taken into account, the longitudi-
nal charge density distribution will be an elliptical
2-D Hofmann-Pedersen distribution [10]. The longi-
tudinal space charge force from the inductive vacuum
wall is proportional to the external containing forces.
The total voltage of the combined RF voltage and the
space-charge voltage is given by

(¢17¢2) ’ ¢1<¢<¢2 ) (3)

elsewhere

2eVi (1 —nge) Egya?
A= 4
83\/ )

where e is the unit of electronic charge. The space
charge factor 7. is expressed by

2

e — 27th IbIm{Ze/n}7 (5)

u(p1,p2)
where Fj is the rest energy, v is the relativity energy
factor, c is the velocity of light, 7 is the phase slippage
factor (n =1, >~y~2), and the factor a [11] is the ratio
of the bucket areas between a running bucket (¢, #0)
and a stationary bucket (¢,=0),

L r
B 4\/§ b1
+(p— o) sing, — g(cos(2¢+0) —cos(2¢2+6)

a(9) {—'—Z' {cosgb—cosgbg

1/2
50~ ou)sin(zen +)| | do, ©)
2.3 Laslett tune shift due to the space charge

The transverse defocusing generated by the space
charge force will change the theoretical lattice func-
tions and the betatron tunes. The average tune shift
and the tune spread or tune footprint may cause a
part of the beam or even the whole beam to cross
through some resonant lines. Although the low-order
structure resonances that are very dangerous are usu-
ally avoided in the lattice design, other resonances
are difficult to avoid and the crossings will result in
prompt beam losses or significant emittance growth.
Therefore, the control of the tune shift or spread
is very important in the synchrotrons such as the
CSNS/RCS. A parameter called the Laslett tune shift
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[12] is usually used to evaluate the averaged incoher-
ent tune shift in a synchrotron,

T
AV = = By @
where 7,=1.53x107'® m is the classical radius of a
proton, n; is the accumulated particles in the ring,
B and « are the Lorenz’ velocity and energy for the
beam, ¢ is the transverse emittance and B; is the
bunching factor to be discussed in the next sub-
section. From Eq. (7), one can clearly find that higher
injection energy, larger emittance and larger bunch-
ing factor are the keys to the reduction in the tune
shift in case of accumulating a large number of parti-
cles. It is worthwhile noting here that the transverse
tune shift is largely influenced by the longitudinal pa-
rameter — bunching factor.

2.4 Bunching factor of a beam bunch

To increase the bunching factor is an effective way
to control the tune shift, and the acceleration by a
dual-harmonic RF system is often applied to enhance
the bunching factor. The bunching factor is defined
as the ratio of the average current to the peak cur-
rent of a beam bunch, namely, the ratio of the bunch
length to the wavelength of periodic bunches. The
bunching factor can also be expressed by [13]

By=F/(2nH), (8)
where the potential shape is defined by

H = COs (bmax — COS ¢2 + (¢max - (b?) Sin ¢s
—g [cOS(2¢max +6) — cos(2¢5 4 0)]
_6(¢max _¢2)Sln(2¢2+9) (9)

in which, ¢n.x is the extremity of the bucket, and
the relative momentum spread F' defines the potential
area in the case of dual-harmonic. It can be simply
extended from the single harmonic form,

F(61,02)= 1(01,6)~ 3126146, 26,6),  (10)
where the single harmonic form is
f(¢1,02) = sing; —sing,
3 (61— du)(cosr eosda). (1)
3 Dual-harmonic acceleration design
for CSNS-1I

As discussed above, the aim of dual-harmonic ac-
celeration is to reduce the transverse tune shift in the
low energy stage by increasing the bunching factor.
The basic parameters at CSNS-II are given in Table 2.

3.1 RF voltage patterns

As described in Sec. 2.1, the RF voltage pattern
has two major functions: accelerating the beam and
manipulating the beam distribution. As the tune
shift due to the space charge effect is very important
mainly at low energy, all kinds of measures including
a dual-harmonic RF system have been considered to
reduce the tune shift. At CSNS-1I, three H4 cavities
are planned to compose a dual-harmonic RF system
together with the eight H2 cavities installed at CSNS-

[ . With a single harmonic RF system, the tune shift
reaches the maximum at about 2 ms in the RCS, when
the transverse beam loss or emittance growth is at the
most critical moment. With a dual-harmonic RF sys-
tem, we have the possibility to produce a shallow and
flat tune shift curve. The preliminary design shows
that the maximum tune shift can be decreased from
—0.29 with the H2 cavities alone to —0.18 with the
dual-harmonic RF system. The three H4 cavities are
turned on only in the initial 7 ms and will be turned
off later. The RF voltage patterns for the H2 and H4
cavities are shown in Fig. 3, and the tune shift curves
are shown in Fig. 4. The tune shift should keep mono-
tonically increasing after 2 ms to avoid beam loss at
higher energy. The required peak voltage for the H4
cavities in total is 50.4 kV, which happens at about
3 ms. This is less than the maximum voltage supplied
by three ferrite-loaded cavities having similar design
features as the H2 cavities.

200

> 150
i~
S 100
S
s

50

0 5 10 15 20
time/ms
Fig. 3. The RF voltage patterns for the H2 and

H4 cavities in total at CSNS-1I.

The parameters § and 6 which appeared in Eq. (1)
and other formulae are crucial in designing the dual-
harmonic RF system. The optimization has been car-
ried out to obtain a large bunching factor and a flat-
tened beam distribution along the beam bunch. Be-
cause the maximum tune shift is associated with the
maximum line charge density along the bunch, the
latter is used for the optimization of the parameter
setting. Fig. 4 shows the line charge density with dif-
ferent 0, where the parameter 6 is optimized to obtain
two equal peak heights.
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Fig. 4. Line charge density along the beam
bunch at 1 ms at CSNS-1I.

The parameter ¢ is determined not only by the op-
timization of the line charge density but also by the
available H4 voltage that has a design limit of 65 kV
with three H4 cavities. With increasing H2 voltage
along with the time, the maximum applicable ¢ has to
be lowered. Fortunately, the space charge effect also
becomes weaker with increasing beam energy. The

decrease in 0 with time is acceptable, thus a design |

to monotonically decrease ¢ to zero at 7 ms can save
the cost of the H4 RF system (see Fig. 5).
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Fig. 5. Pattern of the parameter 6 at CSNS-1I.

3.2 More details of the design and discus-
sions

The basic longitudinal parameters have been
calculated together with the optimization of dual-
harmonic RF parameters at discrete moments with
a time interval of 1 ms. Suppose the beam loss is 5%
during the acceleration cycle, 1.64x10'3 particles per
pulse are used in the calculations. Longitudinal space
charge force will shrink the bucket size, so it is also
included in the calculations. The main parameters
are listed in Table 2.

Table 2. Parameters of dual-harmonic acceleration at CSNS-1I.
_ (Ap/p)/
T/ms E/GeV Frf/MHz §/(°) ¢s/(°) 0/(°) msc é1/(°) ¢2/(°) Vi/kV Vo/kV Qs/107% By Av 45 AfeVs
0 0.13 1.26 0.8 0.0 0.0 0.27 —146.2 146.2 12.8 10.2 3.5 0.61 —0.16 3.77 1.00
1 0.14 1.28 0.7 32.2 —51.9 0.23 —-73.1 160.1 452 31.7 5.9 0.50 —0.18 4.55 1.00
2 0.15 1.34 0.6 39.5 —62.0 0.22 —-56.0 159.9 74.1 444 6.7 0.47 —0.18 4.59 1.00
3 0.18 1.44 0.5 42,7 —64.1 0.23 —45.3 155.2 100.9 504 6.8 0.44 —-0.17 4.48 1.00
4 0.22 1.56 0.39 41.1  —61.7 0.22 —-36.0 146.9 124.5 48.6 6.7 0.38 —0.17 4.51 1.00
5 0.28 1.68 0.3 40.3 —60.4 0.23 —28.0 138.7 143.5 43.1 6.2 0.32 —-0.17 4.54 1.00
6 0.36 1.81 0.18 38.8 —58.3 0.23 —20.8 126.7 157.3 28.3 5.5 0.27 —-0.17 4.67 1.00
7 0.44 1.93 0 37.4 0.0 0.22 -—-14.4 111.5 161.7 0.0 4.8 0.22 —-0.17 4.91 1.00
8 0.55 2.04 0 39.7 0.0 0.24 —9.4 110.5 164.2 0.0 4.0 0.21 —-0.14 4.55 1.00
9 0.66 2.13 0 41.8 0.0 0.25 —5.0 109.7 163.5 0.0 3.4 0.20 —0.13 4.24 1.00
10 0.78 2.20 0 43.6 0.0 0.27 —1.1 109.0 159.9 0.0 2.8 0.19 —-0.11 3.97 1.00
11 0.90 2.26 0 45.1 0.0 0.29 2.1 108.4 153.7 0.0 2.4 0.19 —0.10 3.73 1.00
12 1.02 2.31 0 46.3 0.0 0.31 4.6 1079 145.0 0.0 2.0 0.18 —0.08 3.53 1.00
15 1.35 2.40 0 47.6 0.0 0.37 7.2 107.4 105.7 0.0 1.2 0.18 —0.06 3.00 1.00
17 1.51 2.43 0 42.8 0.0 0.40 0.5 100.9 73.8 0.0 0.9 0.18 —0.05 2.73 1.00
19 1.59 2.44 0 22.9 0.0 0.43 —24.6 77.6 44.3 0.0 0.8 0.19 —0.05 2.54 1.00
20 1.60 2.45 0 0.0 0.0 0.44 —-53.5 53.5 33.6 0.0 0.7 0.20 —0.04 2.42 1.00

Figure 6 shows the bunch shape and the potential | This can be explained by the facts that the bucket

curve at 1 ms. Another important parameter — the
bunching factor is shown in Fig. 7. From Fig. 8, one
can find that the tune shift degenerates just after the
injection even with a dual-harmonic RF acceleration.

length shrinks with the rapidly changing synchronous
phase ¢, but the beam energy changes slowly during
the period.

In addition, a dual-harmonic system with two H4
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Fig. 6. Bunch shape (upper) and potential

curve (lower) at 1 ms at CSNS-1I (bucket fill-
ing factor is 0.89).
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Fig. 7. Bunching factors with dual-harmonic
and single harmonic RF systems at CSNS-1I.

cavities has also been studied. The enhancement of
the bunching factor is modestly worse than with three
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