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—é Abstract Recently, we have proposed a new type of strong focusing
i A number of Fixed Field Gradient(FFAG) Accelerator has r1.ng .accele.rator, named Ha.rmotron (Harmonictron) for
= high intensity beam acceleration [3].

< been developed and built after the world first proton FFAG
2 was developed at KEK in 1999. In this paper, the experiences
'i of the operational FFAG accelerators mostly constructed in
= Japan and also, the perspective for high intensity beam with

The requirements in beam optics and behaviors of real-
izing a 100 MW class of beam power in medium energy
hadron(proton/deuteron) accelerators should be as follows;

erator was proposed by Ohkawa in 1953, After this, several requirements. The Harmotron is based on a vertical scaling

5 electron models were developed at MURA in 19060’s. In FFA.G and, for beam- accel§ratiop, harmonic jump accel-
£ 1999, the world first proton FFAG model(pop FFAG) with eration (HNJ) [4, 5] is applied with constant rf frequency
Z 1f acceleration shown in Fig. 1 was developed at KEK [1,2]. acceleration. The HNJ acceleration in vertical scaling FFAG,

& Since then, various types of FFAG accelerators have been allows a strong phase focusing without having a transition
Z developed and constructed energy because the momentum compaction is zero in the

S} . (1) continuous wave (cw) beam acceleration, (2) strong beam
< a novel scheme are described. L .

= focusing in 3D space, and (3) ease of beam extraction. There
L is no such circular hadron accelerator exists to satisfy these
I INTRODUCTION requirements so far . Only a linear accelerator can do.

§ An idea of fixed field alternating gradient (FFAG) accel- On the other hand, "Hamotron" could satisfy all of these
=

b=

a

aintai

E . . . .

S The FFAG accelerators, which are fully operational at the vertical .scahng FFAG, and brings also a largf: turn s§parat10n

g . ) at the highest energy to make beam extraction easier.

= moment, are mostly scaling type. The scaling type of FFAG . . . .

- . . This paper presents the issues experienced in the opera-

-£ accelerator has an unique feature where the beam focusing . . ;

= . . tional FFAG accelerators and also gives the perspective of

% is zero-chromatic. This defeats the problems caused by the . . N "

=b . . . future high intensity FFAG, "Harmotron".

§ betatron resonances in the beam motions during accelera-

5 tion, WhI.Ch could lead fast acceleration or even cw beam OPERATION OF SCALING FFAG
acceleration. The first proton model (pop FFAG) almost
satisfied the zero chromatic constraint. However, the real In the scaling FFAG accelerator, there are two types:one
machines, sometimes, this situation could not be perfectly  is a horizontal type and the other a vertical one. Each type
satisfied because of the field defects and errors. has a different shape of the magnetic field configuration

to satisfy the zero chromaticity. In the horizontal scaling
FFAG,

B, = By(R/Ro)", (1)

where k is a geometrical field index. Most of the present
operational scaling FFAG accelerators are horizontal type.

The first proton model (pop FFAG), which is also a hori-
zontal type, almost satisfied the zero chromatic constraint
and the variation of betatron tunes during beam acceleration
either for horizontal or vertical direction were less than 0.05
as shown in Fig. 2.

Since the field shapes in the real machine should not be
perfect because the unexpected construction mistakes and

. o b £ 4) % errors happen, the betatron tunes are not always constant

Figure 1: The first proton scaling FFAG model (pop FFAG) ~ during beam acceleration.
developed at KEK. In the 150MeV proton FFAG accelerators built at KEK
and Kyushu Univ., the betatron tunes vary during beam
acceleration as shown in Fig. 3. As can be seen from this
figure, the betatron tunes cross two resonance lines of the
normal third integer resonances: 3Q = 11 and Q. —20Q,, =

To overcome these problems practically, techniques of
the betatron tune control and/or the fast resonance crossing

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distr

should be needed. 1. On the other hand, the scaling FFAG with FDF lattice
* Work partially supported by InPACT Program of Council for Science, has .a good tl‘lnablh.ty to control the betatron tunes'. The

Technology and Innovation(Cabinet Office, Government of Japan) vertical tune, in particular, can move largely by changing the
 mori @rri kyoto-u.ac.jp magnetic field strength of F and D magnets (F/D ratio) .
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Figure 2: Measured horizontal tune variation of proton scal-
ing FFAG model (pop FFAG) developed at KEK.

The vertical tune depends approximately on the F/D ratio
(flutter) as follows.

1 +a?
1 -a?

Here, a shows a F/D ratio and F is a flutter.

This scheme was used to avoid the resonance line of Q —
2Q, = 1. As shown in Fig. 4, the vertical tune was slightly
(+0.02) pushed up by decreasing the F/D ratio, so that the
beam loss caused by crossing the resonance could be cured.
Although the tune control with this technique is useful, there
is a side effect. The closed orbits are changed when the F/D
ratio(flutter) varies and displacements of the injection and
extraction orbits occur. It requires sometimes harmful works
to minimize the injection and extraction optics errors.
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Figure 3: Tune variation of 150MeV proton scaling FFAG
developed at KEK.

For the resonance of 3Q, = 11, it was difficult to avoid
it with controlling the tunes, except increasing the injec-
tion energy. Thus, fast resonance crossing was only choice
to overcome it. In crossing of the non-linear resonance,
the emittance growth during crossing is determined by the
crossing speed and the effects from the driving term of the
non-linear forces and non-linear detuning, which presents
an adiabatic parameter as shown below.
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Figure 4: Tune control with F/D ratio(flutter) manipulation
and curing the beam loss.

€

= (m)i- (3)

Qg
Here, Ay is a non-linear tune shift(detuning) and A, is
an excitation width (driving term), € is a change of tune
per revolution (resonance crossing speed). If the parameter,
g, is greater than 7 or so, the emittance growth caused by
the resonance crossing could be eliminated [6] . In case of
150MeV proton FFAG shown in Fig.3, @,» 10, thus, there
was no significant effect in crossing the resonance line of
30, =11.

PERSPECTIVE FOR HIGH INTENSITY

There are some restricted requirements for beam behav-
iors and technical issues in realizing a future high intensity
medium energy hadron accelerators. The requirements are,

(1) Continuous wave (cw) beam acceleration,

(2) Strong beam focusing in 3D space, and

(3) Ease of beam extraction.

In order to realize the cw beam acceleration, the guid-
ing(focusing) magnetic field must be static and the rf fre-
quency of rf acceleration should be constant. As for the
beam focusing, alternating gradient(AG) focusing in trans-
verse direction and phase focusing (synchrotron oscillation)
in longitudinal direction allow the strong focusing in 3D
space. In circular accelerator realizing the cw beam opera-
tion, a large turn separation is essential for making the beam
extraction easier.

There is no circular accelerator to satisfy all these require-
ments so far. Cyclotron cannot satisfy the requirement of (2)
because of no phase focusing in isochronous acceleration.
Synchrotron is a pulse operated accelerator, which is impos-
sible to accelerate the beam continuously. The fixed field
alternating gradient (FFAG) accelerator cannot satisfy all
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E these requirements, either. Directing the strong focusing in
;;:f 3D space, constant rf frequency acceleration becomes impos-
Z sible and a pulsed operation is inevitable like synchrotron.
%If the cw operation is aimed, then, the strong focusing in
+ longitudinal direction must be given up just like cyclotron.

In order to overcome these difficulties, a new scheme of
accelerator, named "Harmotron (Harmonicttron)", has been
proopsed. The details are shown in our recent paper [3].

The Harmotron consists of a vertical scaling FFAG ac-
celerator with harmonic number jump (HNJ) acceleration.
The idea of the vertical scaling FFAG accelerator was origi-
nally proposed by Ohkawa [7] in 1955 and analyzed in detail
by Brooks recently [8]. The feature that orbit radius is al-
ways constant means the zero-momentum compaction and
no transition energy exists in the vertical scaling FFAG.

In the relativistic energy range, where particle velocity
almost equals light velocity, a light mass particle such as
the electron can be accelerated with constant frequency rf
field in the vertical scaling FFAG accelerator. Thus, Ohkawa
named it "electron cyclotron". Even non-relativistic parti-
cle such as proton can be accelerated by the rf field which
synchronizes a time revolution elapsing around the ring for
each turn as in the ordinary proton synchrotron. In the verti-
cal scaling FFAG accelerator, the momentum compaction
becomes always zero as mentioned above because the orbit
radius is constant during acceleration (Fig. 5). Thus, the
transition energy is infinite, in other words, no transition
energy exists, and the beam is accelerated always below tran-
sition in the vertical scaling FFAG so that many problems
caused by the transition energy can be avoided.

The idea of HNJ acceleration has been proposed by Rug-
Qf giero in 2006 and developed recently [4,5]. The scheme
& of HNJ acceleration, however, has some difficulties to ac-
© celerate heavy particles such as protons or deuterons for a
§ wide range of medium (non-relativistic) energy because the
& transition energy exists where the slippage factor becomes
S zero. In order to eliminate the transition energy inherently,
; momentum compaction in beam dynamics must be zero
A like linear accelerator. A vertical scaling FFAG accelerator
O makes the momentum compaction zero because of a constant
orbit radius whatever the beam energy.

The magnetic field strength changes exponentially in the
vertical direction to keep a zero chromatic beam optics with
constant orbit radius in the vertical scaling FFAG shown as,

Any distribution of this work must maintain attribution to the author(s), title of the wo

By, = Byexp(my). 4)

Here, a characteristic number m is expressed with a field
index, n, as,

m = np. 5

The linearized particle motion in the transverse direction
= which is subject to a skew quadrupole magnetic field can
£ be expressed by the betatron equations in skew coordinates
= under the approximation of no orbit curvature effect (p —
‘q"é large).
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Figure 5: Schematic drawing of vertical FFAG and the mag-
netic field configuration for vertical direction.

The characteristic number of m specifies the orbit displace-
ment, y;, between initial momentum(p;) and final beam mo-
mentum (p.) asm = (1/yg)ln(pe/p;). If pe/p; equals 3 and
V4 is less than 1 m, then, m should be more than 1.1 m~!. The
typical machine parameters of a vertical scaling FFAG ac-
celerator which accelerates proton from 50 MeV to 500 MeV
has been examined and the details are shown in the paper [3].

Applying HNJ acceleration to the vertical scaling FFAG,
heavy particles such as the proton can be accelerated in wide
range of the non-relativistic energies with a fixed frequency
rf acceleration which allows a cw operation. We name this
new type of accelerator based on vertical scaling FFAG with
HNIJ acceleration as "Harmotron".

From the synchronization condition of HNJ acceleration,
the required energy gain to jump an integer harmonic num-
ber A;h of harmonics between the turns i and i+1 can be
expressed with [5],

Aih

Eiy1—Ei=——1—.
frf((dl_lT«j)E:E,-

(6)
Here, T is a revolution time of piecewise linearized around
the particle energy.

The term dT/dE of required energy gain in Eq. (6) can be
expressed in the following equation with a slippage factor.

ar ny*C

ar _ ¢ 7
dE  Myc(y? - 1)3/2 @

where C is the circumference of the ring, c is light veloc-
ity and M is rest mass energy. Since the momentum com-
paction is zero in Harmotron (vertical scaling FFAG), Eq. (6)
can be expressed as,

AihMoc(y? = 1)3/2 c
frf C.

As can be seen from this equation, the required energy gain
per turn is a function of y; since f,.r is constant and A;h
should be a negative value for acceleration.

The rf voltage and/or phase have to be changed to satisfy
the energy gain per turn shown in Eq. (8) in HNJ acceleration.
A couple of schemes have been proposed to change the
rf voltage or phase during acceleration by Ruggiero in his
original paper [4], however, practical difficulties arise for
realizing them.

Eiy1 —Ei = -

®)
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In HNJ acceleration of medium energy heavy particle, the
energy change per each turn is so large that adiabatic condi-
tion in longitudinal focusing (synchrotron oscillation) may
not be satisfied enough to keep within the large longitudinal
beam acceptance. Thus, preserving the adiabatic condition
of synchrotron oscillation during acceleration is important
to keep a large phase space acceptance.

The criterion of adiabaticity for rf acceleration can be
expressed as [9],

1 dQ

Q dt’

Qs > 9)
where Qg /27 is a synchrotron frequency. When this condi-
tion is satisfied, the particles are well trapped by a rf bucket
and accelerated. The above condition can be evaluated with
the adiabatic parameter which is given by the following equa-
tion when the rf phase is constant 7 [10, 11].

B T,
1= [Vi/ (Vi + AV

Nad (10)

Here, V; is the total rf voltage of i-th turn and AV is the
increment of rf voltage derived by the rf cavity after i-th turn,
T, is a transit time of the rf cavity gap. The parameter, n,q,
counts the adiabaticity of the system showing how slow is the
change of the bucket height with respect to the synchrotron
frequency. When n,4 > 1, the system can be adiabatic.

The adiabatic condition in HNJ acceleration could be
satisfied by distributing the multi rf cavities in the ring (see
Fig. 6) and tuning the frequency of each rf cavity [5, 12]. If
the rf system consists of N rf cavities, the adiabatic parameter
shown in Eq. (10) becomes approximately N /2 times bigger
than that for a single rf cavity.

The rf frequency of each rf cavity distributed homoge-
neously around the ring can be obtained with the following
equation [5].

2j+N+1Ahy2
2N hi ] ’
where i is the turn number, j is the cavity number, #4; is a
harmonic number and f.. is a reference rf frequency.

As long as h; is larger than its variation A; i, the frequency
of each cavity is independent of the turn number and is
approximately given as,

fij = Frep[1+ QY

2j+1
2N

1 Aih
fi= fresll = (55 + )5 ) (12)
Thus, the rf frequency of each cavity is independent of
the turn number and increases monotonically when A;  is
negative as a function of the cavity number. Moreover, if
h;>>A;h, then, f; becomes f..r.
When the rf voltage is constant, the rf phase in HNJ ac-
celeration can be varied during beam acceleration. If the
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Figure 6: Adiabatic condition in rf acceleration can be in-
troduced with multi rf cavities distributed around the ring,
which allows to satisfy the adiabatic condition.
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Figure 7: The beam tracking simulation results for the lon-
gitudinal beam motions for the phase spread of o=1 rad at
initial beams.

longitudinal adiabatic condition is satisfied during beam
acceleration, the particles could be well captured by the rf
bucket and accelerated around the stable phase.

The beam tracking simulation results for the longitudinal
beam motions for different phase spread initial beams are
presented in Fig. 7. In this case, the number of rf cavities
is 32 which are homogeneously distributed around the ring,
and the rf voltage of 1.41 MV is constant during the beam
acceleration. As can be seen from this figure, the particles
are well captured and accelerated up to the maximum energy
following the rf stable phase, and the phase acceptance at
the beam injection is quite large, which is more than 70%
of 2. This means that an adiabatic beam capture process is
fulfilled in the HNJ acceleration using many rf cavities with
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SUMMARY

Since the world first proof of principle proton FFAG model
S was developed at KEK, various types of FFAG accelera-
E tors have been built. The operational FFAG accelerators
E are mostly scaling type and, in the real machines, practical
 techniques of manipulating the betatron tunes and/or the
& fast resonance crossing are needed because sometimes large
S magnetic field errors exist.

For future high intensity medium-energy hadron accel-
erator, a new scheme consisting of a vertical FFAG and
harmonic number jump(HNIJ) acceleration, named "Har-
motron", has been proposed.

The Harmotron has a couple of unique features. Since
£ ho transition energy exists in Harmotron, a wide range of
*2 beam energy becomes possible with a monotonic change of
é harmonic number in HNJ acceleration. By keeping enough
Z adiabaticity in longitudinal motions to capture and acceler-
E ate the particles efficiently by distributing many rf cavities
around the ring, HNJ acceleration with a constant rf volt-
age becomes possible, so that the cw operation with large
longitudinal acceptance can be realized.
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