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= Abstract

The recirculating superconducting proton linac that has
< a potential to substantially save accelerator cost was re-
& cently proposed. It consists of three sections to accelerate
£ the continues-wave (CW) beam to multiple GeVs. In the
; first section, the beam passes the linac two times. In the
-2 second and third sections, the beam goes through the linac
-o four and six times. A phase-shifter is needed to meet the
= synchronous acceleration condition for multi-pass accel-
ieratlon using the same RF cavity due to the phase slip-
£ page of the proton beam. Here we present the design of a
£ variable field rectangular bend phase-shifter in which the
Z beam goes to a different path in each pass inside the mag-
£ net to meet the synchronous condition.
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INTRODUCTION

The concept of three-section recirculating supercon-
ductmg proton linac that accelerates proton beams from
k= 2150 MeV to 8 GeV was recently proposed in Ref. [1]. By

2 passing through the same superconducting linac multiple
% times, the recirculating proton linac can reduce the num-
zber of superconducting cavities from about 500 to about
<100. This will substantially save the construction and
% operational costs of such an accelerator facility. The start-
S to-end beam dynamics design and single bunch simula-
Qtions of the double-pass linac (150 MeV to 500 MeV)
%:)’were carried out in Ref. [2]. The impact of space-charge
8 effects during the CW multi-bunch overtaking collision of
= the first section was studied in Ref, [3]. The second sec-
“tion, a four-pass recirculating superconducting proton
m linac, consists of 40 5-cells 650 MHz superconducting

S cavities, which accelerate beam from 500 MeV to 2 GeV.

n of this work

£ To obtain the desired acceleration from the Radio Fre-
S quency (RF) electric field, setting a matched driven phase
Eis an important key to achieve the desired energy gain
2 from each cavity. A non-periodic structure has been used
£in the double-pass linac to resolve the problem that the
3 driven phase was not quickly adjusted between each pass
§ [2]. Due to the increase of separation length between the
3 cavities, the beam will see the same RF phase inside each

S cavity in the double-pass linac section.
O

S

2 However, for the multi-pass sections of the recirculat-
Eing linac, the adjustment of separation between cavities
g will not be sufficient. A phase-shifter between two cavi-
o ties is presented to shift time delay between multiple
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passes to meet the synchronous condition. The phase-
shifter controls the proton beam path length and arrival
time at RF cavities to satisfy synchronous condition be-
tween different passes. The phase-shifter has been used in
some applications to adjust the time delay of the beam,
e.g. Electron Microtrons [4] and Free Electron Laser
Light Sources [5]. Figure 1 illustrates the schematic plot
of the inserted phase-shift linac. The objective of the
present study is to design the insertion device which var-
ies the path length with the energy range in the four-pass
linac section.

Figure 1: A schematic plot of the inserted phase-shift
linac.

THE PHASE-SHIFTER DESIGN

The simplest phase-shifter, shown in Fig. 2, includes
four variable field dipole magnets and two drifts between
first-second and third-fourth dipoles. Also, two one-meter
spaces are reserved to add transverse focused elements
between the phase-shifter and cavities.

4k
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Figure 2: The layout of the phase-shifter scheme.

The total length of this device equals:

L=2+41+2l, €))
where /; is the magnet length, [, is the drift horizontal
projected length. For the four-pass linac section, there are
four energies of the beam through the phase-shifter. By
varying the magnet field B in the radial direction (perpen-
dicular to the beam path), each pass of the beam has a
different bending angle and a bending radius inside the
dipoles. This results in the beam from different passes
going through different paths inside the phase-shifter.
Therefore, it is possible for multi-pass beams to meet the
synchronous phase by delaying the time. We assumed that
magnet field B is the same for all pass beams at the en-
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trance of the first dipole and at the end of the fourth di-
pole. The total path through the phase-shifter is given by

L, =2+4L +2L,
; 2)
=2+40-R+2—2—
cos()

Here, the path L, is inside the dipole, L; is inside the drift,
and R is the bending radius. The bending angle & is

. Bl
given by & = arcsm(?l) . The momentum P is given

by P = BR . Combining the bending angle and the mo-
mentum with Egs. (2), the path through phase-shifter for a
given energy FE is expressed as

L, = 2+4arcsin(BT}1)'£+2 b

B \J1-(Bi,/PY

It shows that the path is controlled by four parameters:
magnet field B, dipole length /;, drift length /;, and mo-
mentum P. To better describe the beam energy, we intro-

)

duce a two-dimension parameter El.j . Where integer i

denotes the beam location at cavity i and integer j denotes
the pass number. Here j=/ shows the first pass beam.
Assuming that each pass of the linac attains same energy
gain 375 MeV and every five adjacent cavities is grouped
into one section with 47 MeV energy gain, the range of

the integer i varies from 1 to 8. Thus, the parameter Eij
can be calculated by
E; =500+i*47(MeV )+ j*375(MeV)
(1<i<8,1<j<4)
Furthermore, another two parameters, separation length
(H; and H,) from the first and second dipole of the shifter
(shown in Fig. 3), are concerned as the separation lengths

decide the feasibility of such variable field dipoles. They
are given by:

“)

H =R, -l /tan(e,))— (R, =1, / tan(ex,,))

5
=(P, /B, -1 /tan(er,))— (P, / B, —1, / tan(ex,, ))( )

H, =1 *tan(er,)— ([, *tan(ex,, ) — H,)
=/, *tan(e, ) -1, *tan(e,, )+ H,

(6)

Here the bending angles ¢¢, and «,, come from the adja-

cent two passes j and j+/. As the bending angle is a posi-
tive number and less than 90 degrees, the shifter is re-

quired to satisfy the condition B-/, < P . And the energy

of the first pass beam is the lowest one, which means that
the condition momentum P comes from the first pass. To

simplify the synchronous condition, an integer N ; (the
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ratio of multi-pass beam time flight differences to RF
period), is defined as an objective function. It is given by

P VAL )

i(j+l)

N_j(BaEallalz) :(LE[/ /CIBE,./ —-L,

i(j+

Where integer i and integer ; are satisfied with 1 <7 <8
and 1 < j <3 . Here j=/ means the delayed time between

the first and second pass. And the frequency f'is equal to
650 MHz, c is the light speed. As the energy gain of each

pass is 375 MeV, the variation of the ﬂ from j to j+1

pass is larger than that of the path L from j to j+1 pass. In
the design, we would like to attain the length of the shifter
as short as possible and also satisfies the synchronous
condition. This can be achieved by starting from the high-
est energy and make the objective satisfy the equation
N 3:] .

|,

Figure 3: Separation length H; and H, inside the first and
second dipoles.

RESULTS

The phase-shifter is designed in the following steps.
Firstly, we set the maximum strength of the field B and
dipole length /;. After that we will copy the length of /; to
the length of drift /, at the start of each cycle and use the
third and the fourth passes to find the integer solution of
the N;. At this step, the filed B remains constant, and we
vary the length /; and /. The shifter has to: (1)

Bl <P; () [,l,>Im. The step sizes of length /;

and of /;are 0.0lm and 0.001m. Once the length /; and /,
are determined, they will remain constant. Next we would
like to find the integer solution for N, We will reduce the
field B in the second pass and use it to calculate the beam
path in this pass. This path will combine with the path in
the third pass to find the solution N,. The last step is to
find an integer solution N; by repeating the last step.

Due to the uncertainty of using room temperature mag-
net or superconducting magnet even both at first, the
results are calculated with different maximum magnet
field B, e.g. 2 Tesla, 2.5 Tesla, 3 Tesla and 5 Tesla. Also,
we assume that the maximum dipole length is 2 meters.
The computational results suggest that the increase of
drift length [, compensate the decrease of dipole length /;
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?,, by choosing the higher intensity magnet field. In addition, Table 2: The Phase-Shifter Parameters at 3 Tesla

5 the separation length H> has similar trend with /,. Details

1 j B (T L L H H.
fﬂ about the parameter of different location phase-shifter at 5 - L, 1 (m) AL 1 (m) 2 ()

'S Tesla and 3 Tesla are shown in Table 1 and 2. 4 3
2 3 3 0.05 0.17
- 1 1.11 1.037 0.08 0.29
. . 1 . ’ '

£ In this paper, we present a conceptual design of the 2860
%% phase-shifter for the four-pass recirculating superconduct- 4 3
= ing proton linac section. We compared the solutions with 3 3 0.06 0.18
. different maximum fields and found the parameters of the 2 2 2.947 117 1015 0'29 ?'30
%shifter. The higher maximum field reduces the total length 1 2.902 0.23 00
El of the phase-shifter. In the future study, we would like to
< carry out beam dynamics simulation through the designed 4 3 0.06 018
2 X . .
= phase shifters. 3 ; 5 9363 1.22 1.027 0.10 0.32
= ’ 0.24 1.05
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