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Abstract: The linac to the transmuter beam transport line (LTBT) connecting the end of the linac to the spallation

target is a critical sub-system in the accelerator driven system (ADS). It has the function of transporting the accel-
erated high power proton beam to the target with a beam footprint satisfying the special requirements of the minor

actinide (MA) transmuter. In this paper, a preliminary conceptual design of the hurling magnet to transmuter beam
transport section (HTBT), as a part of the LTBT, for the China ADS (C-ADS) system is proposed and developed.
In this design, a novel hurling magnet with a two dimensional amplitude modulation (AM) of 1 kHz and scanning

of more than 10 kHz at 360° in transverse directions is used to realize a 300 mm diameter uniform distribution of

beam on target. The preliminary beam optics design of C-ADS HTBT optimized to minimize the beam loss on the

vacuum chamber and the radiation damage caused by back-scattering neutrons will be reported.
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1 Introduction

The accelerator driven system (ADS), first proposed
in 1990s [1], is a promising solution to breed nuclear
materials and transmutation of nuclear waste which are
demanded and produced by the growing nuclear power
industry. China-ADS (C-ADS) is a long-term project al-
located by the central government aiming to build an in-
dustrial demonstration ADS facility in about 2032, and
now it is in the R&D phase. The complex C-ADS as-
sembly mainly consists of a high-power proton acceler-
ator (HPPA) operating in continuous wave (CW) mode
and a minor actinide (MA) transmuter. The sub-critical
transmuter will be driven by the very high-flux neutrons
produced in the process of the high-power proton beam
bombarding the spallation target installed in the core of
the transmuter. As an ultimate goal of the project, some
main specifications of the C-ADS driver linac are listed
in Table 1 [2-4].

In order to reduce thermal stresses on the proton
beam window (PBW) which is used to separate regions
from different vacuum conditions and the spallation tar-
get and to simultaneously improve the beam utilization,
a particular beam distribution in these elements is de-
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sirable [5-8]. By considering C-ADS normal and safe
operation, a uniformly distributed round beam with a
300 mm diameter integrated over a 1 ms time window in
transverse directions is required as a preliminary design
data of beam footprint on target, which maybe will be
suitably adjusted in the future according to some further
researches on the neutron dynamic of the transmuter.

Table 1. The main output specifications of the C-
ADS driver linac.

parameter name parameter value unit
particle Proton
energy 1.5 GeV
current 10 mA
beam power 15 MW
frequency 162.5/325/650 MHz
duty factor 100 %
Norm. emittance (rms) 0.20 7T mm-mrad
beam size (rms) 2.5 (1 oz,y) mm
beam loss <1 (or 0.3) W/m
<25000 1s<t<10s
beam trips/year <2500 10 s<t<5 min
<25 t>5 min

Some schemes of transforming the beam transverse
distribution have been discussed, such as by using nonlin-
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ear magnetic field [6, 9-11] or time-varying magnetic field
[12-17]. Generally speaking, the transformation method
using nonlinear magnetic field produced by a standard
multipole magnet is conveniently used for the beam with
a small emittance, but the circular beam distribution
with a large radius on target is difficult to obtain. The
transformation scheme using step-like nonlinear magnets
[9, 10] is applicable for the beam with a large emittance
to produce a parabolic-like or a fourth power-like beam.
For time-varying magnetic field, beam distribution trans-
formation would be carried out to date in such circum-
stances in which the angular and amplitude modulation
frequencies are several tens Hz. For example, the angu-
lar and amplitude modulation frequencies in spiral wob-
bling method are 59 Hz and 23 Hz [16], respectively, and
the horizontal and vertical angular frequencies in zigzag
wobbling method 85 Hz and 23 Hz [17], respectively.

In this paper, the beam optics design of the hurl-
ing magnet to the transmuter beam transport section
(HTBT), as a part of the linac to the transmuter beam
transport line (LTBT) in C-ADS, is proposed by using
a new type of AC dipole magnet, named hurling mag-
net, together with a specially designed beam transport
line. Driven by a more than ten kHz sine-wave current
with a 1 kHz amplitude modulation, the 6-pole hurling
magnet can produce an amplitude modulated rotating
dipole field, passing through which, the charged parti-
cle beam is scanned out in transverse directions. The
beam optics of C-ADS HTBT is optimized for minimiz-
ing the beam loss and radiation damage caused by back-
scattering neutrons. Using the above scheme, a uniform
round beam on the target can be realized for C-ADS.

2 The hurling magnet with a rotating
dipole magnetic field

To obtain a uniform round beam on target, a rotating
dipole magnetic field is considered. The dipole magnetic
field rotates around the longitudinal axis of the transport
line and is powered by sine-wave current with amplitude
modulation (AM) in the form of Eq. (1)

VAt Ty —4dnnT <t <nT+T, /4

\/ —4t/T1+2+4n,nT1+T1/4§t<nT1+T1/2
ft)= :
VAT —2—4n,nT,+T, /2<t <nT+3T, /4

V=4t /Ty +44+4n,n T +3T, /4<t < (n+1)T}
(1)
where T} is the AM period of the hurling magnet, and n
is an integer.
The longitudinal spacing between two adjacent pro-
ton microbunches in C-ADS HTBT is about 3.08 ns, cor-
responding to the superconducting linac operating fre-

quency 325 MHz. Comparing this spacing with the ro-
tating period of hurling magnet field, typically on order
of ms to sub-ms, the proton beam can be treated as a
DC beam. In the rotating dipole magnetic field, the DC
beam would be hurled, which is similar to a gentleman
holding a brassie and hurling many golfs. Since then,
the proton micro-bunches are arranged on target in the
form of spiraling from inside to outside and then spiral-
ing from outside to inside, again and again, making the
beam footprints look like a spiral line, and to form sim-
ilarly uniform distribution of the beam. So the magnet
producing a rotating dipole magnetic field is called the
hurling magnet.

A proper ratio between the amplitude modulation
(AM) period T} and the field rotation period Ty is critical
to have a uniform distribution on target. The field rota-
tion period Ty <TO—Z—T[) corresponds to the excitation

0
current period of the sine-wave with amplitude modu-

lation and contributes to space-uniformity distribution
of the beam on target. To reduce sedimentary power in
unit volume produced by proton beams passing a PBW
and unbalanced thermal shock on a spallation target and
nuclear fuel needles [5, 6], the lower limit 0.8 will be tem-
porarily treated as a preliminary design data of the beam
space uniformity on target. The AM period T} may be
a time constant relating with mean generation time of
neutrons on the MA transmuter and plays an important
role in the beams time-uniformity. Since the mean gen-
eration time of neutrons in nuclear reactor is generally
less than 1ms, T} is temporarily identified as 1 ms in the
simulation process for the theoretical feasibility, which
is basically in accord with the time of permitted proton
“beam trip” mentioned in Ref. [7]. Maybe the value of
T, will be revisited in the future. It seems, then, that the
amplitude modulation frequency with kHz for the hurl-
ing magnet is much higher than that for conventional

wobbler magnets. The new k-factor often used below is
T,
defined as k:%.
0
The hurling magnet designed similar to a sextupole
magnet has three pairs of magnetic poles powered by
three groups of the power respectively with the currents

I, (t)sin(wot), I»(t)sin (wot—g) and I, (¢t)sin (wot—i—g).
In case that the magnet yoke is not saturated, the mag-

netic field located in symmetric axis of this magnet can
be expressed as

Ba(t:1y,1nwo) o f(t)I2Sin(th+g)COS (—l—g)

—f(t)Iysin (wot—g) oS (—l—g)

= 2 f(t)cos(ewot), (2)

027004-2



Chinese Physics C  Vol. 37, No. 2 (2013) 027004

By(t;ll,IZ,WO) X f(t)[lsln(th>

+f(t)Iysin <w0t+ g) sin <+

)
)

— (142 pe)sinwod). (3)
(1+3)

>la <l A

+f(t)Izsin (wot— g) sin (—f—

I
In Eq. (2) and Eq. (3), = =constant and f(t) is an

AM function showed in Eq. (i), as shown in Fig. 1. The
3D model of the hurling magnet is given by 3D magnetic
field simulation code OPERA in Fig. 2. During the sim-
ulation, the period of the rotating dipole magnetic field
varying with time is 0.056 ms. When a single pair of mag-
netic pole is powered, the peak magnetic field is about

31 I
2400 Gs. Given the factors — and I;+—, the maximum

kick angle of the magnet for the 1.5 GeV proton beam
in transverse directions is about 16.0 mrad correspond-
ing to the maximum integrated field 0.120 Tesla-meter,
which will be used in the following simulation.

k=18, integral time=1 ms
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Fig. 1. The hurling field waveforms of the hurling

magnet during 1 ms period. The value in the
vertical axis is the amplitude normalized by the
maximum amplitude.

However, the frequency of kHz for amplitude modu-
lation brings some technical difficulties of magnet design
and driving power supply and then the combination of
various appropriate technologies may be needed. For this
reason, the design of driving power supply with CW and
high repetition frequency for the hurling magnet is a key
technology for the design scheme of LTBT possibly devel-
oped soon. The development of some new technologies
in recent years demonstrates that the inductive adding
technique [18] with dozens of kHz or higher could be used

for the system integration and assembling of high-power
power supply, thereby improving the reliability of the
power supply. Moreover, the parallel adding technique
is also helpful for the excitation process of the hurling
magnet (inductance value: several mH). And above all,
it may be technically possible to construct an amplitude
modulated and rotating dipole magnetic field (repetition
frequency: more than ten kHz).

Fig. 2. The 3D sketch map of the hurling magnet.
The size of the inner aperture is 64 mm and the
pole face is simple at shape without optimization.

3 Distribution transformation by the
hurling magnet

The uniformly distributed round beam with a 300
mm diameter could be achieved by the hurling magnet.
To demonstrate the proton beam distribution transfor-
mation, the numerical simulation is carried out using
6.0x10° sampling protons during 1 ms. The Gaussian
beam is conveniently adopted in simulation, even if the
C-ADS linac may or may no provide a not very good
Gaussian beam. The hurling magnet is regarded as a
kick model of processing and then the (z’-y’) phase space
near the upstream and downstream of the hurling mag-
net is displayed in Fig. 3. Multi-particle simulation re-
sults of the transverse footprints on target corresponding
to different k-factor and different beam sizes are shown
in Fig. 3. In these figures, the color of the pixel in the
right means the relative density, and the observation res-
olution is 100x100.

From Fig. 3, the approximately uniform distribution
of the beam, through the hurling magnet, in the (a’-y’)
phase space is realized. Clearly, the beam distribution
in this phase space well corresponds to the hurling wave-
form given in Fig. 1. As can be seen in Fig. 4, a large k-
factor, meaning a small field rotation period Ty, can im-
prove the beam uniformity on target. Furthermore, the
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uniformity of the beam spot core is proportional to the
beam size coming from upstream of the hurling magnet,
while the beam halo which can cause beam loss followed
by excessive radioactivity will be increased by a large
beam size. Moreover, the time average for the uniform
distribution beam, namely the AM period T3, should be
as low as possible so that the distribution of sedimen-
tary heat and neutrons on the PBW and the transmuter
is not appreciably affected by the proton beams shift.
However, the design of the hurling magnet and driving
power supply with a high repetition frequency will face
a challenge. So, a compromise would be needed for a
practical design.
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Fig. 3. The (2'-y") phase space: (a) near the up-
stream of the hurling magnet; (b) near the down-
stream of the hurling magnet. The input beam
parameters are E = 1.5 GeV, k=18.0, 04,y =
2.5 mm and €n,zy = 0.45 mmm-mrad (r.m.s.).
The maximum kicn transverse directions is about
16.0 mrad.

4 The preliminary design of proton
beam optics in C-ADS HTBT

The high current CW proton beam from the C-ADS
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Fig. 4. Transverse distribution of the proton
beam on target during 1 ms integrated time.
The input beam parameters are: E=1.5 GeV,
€N,z,y=0.2 mmm-mrad (r.m.s.), (a) 0s,,=2.0 mm
(r.m.s.) and k=18; (b) 05,,=2.5 mm (r.m.s.) and
k=12; (¢) 04,y=4.0 mm (r.m.s.) and k=12.

linac has the specifications: o, ,=2.5 mm (r.m.s.) and
€Ny =0.2 T mm-mrad (r.m.s.). Gaussian beam will be
adopted to implement simulation tracking. The beam
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footprint on target is a uniformly distributed round beam
with a 300 mm diameter to be hopefully achieved in the
simulation.

4.1 Design principle

LTBT probably includes several sections: a straight
horizontal section starting from the linac exit, a hor-
izontal bending section, a horizontal transport section
starting from the hurling magnet, a vertical bending
section and a vertical section. The section, connecting
the C-ADS linac exit to the hurling magnet entrance,
has a similar role to other general transport lines. So,
the beam optics from the hurling magnet to transmuter
beam transport section (HTBT) in C-ADS LTBT only
will be discussed below. The overall layout of the C-
ADS HTBT is shown in Fig. 5 (where the red elements
represent a sequence of quadrupoles).
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.0 01 I

L
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P
magenet ben ding Zp Qo
magenet e, p <
e\
=
w2
& 9
w =;
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PBW ‘ 7
target in
transmuter
Fig. 5. The layout sketch of C-ADS HTBT. It is

worth noting that the size proportion of individ-
ual elements and drift sections in this sketch is
just schematic and may be different from the ac-
tual size.

The basic principle of the design scheme is as follows.
As Fig. 5 shows, the beam coming from the upstream
sections first passes through the hurling magnet, trans-
forms to an approximately uniform distribution in the
(z'-y’) phase space, and then runs across a horizontal
transport section to image at the front end of a vertical
bending section. Soon afterwards, the beams traverse
a vertical bending section and a vertical section includ-
ing one collimators and one PBW, and then settle on
a target. When R,,,=R,.. in the thin-lens model is
fulfilled by the transport matrix of C-ADS HTBT, the

beam footprints with the approximate uniform distribu-
tion on target will be obtained.

For the horizontal transport section, the focusing
imaging scheme is adopted. In the thin-lens model, the
6-quadrupole system is equivalent to a system composed
of a thin-lens kick with identical horizontal and vertical
focusing force f.g and equivalent length L.g. The hurling
magnet is placed at 2f.g upstream this virtual thin-lens
kick and then the beam will be focused with the same
or smaller transverse beam size at 2 f.q downstream this
thin-lens kick. After then, the beam will enter the verti-
cal bending section.

For the vertical bending section, a compact and
achromatic TBA structure will be adopted. The 90-deg
horizontal-to-vertical bending magnet system consists of
three pieces of the same magnets with the magnetic field
1.5 T and the length 2.6 m. The same position double-
waist on the vertical section is convenient for installing
a collimator.

4.2 The beam optics design of C-ADS HTBT

As a preliminary design, an example of beam optics,
including the horizontal transport section and the ver-
tical bending section, appears in Fig. 6. The main pa-
rameters of individual elements are showed in Table 2.
In Fig. 6, the length is 23.90 m with 6 quadrupoles sys-
tem of 7.71 m. The equivalent length L.z and equiva-
lent focal length f.s for the horizontal transport section
are respectively 9.76 m and 2.72 m. The feature of dis-
persion function and amplitude functions are shown by
the different color lines separately for the horizontal and
vertical directions and the dispersion value at the end is

gy

C-ADS HTBT with madx MAD-X 3.04.04 14/04/08 19.33.27
B, B, D, D,

35

B B, Dy, D,/m

0 5 10 15 20 25
s/m

Fig. 6. The beta oscillation and dispersion func-
tion from the hurling magnet to the front end of
a collimator.

The multi-particle simulations with k-factor 18 dur-
ing 1 ms integrated time were implemented. The 1.5 GeV
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Table 2. The parameters of main elements in C-
ADS HTBT.
parameter name parameter value L/m
QP1/QP6 K/m? 2.240/—2.240 0.200
QP2/QP5 K/m? —3.671/3.671 0.233
QP3/QP4 K /m? 4.320/—4.320 0.212
QP7/QP14 K/m? 5.820 0.300
QP8/QP13 K/m? —4.100 0.300
QP9/QP12 K/m? 3.725 0.300
QP10/QP11 K/m2 —3.200 0.300
DIP1/DIP2/DIP3 p/m 4.966 2.600

proton beam used for the simulation studies has the
Gaussian distribution with the transverse normalized
emittance 0.2 mmm-mrad (r.m.s.) and o,, =2.5 mm
(r.m.s.). Nominal beam envelopes of the rms beam size
(4 sigma) for the horizontal and vertical direction at two
given time, meaning two given rotating dipole magnetic
field in the hurling magnet, are illustrated in Fig. 7. The
maximum footprint of beam transverse distributions at
individual elements of C-ADS HTBT is given in Table 3.
The maximum beam footprint on transverse directions
is presented in the quadrupole QP12 showed in Fig. 5.
The y axis of the DIP1 bending magnet gives the max-
imum gap of three bending magnets. As Fig. 8 shows,

the closely uniformly distributed round beam on target is
obviously achieved. It is worth mentioning that the par-
ticles of beam halo in the first subgraph of Fig. 8 may
not be very ideal, but as a preliminary design scheme,
this problem will be well improved, as beam optics will
be further optimized and/or nonlinear magnets will be
placed in front of the hurling magnet. The scheme of
beam optics design for C-ADS HTBT may be slightly
adjusted based on the practical engineering design, e.g.,
quadrupole.

Table 3. The transverse maximum of the beam
footprint at different locations of C-ADS HTBT.

parameter the Max. z/y parameter the Max. z/y
QP1 0.0328/0.0329 QP9 0.0779/0.0227
QP2 0.0344/0.0623 QP10 0.0435/0.0296
QP3 0.0602/0.0450 DIP2entr. 0.0280/0.0265
QP4 0.0372/0.0630 DIP2¢yit - 0.0360/0.0300
QP5 0.0515/0.0296 QP11 0.0544,/0.0373
QP6 0.0278/0.0272 QP12 0.0974/0.0290
QP7 0.0301/0.0335 DIP3entr- 0.0779/0.0345
QP8 0.0137/0.0797 DIP3exit - 0.0138/0.0623

DIPlentr- 0.0167/0.0767 QP13 0.0138/0.0626

DIP1exit- 0.0715/0.0329 QP14 0.0251/0.0266
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Fig. 7. The beam envelope of the rms beam size in C-ADS HTBT (4 sigma envelopes): (a) BL;=0.0 Tesla-meter,

BL,=0.12 Tesla-meter; (b) BL,=0.12 Tesla-meter, BL,=0.0 Tesla-meter.
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Transverse distribution of the proton beam on target during 1 ms integrated time. The result showed in this

figure is only a preliminary design value with a subsequent improvement of the design.

027004-6



Chinese Physics C  Vol. 37, No. 2 (2013) 027004

Corresponding to this beam optics, a beam double-
waist at 10.43 m upstream the target is given in Fig. 9.
At the double-waist point, the beam footprints for the
two directions simultaneously have smaller values, and it
is very convenient for installing a collimator with a 1.0 m
length and a 15 mm inside radius to reduce the radiation
damage caused by the back-scattering neutrons from the
target.

k=18, o ‘,=2A5 mm, samples=6000000, integral time=1 ms
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b 03

—10 | 02
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—15 0

—15 -10 =5 0 5 10 15
x/m (x107%)
Fig. 9. The proton beam distribution at the

double-waist point. The maximum of the beam
footprint is 13.9/14.6 mm on the z/y axis.

Through the simulations and analyses above, one can
realize that by choosing the suitable k-factor and beam
size, a uniformly distributed round beam on target can
be obtained by the combine of the hurling magnet, the
focusing imaging scheme and the compact achromatic
TBA structure, which primly meets the requirement
of the space-time uniform feature of external neutron
sources.

5 Summary

The distribution transformation of the beam by a
rotating dipole magnetic field generated by the hurling
magnet is studied. When the hurling magnet is driven by
a more than ten kHz sine-wave current with a 1 kHz am-
plitude modulation, a uniformly distributed round beam
with an about 300 mm diameter during a 1 ms in trans-
verse directions is obtained for C-ADS, which is as a pre-
liminary design data on target and maybe will be suit-
ably adjusted in the future according to some further re-
searches on the neutron dynamic of the transmuter. The
beam optics, with the focusing imaging scheme and the
compact achromatic TBA structure, of C-ADS HTBT
is optimized for minimizing the beam loss. The double-
waist point at 10.43 m upstream the target is convenient
for installing a collimator to reduce the radiation damage
caused by back-scattering neutrons.
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