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Abstract:

The ADS (Accelerator Driven subcritical System) driver linac in China is designed to run in CW

(Continuous Wave) mode with 10 mA designed beam current. In this scenario, the beam-induced parasitic modes in

the ADS driver linac may make the beam unstable or deteriorate the beam performance. To evaluate the parasitic

mode effect on the beam dynamics systematically, simulation studies using the ROOT-based numerical code SMD
have been conducted. The longitudinal beam instability induced by the HOMs (High Order Modes) and SOMs (Same
Order Modes) has little effect on the longitudinal beam performance for the current ADS driver linac design based

on the 10 MeV /325 MHz injector I from previous studies. Here the transverse parasitic mode (i.e., dipole HOM)

effect on the transverse beam performance at the ADS driver linac exit is investigated. To more reasonably quantify

the dipole mode effect, the multi-bunch effective emittance is introduced in this paper.
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1 Introduction

Figure 1 shows the general layout of the ADS (Accel-
erator Driven subcritical System) driver linac in China,
which is designed to run in CW (Continuous Wave) mode
with 10 mA designed beam current [1]. Two families of
superconducting elliptical 5-cell cavities with 8=0.63 and
($=0.82 are used to boost the proton beam energy from
180 MeV to 1.5 GeV.

When the particle beam travels through the RF
(Radio Frequency) cavity, the parasitic modes will be
excited. Longitudinal monopole High Order Modes
(HOMs) and Same Order Modes (SOMs) can be excited
wherever the beam goes on-axis or off-axis, and will affect
the beam energy and energy spread. Transverse dipole
HOMs can only be excited by the off-axis beams, and
will dilute the transverse beam quality.
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Fig. 1. General layout of the ADS driver linac.

For the lower energy part of the ADS driver linac,
due to the relatively high beam intensity (10 mA nom-
inal beam current), the space charge effect plays the
most important role for the beam performance dilution.
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Therefore, only the higher energy superconducting sec-
tion from 180 MeV to 1.5 GeV is considered in the para-
sitic mode effect studies, and the parasitic mode charac-
teristics dependence on the particle beam velocity are
also considered. It has been shown in Ref. [2] that
the longitudinal beam instability induced by the HOMs
and SOMs has little effect on the longitudinal beam per-
formance for the current ADS driver linac design based
on the 10 MeV/325 MHz injector I. In this paper, the
transverse parasitic mode (i.e. dipole HOM) effect on the
transverse beam performance at the ADS driver linac
exit is investigated by using the ROOT-based numerical
code SMD [3].

Due to the unavoidable existence of the parasitic
modes and the various randomly distributed jitter and
error effects within the tolerable limits, the transverse
beam quality of each bunch at the ADS driver linac exit
cannot be completely the same as the others. From the
beam dynamics design point of view, the beam transport
line downstream of the ADS driver linac should have the
capability to successfully transport all the bunches in the
CW bunch train to bombard the target to produce neu-
trons. In this situation, the reasonable way to quantify
the parasitic mode effect on the transverse beam quality
at the ADS driver linac exit is to evaluate the multi-
bunch emittance. Thus, in the studies conducted in this
paper, the multi-bunch effective emittance is introduced.
Finally, based on a large amount of numerical simulat-
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ions, some conclusions concerning the transverse para-
sitic mode effect have been made.

2 Basic theory

When a particle with charge ¢ travels through the RF
cavity off-axis, the excited dipole mode voltage can be
given by

1., w?/(R

AV =i (5) o), )
where w,, is the angular frequency of the specific dipole
mode n, x is the particle’s transverse location relative to
the cavity axis, § is the particle’s normalized velocity,
i means the particle induced voltage is 90° out of phase
with the particle, hence there is no direct action between
the voltage and the particle itself. (R/Q). . is defined

as
c oo
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where U, is the stored energy, E. ,(r=ro,z) is the elec-
tric field component along a straight line at the position
r =1, parallel to the cavity axis. As time evolves, the
dipole mode voltage will decay exponentially due to the
cavity wall power dissipation,

VLyn(t):AVL,neft/Td’"ei“’"t, (3)

where Ty ,,=2Q1, ,/w, is the decay time constant. Here,
QL. is the loaded quality factor with the definition of

! = ! + ! . (4)
QL,n QO,n Qext,n
Qo.n and Qe are the unloaded and external quality
factors of mode n, respectively. For the superconduct-
ing RF cavity, Qo,, is at the order of 10'°, which is much
higher than Qexs., therefore Q1. ,, is approximately equal
t0 Qext,n-
The dipole mode n excited by the head particles in
a bunch, or the upstream bunches in a bunch train, will
act on the tail particles or the downstream bunches. Ac-
cording to the Panofski-Wenzel theorem [4], the resulting
transverse momentum kick by the dipole mode voltage
V.. can be represented by

RV,
Ap. =g ) )

which gives a change of the transverse trajectory incli-
nation for an angle of
Ap, ., RV,
AI/: pJ—, =q ( ., ), (6)
by ep|

where pj is the longitudinal momentum, and R(V, ,,) is
the imaginary part of the dipole mode voltage.

For a bunch train consisting of more than one bunch,
the induced dipole mode voltages should be summed
up, and their phase relationship and exponential decay
should also be considered.

3 Simulation execution
3.1 Methodology

The transverse plane logical module of the numerical
code SMD is used in the transverse parasitic mode effect
simulation studies. Due to the ROOT-based character-
istic, SMD has very fast simulation speed and powerful
mass output data dealing capability.

The drift-kick-drift model [5] is used to model the
beam and cavity interaction. At the mid-plane of each
cavity, the particle will interact with the cavity. There-
fore, the linac can be modeled as a series of drifts and
kicks. Point-like bunches are tracked through each linac,
i.e., only the multi-bunch instead of the single bunch ef-
fect is studied. The transverse displacement and trajec-
tory inclination angle of each point bunch at the linac
exit can be finally obtained. The 2x2 transfer ma-
trices extracted from the multi-particle tracking code
TraceWin [6] are used to model the transverse beam dy-
namics between the mid-planes of the neighbouring two
cavities.

To boost the proton beam energy from 180 MeV to
1.5 GeV for the ADS driver linac, ~14 lattice periods
with $=0.63 and ~20 lattice periods with 3=0.82 are
planned, the architectures of which are shown in Fig. 2.

Due to the CW mode operation, ~6500 k point-like
proton bunches are launched at the $=0.63 section en-
trance to let the simulation result reach a steady state.
At the £=0.82 section exit, the transverse displacement
and trajectory inclination angle of each point-like bunch
will be recorded.

3.2 Multi-bunch effective emittance

In SMD, the transverse emittance of the point-like
bunches are defined as

o] (155) (25 (550

(@2)(2?) = (wa’)? (7)

where x is the transverse displacement, z’ is the trajec-
tory inclination angle and N is the bunch total number.

For a proton linac running in pulsed mode with a rel-
atively low duty factor (e.g., 5% for SPL [5], 4% for ESS
[7] and 6% for SNS [8], etc), Eq. (7) and egom/er (Emom
and ¢, for the transverse emittance with and without
the dipole mode impact respectively) are usually used to
evaluate the dipole mode induced beam emittance de-
terioration. By using Eq. (7), the emittance increase

=T
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against the duty factor for SPL is simulated and shown in
Fig. 3. At 50 Hz repetition rate, the duty factor is varied
from 5% to 100% by changing the macro pulse length.
Except Qexi=1x10% and I, =400 mA, the other pa-
rameter settings are completely the same as those listed
in Ref. [5]. It can be seen that the dipole mode emit-
tance increase for the designed 5% duty factor is only 8%,
which is not a big number and indicates that the dipole
mode effect can be roughly neglected for the pulsed ma-
chine with a relatively low duty factor.

beta=0.63 beta=0.63 beta=0.63 uadrunole
cavity cavity cavity q P
beta=0.82 beta=0.82 beta=0.82 I I I
cavity cavity cavity quadrupole
Fig. 2. Architecture for each lattice period of the

£=0.63 and (3=0.82 superconducting sections.

Eom/e

10 20 30 40 50 60 70 8 90 100
duty factor (%)
Fig. 3. Emittance increase at the SPL linac exit

when the duty factor is varied at a repetition rate
of 50 Hz.

The reason for the relatively low emittance growth
at low duty factor is that the beam induced dipole mode
voltage can be sufficiently decayed to a safety level before
the next macro beam pulse comes. As the duty factor
increases, due to the non-sufficient decay of the dipole
mode voltage, the resulting egon will reach several times
that of ¢,, especially for the CW case with 100% duty
factor. In this scenario, by using Eq. (7) and enom/e,,
it seems at first glance that the dipole mode effect is
very severe, while the truth may be the opposite. To
reflect the real situation, it is more reasonable to use the
multi-bunch effective emittance and the corresponding
emittance increase.

By using the (&, i) transformation, the conventional
elliptical phase space defined by the coordinates (z, z’)

can be translated to a circular one as shown in Fig. 4.
The new coordinates (£, 1) are defined as

T ax+ G’
7= =7 (8)
VB VB
where a and  are the Twiss parameters. With the sin-
gle bunch emittance e,=7mry and the muti-bunch center
dilution e, = 7r? (same value as Eq. (7)), the multi-

bunch effective emittance and the corresponding emit-
tance increase can be expressed as eg = 7(r+71,)? and

2
er/€0= (1—}—\/57./50) =(14r/ry)?, respectively.
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Fig. 4. The circular phase space represented by the
coordinates (&, n).

3.3 Simulation result

For the ADS driver linac, the single bunch emittance
€o at the linac exit is 0.26 mmm-mrad for the 10 mA nom-
inal beam [2]. By applying the beam input parameters
listed in Table 1 at the 3=0.63 section entrance, at the
linac exit the SMD simulated multi-bunch center dilution
€, without the dipole mode effect is 0.023 wmm-mrad,
which has no dependence on the simulated beam current.
Then the corresponding multi-bunch effective emittance
and the emittance increase are € =0.447tmm-mrad and

2
er/€0= (1—}—\/5,"/50) =1.68, respectively.

Table 1. Beam input parameters with jitter effects.
parameter value o
input energy/MeV 180 0.078
phase/(°) —25~—12 0.4
beam current/mA 100 3%
Z/mm 0.0 0.3
2’ /mrad 0.0 0.3

When the dipole mode effect is considered, the
SMD simulated multi-bunch effective emittance increase
ernom/€o at the linac exit results from both the beam
input jitters and the dipole modes. Here, egnom/ €r
can be used to quantify the emittance increase induced
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only by the dipole mode, while er/ep —1 = 68% for
the corresponding tolerable limit of the emittance in-
crease rate. In this situation, the tolerable limit of
ER,HOM/EO and ER,HOM/ER would be 1+68%+68%:236
and (1+68%+68%)/(1+68%)=1.40, respectively.
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Fig. 5. (R/Q). dependence on the particle veloc-
ity for the dipole modes in the $=0.63 and 5=0.82
sections.

It should be pointed out that SMD only calculates
the multi-bunch center dilution €, and €, yowm, therefore
ermom and egmom/er depend on 5. However, since
only the gy at the 10 mA nominal current is known at
present and the simulation for the cases at higher beam
currents (e.g., 100 mA) is used as a safety margin to
evaluate the multi-bunch parasitic mode effect, the same
€0=0.26 mmm-mrad is used in all the following contexts
for the beam current ranging from 10 mA to 100 mA.

3.3.1 Effect of HOMs from CST MWS simulation

The dipole mode characteristics for the 5-cell ellipti-
cal cavities in the $=0.63 and $=0.82 sections are cal-
culated by using CST MWS (Microwave Studio) [9] and
shown in Fig. 5. The modes resonating at 966.7 MHz for
the 8=0.63 section and 1459 MHz for the 8=0.82 section
have the highest overall (R/Q), in the corresponding
linac section, and are used as default in the simulation by
including the (R/Q), dependence on the particle beam
velocity. A Gaussian RMS frequency spread of 1 MHz is
used for all modes [2].

In order to statistically estimate the dipole mode ef-
fect, 100 linacs are simulated with a different seed gen-
erator for each kind of parameter setup. Finally the av-
eraged emittance increase can be obtained.

Figure 6 shows the averaged multi-bunch effective
emittance increase against the damping factor Q... by
considering only the beam input jitters listed in Table 1.
The beam current Iy.,,, varies from the nominal value
of 10 mA to a maximum of 100 mA for the safety mar-
gin consideration. No significant emittance increase for
the 10 mA beam with Q.=10% and no HOM coupler
is needed at this situation. Even at the safety margin
beam current of 100 mA with Q.=10%, ernom/cr is
only 1.17 which is smaller than the tolerable limit 1.4.

1.20 T T T T
116 |
< 112+
w
=
& 108 -
1.04 -
1.00
10*
Qe\i
Fig. 6. Multi-bunch effective emittance increase

against the damping Qecxt for different beam cur-
rent [.

To investigate the dependence of initial beam posi-
tion and trajectory tilt jitter, Fig. 7 shows the averaged
multi-bunch effective emittance against the initial RMS
transverse beam position jitter and trajectory tilt jitter
at a relationship of ¢,/0,=1 mm/1 mrad. The damp-
ing Q. is set to 10%. The case without considering the
dipole mode effect is also shown by setting the simulated
beam current to 0 mA. As one can see, the multi-bunch
effective emittance at the linac exit, which is smaller than
the tolerable limit 0.617tmm-mrad obtained from Eq. (9),
is linearly proportional to the initial transverse beam po-
sition jitter o, and trajectory tilt jitter o .

The dipole modes can also be excited by the cavity
misalignment and off-axis injected beam, both of which
will strengthen the dipole mode effect only induced by
the beam input jitters, therefore it is necessary to investi-
gate the further deterioration of the beam quality caused
by the off-axis injected beam at the 5=0.63 section en-
trance and the cavity misalignment along the $=0.63
and $=0.82 sections.

The cavity misalignment has a Gaussian distribution
with a deviation of o4, which is varied from 0.1 mm to
10 mm. 100 linacs are simulated for each og4, at Iyeam=
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Fig. 7. Multi-bunch effective emittance against the

initial RMS transverse beam position jitter o, and
trajectory tilt jitter o, for different Iyeam.
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Fig. 8. Multi-bunch effective emittance increase

against cavity misalignment oq4z.

100 mA. All other parameters are default ones. Fig. 8
shows the multi-bunch emittance increase at the ADS
driver linac exit as a function of o4,. The emittance in-
crease caused only by the cavity misalignment is propor-
tional to o3, and starts to rise rapidly above o4, =1 mm.
Since the expected og, for the ADS driver linac in China
is in the order of 1 mm, the dipole mode effect induced by
the cavity misalignment can be neglected. Fig. 9 shows
the multi-bunch emittance increase when the 100 mA
proton beam is injected off-axis at the $=0.63 section
entrance. The transverse injected beam position is var-
ied from —10 mm to +10 mm. Since the multi-bunch
centre dilution defined in Eq. (7) is not translation in-
variant and a mean off-axis injection position leads to an

increase of ¢,., the following translation invariant formula
[5] is defined,

e =m\/(x2) (x?) — (x2')2—27-7' + 72 (x2)+22 (22), (9)

where T and Z’ are the mean values of the transverse in-
jection position and the tilt distribution. The additional
emittance increase caused by the off-axis injection is only

~1.7% for —10 mm offset, while it is ~3.1% for +10 mm
offset.

3.3.2 Effect of HOMs sitting on the machine line

The most dangerous situation is the HOMs sitting
on the machine line, the frequency of which is a mul-
tiple of the bunch frequency. To evaluate this kind of
HOM effect, the simulation has been done by setting the
dipole mode frequency to 1300 MHz (4 times the bunch
frequency) in both the $=0.63 and 3=0.82 sections. De-
fault parameters listed in Table 3 have been used. In
reality, the probability of the beam induced dipole mode
sitting on the machine line is relatively low, therefore the
(R/Q), is set to be 10 Q.

For 1 MHz RMS frequency spread width, Fig. 10
shows the corresponding emittance increase against the
simulated beam current ranging from 10 mA to 100 mA.
Qexs 18 set to 108.

1.179 T T v T g T T T
1.178 |
& 1.177 .
g
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1.174 : : :
=10 0 10
injection position/mm
Fig. 9. Multi-bunch emittance increase against

transverse beam injected position.
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Fig. 10. Multi-bunch emittance increase against
beam current which is varied from 10 mA to 100
mA.

Figure 11 shows the emittance increase against the
RMS frequency spread width ranging from 100 kHz to
1 MHz. The simulated beam current is 100 mA and
Qext=108. Even for 100 kHz frequency spread width,
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the emittance increase rate caused by the dipole mode
sitting on the machine line is only 0.76%, which can
be completely ignored. However, the HOM frequency
spread width in reality is usually at the level of 1 MHz
[6], which is fairly large.

1.008 T T T T

1.007

&
2
& |
) \/
1.005 : e
0 500 1000
opom/kHz
Fig. 11. Multi-bunch emittance increase against

RMS frequency spread width for the dipole modes
sitting on machine line.

3.4 Conclusion and discussion

The beam instability induced by the transverse par-
asitic modes in the §=0.63 and $=0.82 sections of the
ADS driver linac in China has been studied in detail.

Multi-bunch effective emittance e is introduced to
more reasonably evaluate the dipole mode induced insta-
bility. ez nowm/er<1.4 is then used as the tolerable limit
of the multi-bunch effective emittance increase.

In reality, the single bunch emittance 3 may be
higher than 0.26 tmm-mrad because it is basically im-
possible to include all kinds of jitters and errors in
the machine dynamics design stage, for this scenario
ernom and er will go to higher values than the case
of £0=0.26 tmm-mrad, while the calculated emittance
increase g uom/er Will go to a lower one. Although
the tolerable limit will also go to a lower value as g
increases, the final conclusion of this paper will not go
to the opposite side. Fig. 12 shows the dependence of
ermom/er and the tolerable limit on the single bunch
emittance ¢y, which indicates that the emittance increase
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