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Introduction Karlsuhe Research Accelerator ﬂ(".
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Extended DBA Lattice
(Dispersion>0in straight section)
Designed Emittance = 59 nm-rad
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Beam Energy <2.5GeV
Circumference 110 m
RF Frequency 499.7 MHz
Harmonic Number 184
Number of RF Station 2
Number of Cavity in 1-Station 2
Acc. Voltage 1.4 MV (2.5 GeV)
Ring Lattice DBA

Akira Mochihashi (akira.mochihashi@kit.edu)
The Laboratory for Applications of Synchrotron Radiation (LAS), KIT
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RF System in KARA Storage Ring (1)
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Parameters 500 MeV 2.5 GeV
(Injection) (User Operation)

RF / Revolution Freq.

Harmonic Number
Total RF Voltage

Energy Loss per Turn
Synchronous Angle
Momentum Compaction
Synchrotron Frequency
Energy Spread (rms)
Bunch Length (rms)
Total Klystron Output
Ramping Time

Tuner Dead Band

Filling Pattern

XXVI ESLS Workshop in Krakow

499.7 MHz / 2.72 MHz

184
300 kV (Typ.) 1.4 MV (Typ.)
995.9 eV 622.4 keV
0.05 deg. 6.38 deg.
0.0105 0.00867
35.0 kHz 34.0 kHz
1.82x104 9.08x10*
8.67 ps 36.9 ps

5.2 KW (150 mA) 140 kKW (140 mA)

- 3 minutes
0.1~0.5 deg. 0.1~0.5 deg.

Partical (30~33x3 bunches) or (30~33x4 bunches)

Akira Mochihashi (akira.mochihashi@kit.edu)
The Laboratory for Applications of Synchrotron Radiation (LAS), KIT



RF System in KARA Storage Ring (2) ﬂ(".
® RF Modulation Systems

Injection Energy (500 MeV): User Operation Energy (2.5 GeV):
RFE Amplitude Modulation by Kicker Cavity RF Phase Modulation by Main Cavities
200 A
Modulation OFF, Feedback ON ® 66006 00000 ©000O0OU0® oi

® R

LLRF Controller: DIMTEL LLRF9/500

Longitudinal Position (psi

Streak Camera Data

®  We cannot excite the oscillation with enough
0 Time (us) amplitude by the kicker cavity at 2.5 GeV.

® On September 2018, we have improved the phase
modulation function of our LLRF modules.

®  We can excite the beam oscillation by the phase
modulation in 2 RF stations independently.

—
o

ps) 8

Modulation ON, Feedback ON

Longitudinal Pasition (

® Now the experiments are under way and it is
. expected that an improvement of the beam lifetime,
. - 200 suppression of the coupled bunch instaility and an

By 2fs modulation, the bunch lengthening additional interesting beam dynamics will happen.
occurs and we can stabilize the injection rate

from the booster to the storage ring.

=

E. Blomley, M. Schedler and A-S. Miiller, Proceedings of IPAC2016, Tod ay, on |y the calculation!
p.2658-2660
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RF Phase Modulation: Preceding Study (1)

S. Sakanaka et al., in KEK-PF
® Can excite longitudinal quadrupole mode oscillation

® Can increase the bunch length (and energy spread)
® Can change (modulate) behavior of the longitudinal coupled bunch instability

Example in KEK Photon Factory (2.5 GeV)

Streak Camera

S.Sakanaka et al., PRST-AB 3 050701 (2001)

281112018 XXVI ESLS Workshop in Krakow Akira Mochihashi (akira.mochihashi@kit.edu)
The Laboratory for Applications of Synchrotron Radiation (LAS), KIT
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RF Phase Modulation: Preceding Study (2)

N. P. Abreu et al., in Brazilian electron storage ring
® Theoretical model for the RF phase modulation
@ Existence of central & island bunch
® Suppression of coupled bunch intability by Landau damping
® Measurement of BTF & stability diagram

BTF measurement

Lower

Upper

Amplitude (arb. units)

4@ Lower detuning No mod. detuning detuning
o~ 0.2 \_/\ /; - ] Z: (I&I) I |: (If)).- g\, :| |:(|c-) T |: :g'
X \ wil N T ‘ﬁ‘a T -
-02f 1 & 2L = 1 - e
= | ] | | ] __Jifp=?-122|.§ | T | IJE‘T‘=|C|.04:r | B
—04p i 20 -0 0 100 20 B -0 0 100 20 2w -1 0 1m0 2
1 [ps] 1 [ps] t [ps]
0.4 : ) : .
Suppression of longitudinal
e coupled bunch instability -
= — 50 T T T 4 T T T T T =
—~ 00 ] é 604 With Phase Mod N ] -
f;] o ] E ] Without Phase Mod II, || ;
T w | ] e
04 12 LA A A _Stability diagram
_06 04 76.2%0‘.0 02 04 06 '% | . f [ l: - meas uf&m eht ’
N2 J cos(yr) -3 ;
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903,84

903,88 903,88 03,80
Maode L1 - Frequency (MHz)

903.92

N. P. Abreu et al., PRST-AB 9 124401 (2006)
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Simulation (1): How to Treat the Beam -\A‘(IT

® To be considered for RF system

Phase modulation with sinusoidal pattern

Generator voltage with phase modulation

Beam induced voltage in each cavity with nonzero bunch length
Cavity voltage from vector sum of (generator, beam induced) voltage

(Phase advance, Amplitude decreasing) of the beam induced voltage during
the bunch spacing

Loss factor in each cavity with nonzero bunch length

We calculate RF phase modulation with transient beam loading effect.

® The equation of motion
® Radiation damping, radiation excitation
® EoM has been separated into 2 parts because of 2 RF sectors in KARA.

8
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Simulation(2): Condition of the Calculation ﬂ(".

Physical Conditions:

Issues Value, Condition

Accelerator KARA storage ring, 2.5 GeV
Number of RF-Sections & Cavities 2 RF-sections, 2 cavities per each section
Loading Angle 0 degree (optimum tuning)

Filling Pattern (44 bunches + 4 empties)x3 + (40 empties)
Cauvities: the parameters come from the measurement for the delivery data sheet

Shunt Impedance (MQ) 3.32 3.52 3.50 3.01
Unloaded Q 38900 42100 41300 37600
Input Coupling 2.7
Phase Modulation Amplitude 100 mrad (Fixed)
Calculation:
Number of Particles 10000
Number of Turns 2 X (longitudinal damping time)
28.11.2018 XXVI ESLS Workshop in Krakow Akira Mochihashi (akira.mochihashi@kit.edu)

The Laboratory for Applications of Synchrotron Radiation (LAS), KIT



Simulation: Longitudinal Phase Space (1)
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Relative energy

-0.002
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Simulation: Longitudinal Phase Space (2)
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Simulation: Beam Current Dependence

KARA 2.5 GeV, 1.4 MV, 3 Trains

Modulation Amplitude=1 00; mrad

Bunch Length (rms, ps)

20

107

% +500 Hz|]

() Hz
4 _500Hz

Simulation

..l

S0 100
Beam Current (mA)
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150

The beam current dependence on the
bunch lengthening is not so large.

That means the bunch can be
lengthened in the wide beam current
range.

The optimum tuning condition has
been always kept in different beam
current condition in this simulation.

The maximum achievable bunch
length tends to be determined by the
detuning condition of the modulation
frequency.

Akira Mochihashi (akira.mochihashi@kit.edu)

The Laboratory for Applications of Synchrotron Radiation (LAS), KIT



Bunch Length (rms, ps)

Simulation: Detuning Condition ﬂ(".

® The detuning condition strongly

_Mﬂdu]atiun Amp]itudﬂ:=l[i]0 mrad % 150mA| | affects the bunch lengthening.
T T T 171 100 mA
| 1 $ S0mA |1 g A ive detuning from 2fs tend
T I T negative detuning from 2fs tends
T - 1 to be much effective than without
. x ; i 1 ] detuning and positive tuning condition.
i % ; ; 3 ® The frequency detuning effect does
- - not have larger dependence on the

beam current.

Simulation

-1000

28.11.2018

-500 0 500
Detuning Frequency (Hz)
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Vertical Position
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Beam Quality: Energy Spread (1) Bending Magnet =A%

L2x10” —— dE/E=2.08x10"
y s X 107 KARA 2.5 GeV, 1.4 MV, 3 Trains, Detuning= -400 Hz ‘é’ 1.0 —— dE/E=9.08x 10'4
' Maximum energy Z o 0sd
=
spread=2.08x10-3 | S ee-
2 1 ~—
g 0.4 -
M @ ]
= _.C 0.2 —
=15?
S 0.0 —
=3 -10mm 5 i 0 . 5 10
z Horizontal position
I N
o Natural Energy Spread (9.08 x 107 e —— dE/E=2.08%10"
osh T —— dE/E=9.08x10"
e
&
0 : 3,
50 100 150 g
Beam Current (mA) %
10 10 =

dE/E=2.08%103

-10mm 0 10
Vertical position
5 S e:
. Calculated by SRW
0 = Name Values
- B/ By 1.1590 m/13.242m
5 cliod
KARA 2.5 GeV, 5 deg. beamline KARA 2.5 GeV, 5 deg. beamline nX / nX ’ O - 2 187 m / -O - 2328
Energy spread=0.908x 10”, 500 nm, magnification=1 Energy spreud:l()xxl()';. 500 nm, magnification=1
o o Emittance, coupling 59 nm-rad, ,,=0.1%

-10mm -5 0 5 10 -10mm -5 0 5 10

Horizontal Position Horizontal Position
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Beam Quality: Energy Spread (2) Undulator ﬂ(".
A,=20mm, N =75, K=0.1, «,,=0.1%, 1st harmonics=2.96 keV

% 10" <1015
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041 Energy spread=9.08 x 10 35 04 Energy spread=2.08x10 35
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Beam Quality: Touschek lifetime -\A‘(IT

._1
3 = 10 . . . . . . .
KARA 2.5 GeV, Multibunch ® Touschek lifetime can increase
k. =0.1%, 150 mA o because of increase of both the bunch
[ ® ® 1 length and the horizontal beam size.

[
|

b
L
[

The effect strongly depends on the

° ¢ detuning condition; we can lose the

] phase modulation effect completely if
¢ ° we are on the wrong detuning

® o094 condition.

i

L [T product at RF-PM OFF

[T product (mA Hour)
L
&
]

2 |n KARA 2.5 GeV case, more than
twice of Touschek lifetime than that in
the normal condition could be
expected in proper detuning condition.

-1000  -800 -600 400 -200 0 200 400 600
Detuning frequency (Hz)
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First Beam Trial: Control of Beam Lifetime ﬂ(".

m 2fs phase modulation with the main cavity system at 2.5 GeV, multibunch
condition in KARA (September, 2018)

181 -. ,.hlm IW Beam Lifetime

Mpdu MR E . ﬁ M m m Ml il

T T T T I 7 T T T 1 T 1 T T T L B | | T T
20000 22:00 00:00 02:00 000 06:00 08:00 10:
2018-09-04

1.5

1.40E5
1

1.30E5
1

1.20E5
1

ASR:BeamInfo:01:Lifetime [s]
A:SR:BeamInfo:01:Current [mA]
0

1.10E5
1

1000 1200 1400 1600 1200 2000 2200 2400 2600 2300 30

1.00E5
|

® By deactivating/activating the RF phaser modulation, we could change/increase
the beam lifetime in 2.5 GeV KARA storage ring.

® Optimization of the operating condition, beam diagnostics and additional beam
dynamics issues are now under way experimentally and theoretically.

17 28.11.2018 XXVI ESLS Workshop in Krakow Akira Mochihashi (akira.mochihashi@kit.edu)
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Summary .\A‘(IT

Institute of Technology

® We have installed the RF phase modulation function into the LLRF
system in KARA storage ring.

® The RF phase modulation in 2.5 GeV KARA is possible now.

® |t is expected that the modulation scheme could improve the beam
lifetime issue in KARA 2.5 GeV operation.

® Some influences could happen on the SR light in the beamline. We will
have to estimate/evaluate the degradation experimentally in the near
future.

® Additional topics such as beam diagnostics and beam dynamics are

now under consideration. Very interesting, hopefully.

18 28.11.2018 XXVI ESLS Workshop in Krakow Akira Mochihashi (akira.mochihashi@kit.edu)
The Laboratory for Applications of Synchrotron Radiation (LAS), KIT



Thank you for yourir
attention!
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Backup Slides -\A‘(IT
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Introduction(2) Karlsuhe Research Accelerator

4
4l/
f-v poed* % 6‘1‘

Booster

53 MeV - 500 MeV

Beam Energy <500 MeV
Circumference 24 m
Harmonic Number 44
Number of RF Station 1
Operation Rep. Rate 1 Hz

21 28.11.2018 XXVI ESLS Workshop in Krakow

Beam Energy
RF Frequency
Number of Turns
Linac Structure
Mode [1/2 mode

SKIT

Karlsruhe Institute of Technology

Mikrotron

90 keV - 53 MeV

<53 MeV

2.999 GHz

10 (up to 53 MeV)
(1/2+7+1/2)Cells, Side Couple

Akira Mochihashi (akira.mochihashi@kit.edu)
The Laboratory for Applications of Synchrotron Radiation (LAS), KIT
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Phase Modulation & Beam — Cavity Interaction  =5A%5

® Phase Modulation: Dy () = Do COS Wyt
. e o _ .
® Generator Voltage with P.M.: V= %0319 z i (Do) Z(w + nw,y, ) et @+nwmt
n=-oco
® Generator Current; i = |2 \vhere R, =%
g0 Rsh sh P,
VA
® Phase Offset: 0 = i Vs, Uy = qV.sin i

@ Beam Induced Voltage: V(z) = —j dz'p(z" YW, (z — z')

_ z? z . )

— 20% _07w” .wz
p(Z) mo_ze = —% j d(l)Z(I)l((l))e 2cZ e'c
le(w) _ 1 Rsn R_oo 2,2
0 - wog _9z% .woZ
1+, (ﬂ_%> = g0 T gl
1+ lQL wq 3 q ZQO
2,.2
® 1-Bunch Passing: V, >V, — g Rsnwo e—%
2Qo

H . (l(l)o—&)At

® Bunch Spacing: V, - Ve 2Qy,
22 28.11.2018 XXVI ESLS Workshop in Krakow Akira Mochihashi (akira.mochihashi@kit.edu)
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RF Phase Modulation: Equation of Motion ﬂ(".

Half of the Ring with RF Cavity 1&2

S U a.T,
RI(V, +Vy)ewn| -2 1y __ “tc’o
[( ) ] L —]e 0 &, — [Additional Loss 1] Aty 02
E, 2E,

A(Sl:q

8, = 6, + AS; & 6, Ty =7 HAT 1

Half of the Ring with RF Cavity 3&4

— U a.T,
R[(Vz + 7,)elwm] - 22 1 gy _ Zclo
[( ) ] 2 —]e 0 &, — [Additional Loss 2] AT, 01
E, 2E,

A62=q

5, = &, + Ad, + [Radiation Excitation] & §; T, = Ty + AT, & 74

Rop13Wres13  Rsn2aWresoa _ 2
[Additional Loss] =< LS =4 ' ' 2 p—(2nfrrot)
4EoQ1 3 4EgQy, )1

. . . 2]e UO . . O
[Radiation Excitation] = X |Gaussian RND with o = A
0 0
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Simulation method (according to RF theory...) '-\\J(IT

® Phase modulation : ¢,,,(t) = ¢,,,0 cos(w,,t)

® Generator current : i, = iy e (@t+0+ém) =
i.QOQLQ Z%o:—oo in]n(¢m0) ellw+nom)t

163P, V2

, where Ry, = -

sh c

® Phase offset ... 6 = g — 1, Uy = qV.sin

Rsp
m Cavity impedance : Z(w) = SE
(- 40)

® Generator voltage : V, = 1‘9703"9 Y2 i (Do) Z(w + nw,,)el@tnomnt

24 28.11.2018 XXVI ESLS Workshop in Krakow Akira Mochihashi (akira.mochihashi@kit.edu)
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Beam induced voltage
® 1-bunch passing through 1-cavity :
(0 0) ZZ
q 52
V(z :—fdz’ zZ YWy (z — 2z’ (z) = e 20z
T 1 R
2,2 I Sh
q TR = Zo(w) =
—00 0
2,.2
_ g Ronwo a8 e
2o
: Rag,w, _929%
1-bunch passing : V, -V, — g ——L¢ ™ 2c2
2o
. [wo—52 A
Bunch-spacing: V, — Vbe(lwo ZQL) ‘
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Energy loss in the cavity -\A‘(IT

Karlsruhe Institute of Technology

® 1-bunch passing through 1-cavity :

1 (0 0]
AE = —5 jdwlﬁ(w)lZReZ(')'(a))

2 Rsnwo ~wio?
4Qo

Energy loss of the beam = (radiation loss)+(loss in the cavity)

Beam induced voltage & energy loss in the cavity depend on
the bunch length.

26 28.11.2018 XXVI ESLS Workshop in Krakow Akira Mochihashi (akira.mochihashi@kit.edu)
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Phasor diagram (1)

On Resonance ...
Tuning angle=0

Imag

SKIT

Karlsruhe Institute of Technology

<_ ______________
tan = —q, (2 - 22 A

L Wo W VCO
1 |16BE; Re, Vg0
9972 | Ry 148

IpRsp

b0 —
1+
d Real
Voo Beam phase
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Phasor diagram (2)

To prevent Robinson instability ... Imag
Tuning angle<0

N _ w Wy
any = -0, w,

Vg = Vg cOsY eV

V, = Vo cospet?

="+,
Ug = qV sinis
Real
Beam phase
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Cavity (de)tuning condition -\A‘(IT
® [n case of optimum tunning (loading angle=0)

I, cos s Rspy
fo = frf -
0 rf ZVC QO rf

(in definition of Uy = qV. sin)y)

Tuning angle of the cavity :

Tuning angle depends on the beam current (move the tuner!)
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