WP2 Mini-Workshop #1
Beam Dynamic Simulations with harmonic RF
By Zoom, 23 June 2021

DC Robinson Instability with an Active NC Harmonic Cavity
- Anticipation of Future Simulations-

Jorn Jacob

ESRF | The European Synchrotron




. EBS 352 MHz RF SYSTEM LAYOUT
Cell 5 Cell 7

EBS Storage Ring

4th  harmonic Active NC RF
system for bunch lengthening 7 dB

Bunch lengthening by a factor I 352 MHz 1.1 MW klystrons

o103 KLYS Lys 2. o
« 15t Priority for high | / bunch (16
bunch @ 90 mA and 4 x 10 mA)

> Reduce Touschek scattering, Elfm Teststand
IBS and microwave instability
> Reduce heat-load and stress of @ 75 wWN
critical chambers @ toWe’
\ 75WW 3 x 150 kW SSAs

Space for 4th harmonic RF system \

-7 dB

Cell 25
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. 4™ HARMONIC 1.41 GHz RF POWER REQUIREMENTS

* Optimum bunch lengthening

» Vg = 6.5 MV at 352.37 MHz 150 180
worst case,as V., = 6.0 MV — i
( nom ) 100 - — "'_"""----...._- . ;35 e Pgenh [KW]
» All ID gaps open (2.56 MeV/turn,| — - = Pcavh (kW]
worst case) 2 so e T
Vp, o, = 1.49 MV at 1409 MHz g - 0 g Pheamn [laV]
= h,opt = -+ E 0 -(;—I-:.;O - 2:-_0 -45 g e Prhy [KW]
50 ‘ —=>-90 — — Psihmin [deg]
« Harmonic cavity parameters 00 ] 122 — —PhiGenh [deg]
> 6 to 8 cells in TM020 mode Ibeam
> Total R, = 6.6 t0 8.8 MQ Example: 8 cells in operation

» Coupling B, = 1 (match)

» Optimum Tuning for zero load
angle (as for accelerating cavity)
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. BEAM LOADING DIAGRAM WITH HARMONIC CAVITY FOR BUNCH LENGTHENING

Vace(0) = V. sin(ds + ¢) + V,, sin(ndy, + o) N or

Optimum Working point (1st & 2" derivatives = 0):
b = 1 - arcsin[ n2/(n%-1) Uy/V, ]
Vi opt = SO V2n? - Ug?/(n2-1) ]
 hopt = (1/n) arcsin- Uy / (V, o (N?-1) ]

Optimum tuning (min power) < load angle = 0:
v such that Vo IV,
v, such that Von IV,

Beware, in the vector diagram:
Main RF turns at ¢ = ot
Harmonic RF at n¢ = not

» f— } §, o o—
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. ROBINSON DC (2P TYPE) — INTEGRATION OF SYNCHROTRON EQUATION

Assumptions:

(zriloolfhsi slower Synchrotron slower Cavity Bandwidths
tugi’ng ’ than motion than (main & HC)
S0 == fs~1kHz ... << Above ~ 40 kHz
U

1. Tuning angles, generator amplitudes and phases are constant at the scale of the
synchrotron motion

2. The beam induced voltages in the cavities follow the beam phase
fo="1; xsqrt[a K’/ (2n h Eyle) ], (K'<0 < DC Robinson instability)

K'= -V.cos ¢, -nV,cos(ng,) +V,siny + nVy, Sin vy, (Eqg. 1)

\ ] | ] |\ ]\ J
| | | [

>0 <0 <0 >0
Main RF, Harm. RF, for Main RF Harm. RF,
giving fg, cancelling f, beam loading beam loading

(Robinson term) (Stabilizing effect)
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Coming examples already shown
at
ESLS RF meeting at SOLEIL in November 2018

Computed for 34 harmonic RF system
(and not for actual 4" harmonic project)



. ROBINSON DC (2P TYPE) — INTEGRATION OF SYNCHROTRON EQUATION

Numerical integration of synchrotron equation:
«  Uniform filling (no transients)
«  Starting with beam phase offset by +1 or -1 deg
« Tracking V,, V,,, and ¢, turn by turn
« Checking convergence (neglecting synchrotron oscillation damping)
* No linearization !
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RF Fwd power --- Refl Power Harm. Fwd power --- Refl Power
1000 = =
= = —
% 500 % 5 nop = n¢h opt = -12.2 deg
[a [«
00—‘ = ;0_ - 100 150 200 00 50 100— 9 IS_(; = 5 Cavmes’ Bh B
Ibeam [mMA] = Ibeam [mMA] — Stable
Y fs-Rob --- Kprime o for Imln, -e- |ha|f lmax
= T A 1y
M b 0 —
— / .
<. Eq. 1// ~ 8 — Numerical
N & integration
:¥_. 0 - gl E . v
o
¢ 0 50 100 150 200 g 0 10 20
Ibeam [mA] time [ms]
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. ROBINSON DC (2P TYPE) — INTEGRATION OF SYNCHROTRON EQUATION

RF Fwd power --- Refl Power Harm. Fwd power --- Refl Power _ _
1000 Vi = Vhopt = 1.89 MV
= =100 _ _
§ - i ., N, = NPy, o = -12.2 deg
— , il IR S cavities, B, = 2
o———== 0
0 50 100 150 200 0 50 100 150 200 — Unstable for Ib >0
Ibeam [mMA] - Ibeam [mA] _ eam
';' 0 fs-Rob --- Kprime g for Imin, --- lhalf, ... Imax 3 for Imin, --- lhalf, ... Imax
Y e (@] : (&)
1] Ty — 4t . — 0 / -
Y.zl EQ.1 N | Start with y T s oo | Startwith
= 5 — _
N o 'gz ! Ppeam = +1 deg %_4 : S S g e \“ Ppeam = -1 deg
L .04 ~ 0\ 7 Wy
= E %.6 PR I <A R A )
& 0 50 100 150 200 g 0 10 20 3 g 0 10 20 \ 30
Ibeam [mMA] time [ms] time [ms] \

Equilibrium

Only for negative beam
100 mA

phases: stabilization through 07 =
non-linearity of voltage
waveform
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. ROBINSON DC (2P TYPE) — INTEGRATION OF SYNCHROTRON EQUATION

RF Fwd er --- Refl P r Harm. Fwd po --- Refl Powe —
... wd power owe ar wd power e ower Vh — 180 MV (;t Vh opt)
—_ — 100
: = N0 = N op; = -12.2 deg
X 500 X o
o e —— 5 cavities, B, = 2
e 0—
0 50 100 150 200 o s0 100 150 200 |—> Unstable for l,.,,>150 mA
Ibeam [MA] s Ibeam [MA] — —
'; fs-Rob --- Kprime S for Imin, --- lhalf, ... Imax ' for Imin, --- Ihalf, ... Imax
B e 8 2 a 7% oy o
o 0:2 ha =4 Start with =t .
v Eq. N | — 114 in 0 Start with
= 0 = -5_2 Ppeam = €g .g_-l a ) =-1deg
T S| beam
£ 02 N~ o \J\f\/\/‘\/\/\/ s
L 0 50 100 150 200 g 0 3¢ g 0 10 20 30
Ibeam [mMA] tlme [ms] time [ms]

Threshold at ~ 150 mA confirmed by numerical integration
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. ROBINSON DC (2P TYPE) — INTEGRATION OF SYNCHROTRON EQUATION

100

P [kW]
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fs [kHz], K [a.u.]

RF Fwd power --- Refl Power

0

500

0

0.5

-0.5

0 50 100 150 200
Ibeam [mA]
fs-Rob --- Kprime
~1
o
’R\ <
0 50 100 15

Ibeam [mA]

Threshold at ~ 130 mA confirmed by numerical integration

200

P [kw]

1
100 Kﬁ_
50—

0 50 100 150 200
= Ibeam [MA]
g for Imin, --- lhalf, ... Imax
|22 e .
4T Start with
n [ —
putra s Ppeam = +1 deg
a ba N
= o MMM
o 0 30
- 0 10 2

Iéloarm. Fwd power --- Refl Power

time [ms]

Vi, =150 MV (# Vopt)

Ndn = NPy, ot = -12.2 deg

5 cavities, B, =5

— Unstable for I, > 130 mA

For active system, Integration of synchrotron equation indicates:
» Robinson stable if Harmonic RF beam loading > Main RF beam loading

= Sufficient harmonic cavity impedance,
= Sufficient number of harmonic cavities
= Upper limit for coupling B,
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. DLLRF SYSTEM FOR FAST DIGITAL RF FEEDBACK IS NEEDED

1. To stabilize main RF, one can compute the optimum correction for a fast RF feedback:

<AIQT ) — ; [ COS(l,D - Qotune) Sin(l,b - (ptune) (Alc>
AQgr COos IIJ —Sin(l/J - Qotune) COS(I/) - (ptune) AQC

where ¢ = f(Ve, Ipeam » Neav» Rs, B, Ptune); (= @tune = Load angle, mostly zero)
2. Alternative: simulate behaviour of a passive cavity

— Feedback harmonic voltage phase to lock on beam phase

— Results of synchrotron equation integration need to be cross-checked with particle
tracking simulations

— The two RF feedback approaches need to be included in the simulations and checked
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