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FCC-hh injection kicker system

Challanges:
Injection kicker system must be highly reliable T. Kramer: ECC-hh kicker systems: status and R&D
Machine protection constraints: max. 80 bunches blans {inlection. extraction. dilufion), Wed: 09:40
can be safely transferred into FCC-hh at a time 3. Borburgh: ECC-hh Injector Design, Tue. 17:00
NeW pU|Se power generator t0p0|0g|es reqUIred A. Chmi_elinska: FCC-hh Injection and Extraction:
(i.e. Inductive Addder or Marx Generator) Insertions and Requirements, Wed. 09:30

Injection kicker magnets are installed
in the circulating beam

— necessity of the beam screen to reduce beam coupling impedance

Baseline parameters: Baseline:

Parameter Value Injection kicker system length reduced from
'/i‘rJ]Z‘f;"[rr‘nergg]rgy [TeV] 33 ~120 m to 40 m and moved to the end of the
Pulse duration [us] 2 half-cell: 18 magnets in total

Current [kA] 2.4

Voltage [kV] 15 "

System impedance [Q] 6.25 540 mm Lambertson QD Injfectlon QF Internal
System length [m] 40 septum kicker dump

Field rise time [us] 0.43 ]

Aperture dimensions [mm] 48

Magnet fill time [us] 0.355

Good field region (h/v) [mm)] 8/8

Flat-top tolerance [%] +0.5

150 m 90° phase advance
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FCC-hh injection kicker magnet

Transmission line topology to achieve fast field rise time with low ripple

Number of cells: 20

— compromise between complexity and the required cut-off frequency of each cell

Kicker magnet yoke: NiZn ferrite

Transmission line type magnet:

cell n
L cell L cell L cell
> M My o N

Conclusion:

—

Normalized magnetic flux [%
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» Detailed PSpice model of the FCC-hh injection kicker developed:
required field rise time and filed flat-top quality are achieved
 CST model developed to study beam coupling impedance
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Motivation

Conventional beam screen (Catia model): General features:

* 24 (NiCr) straight screen conductors

s ' eylinder inserted into grooved slots of alumina tube
Sereen to shield ferrite yoke from the EM fields induced
% conductors by the circulating beam:

— reduced beam coupling impedance

Injected
+ circulating
beam

+ Capacitive coupling to ground at the upstream end
allows to preserve fast magnetic field rise time:
— no major Eddy current loops

Y
—
¥ —]
: [
' a———
g C——- Alumina tube

Vacuumgap  Ferite 483 FerritedM2 | « Overlap length determines resonances
3mm i | in the longitudinal impedance spectrum

— possibility to shift resonant modes

to higher frequencies [1]:

l.e.: post LS1 MKI: Loverlap=130mm [2],

upgraded MKI8D: Loverlap=56mm [3]

Overlap length
Example: LHC MKI.

y TN

(n) _ nc
conv — :
2\/ 3r,eff(Loverlap + 5fringe)

-+ Powerlossin the ferrite yoke is also reduced
due to the damping provided by the ferrite rings
positioned around each end of the beam screen [3].

Ferrite Rings
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Motivation

High voltage issues: Magnet voltage and voltage of screen
- During magnetic field rise and fall, conductor (#1):

a significant voltage is induced on the
screen conductors [2]:
— possibility of HV breakdowns between
adjacent screen conductors or/and
between screen conductors and metallic
Cylmder' . .. F —— Ving (screen conductor adjacent to HV busbar)
« Non-symmetric vacuum gap is introduced = b
to reduce the electric field. Elapsed Time [uis]

Induced voltage: Maximum conductor and inter-conductor

voltages (for 60 kV PFN voltage):

30F

20F
10F

OF

—10F— Vin (magnet input)

Predicted Voltage [kV]

[kV]

Max. Conductor Voltage
[kV]

10F

| N [ [ I Y N
101112131415161718192021222324
(HV) (GND) (HV)

Max. Inter-Conductor Voltage

H;
N
wh
b
-
ol
-
ol
ok

Conductor number

Max. induced voltage: Vi = 4E(d + 2R)L

Max. difference between adjacent conductors:
for 8 ~0and ~ 7.

dB
Induced voltage: Vi = E(d + R-y;)L
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New concept: spiral beam screen

Spiral beam screen:

The coordinates of the i-th spiral screen conductor:

Each conductor has a form of spiral:

x;(6) = Rcos(6 + 6;)

vi(6) = Rsin(6 + 6;)

Zi(g) = %; NS [Oa 2JHVturn]
where 0; = %JT - 2”(;4_1) and Nwm is the number
of turns in the kicker magnet aperture.

For the spiral beam screen, the distance of each
screen conductor from the GND busbar changes

along the z direction:
fi(0) =d + R - yi(6).
For an integer number of turns along the aperture:

V; = 484 + R)L

Spiral beam screen is expected to provide
significantly improved HV performance

v' the induced voltage on each screen

conductor is the same,
v’ this is approximately one-half of the worst
case straight screen conductor.
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Longitudinal beam coupling
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Conventional beam screen*

Longitudinal impedance spectrum: Power deposition distribution:

1 T T T T 500 121 SQ .
— Beam spectrum 8 I 40 MHz multiples
0. 8} — Maximum at 903 MHz (original data) H 400 E‘ 107 m f; multiples (selected)
= — Maximum at 880 MHz o = 3
= 0.6} — Maximum at 920 MHz H300 = a
- H 5 2"
£0. 4} 1200 @ @ 4 ony
g o 2 =Y JRTRmm
< ) ) 2,2@5{@_ '*'mzml‘\ﬁ%‘_s;gﬁ;\‘ﬁamggggggggmmmvquvvvv#
0.2 4100 o ° g% Oooocoodddddooddoooogggggggggggg
‘ N mMemOROOANMT RO ®OG oM SR
0 : 0 - - N R R I A AR AN
0 0.5 1 1.5 2 2.5 x2S LLELLLEEELEE
> X > > X >
Freq. [GHz] Solids
Total power loss Power deposition distribution evaluated
(evaluated also for worse case scenarios) using 2 methods:
v’ 30.2 W/33.4 W/29.3 W v Distribitions very similar to the upgraded
(smaller than for the LHC MKI8D [3]) LHC MKI8D, which was verified experimentally [3]
v" new method of calculating the power deposition
distribution [4] improves the accuracy by about 10%
Conclusion:

Upgraded magnet LHC MKI8D did not limit LHC operation [5], hence no heating issues
are expected for the FCC-hh injection kickers during operation with nominal beam parameters.

*Loverlap=56 mm + non symmetric vacuum gap as in the upgraded LHC MKI8D installed in YETS 2017/2018.
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Spiral beam screen

Metallic Ferrite Screen

Vacuum cylinder CMD10 conductors

Injected
and |
circulating
beam
: Alumina Grounded L
Vacuum %, tube cylinder .
gap Overlap length
Alternative options:
Features:

v Integer number of turns in the aperture
v' Symmetric vacuum gap (2 mm width)
v" Ungraded lengths of screen conductors
v" Reduced overlap length (40 mm)

v Possibility to connect all spirals together

v Future option to use switch and minimize
beam coupling impedance once
machine is filled
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Spiral beam screen (optimized design):

Longitudinal impedance spectrum:

400

Spiral, Ngm = 3, connected

3 1576.MHz, 79 Q
1 : 1849 MHz, 53 Q
>0F . 1845 MHz. 53 Q
\_ L AAAN 1583 MHz, 56 Q
il 200400 600 800 A/
“\L_L_ R R R : \
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Freq. [MHZz]
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L4311 MHz, 444 Q 1044 Mz, 177 0 goaight conductors
4.1 MHz, 442 Q 1039 MHz, 175 O piral, Nium =
= 300f 41 MHz 4420 1033 MHz, 167 O — Spiral, Ngm = 2
— t - Spiral, Nturn=3
.

Power loss increase:

§40 F T T T -
%30 L = Conclusion:
§ g ] No heating issues are expected
220F o eam s een desian | for the FCC-hh injection kickers
0 L + Wtyrn = i ) )
S 10L —— Spiral, Neun =2 E with the spiral beam screen.
= 3 —— Spiral, Ngyn =3 4
D? L Spiral, Nwm = 3, connected

O -_ L 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

0 500 1000 1500 2000

Freq. [MHz]
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Impact on longitudinal beam stability (1)

Thereshold for the longitudinal coupled bunch instability:
(assuming Gaussian bunch distribution):

50
40
g
S 30
& 20f s
E m=4
10 » - == m=5
C —— Threshold
- 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
00 500 1000 1500 2000 2500
fr [IMHz]
|77|E0 (&E)z A(f[-’s[]' FCB I. Karpov: Requirements for longitudinal HOM
R < G(f;7r) (see Ref. [6]) " damping in FCC-hh, Tue. 08:45
IB? \Ey] ws fotr

Contribution to the threshold at ~1000MHz:
18 kickers x 200 Q / 8 MQ = 0.05%

Conclusion:
Kicker magnets are very unlikely to drive coupled bunch instability in the longitudinal plane.
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Impact on longitudinal beam stability (I1)

Total impedance budget for the loss of Landau damping in FCC-hh: 200 mQ
(assuming margin of a factor of 2 in comparison with LHC) [7].

x10°

I ot I LN L L |
—Gaussian, m=0
0.3F 'l Zoom: —— Initial beam screen design —Gaussian, m=1
_ : ‘ —— Spiral, Ny =1 SoL —Parabolic, m=0 ]
S 0.2f —— spiral Mum =2 © —Parabolic, m=1
—_ - —— Spiral, Neyrn =3 —
S o I - o oo Spiral, Num = 3, connected E
N F Rl ]
E 00F [— -
.
_0'1:_|f||||||||||||||||||||||||||||||| 0 L T T T | | P
0 250 500 75;)req l[C)N(IJHOZ] 1250 1500 1750 2000 500 1000 1500 2000
Freq. [MHz]

Effective impedance:

Zjj\m oo w hm(wp) ©) (w0 rMS)* " exp(—w* oy 4) for a Gaussian bunch,
Im(—) = m = 1+ (=)™ .
1 ) eft % o hm(@)) (m+1)>2 [(w:f)zj_;ﬁ?fi%l]z for a parabolic bunch.
Conclusions:

* For 18 kicker magnets with the conventional beam screen, the contribution to the total impedance
budget is between 2.5% to 3%.

* Inthe worst case, for the spiral with 3 turns, the contribution is between 5.4% to 5.7% (not critical)

* For 120 m long injection system (as initially assumed), without optimization, the contribution
would be around 18%
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Transverse beam coupling
Impedance



Re(Z7P) [Q/m]

New method to disentangle dipolar and quadrupolar impedance using Eigenmode Solver
(S. Arsneyev, see Ref. [8])

le7

B —— Spiral, Ny = 3 (Eigenmode)

i —— Spiral, N = 3 (Wakefield)
2
1k
0||||T||||||||||||_|L||||_-_||
100 150 200 250 300

Freq. [MHZ]

350

le/

—— Spiral, Nwym = 3 (Eigenmode)
—— Spiral, Nyym = 3 (Wakefield)

1 I 11 1 1 I 1
200 250 300

Freq. [MHz]

Very good agreement between Eigenmode and Wakefield simulations
Modes at approximately: 105 MHz, 150 MHz, 193 MHz, 237 MHz.

component of transverse impedance.

Mode at 193 MHz:

In addition: spiral beam screen with symmetric vacuum gap cancels out quadrupolar

Agnieszka Chmielinska
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FCC-hh transverse impedance budget

1. 18 kicker magnets with a conventional or a spiral beam screen will not fit into impedance budget
for coupled bunch instability in the transverse plane

2. However’ 2 magnets with a 3 turn Spira| will fit S. Arsenyev: Impedance budget and stability, Tue. 09:42

3. For the spiral design, the frequency of the resonant modes can be tuned, several options can be
considered: i.e:
* magnets with a different integer number of turns along the aperture
* magnets with the same integer number of turns along the aperture, but with more turns
outside the aperture

magnets with a different length of the beam screen
perhaps spiral beam screen with a non-integer number of turns

vi

|

v 9 pairs of detuned kicker magnets will fit into impedance budget.

4. There is no possibility of tuning the frequency of the conventional beam screen design without
a destructive impact on the longitudinal impedance.
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Next step

Prototype alumina tube with spiral screen conductors applied using copper paint:
- measurements ongoing.
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Field homogeneity,
rise time and flat-top quality
of the FCC-hh injection kicker magnet
with the beam screen



Field homogeneity/rise time/flat-top quality

OPERA AC and transient simulations (without including delay time of the kicker magnet)
* investigation of the optimum material/width/thickness of the screen conductors
« Baseline: Cu, 30 pm x 1.5 mm

BEST option

=
=
=

=
=
o

109 —e— No beam screen
—e— NiCr: 30 um x 2.0 mm
NiCr: 800 pm x 2.0 mm
108 Cu: 30 pm x 2.0 mm
Cu: 30 pm x 1.5 mm
| —&— Cu: 30 gm x 1.3 mm
107 —e— Cu: 800 pm x 2.0 mm
—e— Ag: 30 pm x 2.0 mm
1063 820 ma o

INENIT] 1 1 IIIIIIII 11 IIIIII| 11 IIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII
1071 100 10! 102 103 104 10° 10° 107
Frequency [Hz]

Inductance [nH]

Y420 46.0 50.0 54.0 58.0 62.0 66.0 70.0
%oénponem: 100%(BY+2.61199283814281E-05)/-2.611 39025331 4281E-05

PSpice simulations (including delay time of the kicker magnet)
» Field flat-top quality and field rise time satisfied for the selected baseline parameters.
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Summary of achievements

Optimization of the total injection kicker system length
v' 120m reduced to 40m
v' 18 magnets in total
v' significantly reduced total impedance contribution

« Optimization of system impedance, in conjuction with pulse generator design

« Very well understood power deposition distribution in the kicker magnets
(CST simulations, measurements, on-line analysis of the LHC MKI)

« Development of new concept of a spiral beam screen

v improved high voltage performance

v low longitudinal impedance

v’ flexibility in terms of different design options

v’ possibility to tune transverse resonant modes

v' no quadrupolar component of transverse impedance
v' good field homogeneity (Opera simulations)

v’ fast field rise and fall times (Pspice simulations)
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Summary of achievements

« Optimization of the longitudinal beam coupling impedace of the conventional and
spiral beam screen design:

v' no heating issues expected for the FCC-hh injection kickers
v very low probability to drive longitudinal coupled bunch instability
v' small contribution to the impedance budget for the loss of Landau damping

» Very good agreement between new Eigenmode method and Wakefield simulations
for transverse impedance:

v’ the spiral beam screen, with possible tweaks, is the only solution to fit into
FCC transverse impedance budget
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Future R&D

« Field rise-time measurements: to verify the influence of the spiral beam-screen
upon field rise and fall times
« Sensitivity of influence of small errors in induced voltage upon field rise time
(for conductors coupled in overlap region)
« High-voltage tests
« Analysis of "tuning" of frequency of transverse impedance resonances
« Impedance measurements:
« Concept of "switch" to connect all screen conductors to the beam pipe,
once injection is complete = verify low beam coupling impedance
« Concept of "tuning" of frequency of transverse impedance resonances
« Possibly in atest facility, e.g. CLEAR ?

* Prototyping, test and measurement of an FCC injection kicker magnet.
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Thank you for your attention.



