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. The Key to CLIC Efficiency o

UNIVERSITET

* NC Linac for 1.5 TeV/beam

accelerating gradient: 100 MV/m Main Linac

— | ient:

— RF frequen%y?: 12 GHz C.M. En?rgy. 3 Tev

. Total active length for 1.5 TeV: 15 km ' ek luminosity LA e
=> individual klystrons not realistic ~Beam Rep. rate 50 Hz

 Two-beam acceleration scheme Pulse time duration 156 ns

Average gradient 100 MV/m
« Luminosity of 2x103* cm-2s-" # cavities 2 x 71,548

— short pulse (156ns)
— high rep-rate (50Hz)
— very small beam size (1x100nm)

« 64 MW RF power / accelerating structure of 0.233m active length

= 275 MW/m
« Estimated wall power 415 MW at 7% efficiency
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CLIC Layout
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Drive Beam Accelerator
efficient acceleration in fully loaded linac

__IYYeRTeY YUy,

B RF Transverse
Deflectors

i

=

Combiner Ring (3x)
pulse compression &

frequency multiplication

RF Power Source

Drive Beam Decelerator (24 in total)

- CLIC Two-beam Acceleration Scheme

Delay Loop (2x)
gap creation,
pulse compression &
frequency multiplication

Combiner Ring (4x)
pulse compression &
frequency multiplication

drive beam

RF field

accelerated
—— bunches transfer
waveguide
NAN nﬂ%ﬁ] 5
,';j F\} U'WU“! compressad
RF field

Drive beam time structure - final

Drive beam time structure - initial
240 ns 240 ns
p - 5.8 Uus i
R _ .

O
24 pulses — 100 A — 2.5 cm between bunches

4

A
11 ] T 1 e 1 A
140 us total length - 24 » 24 sub-pulses - 5.2 A

2.4 GeV - 60 cm between bunches
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w  CLIC Test Facility CTF3
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* Drive beam generation, with
— appropriate time structure, and
— fully loaded acceleration

* Two-beam acceleration, with
CLIC prototype (TBTS) Delay Loop

— accelerating structures
: AN Combiner
— power production Drive Beam  chicane - Ring
structures (PETS) Linac TL2
. . S0GHz
o DeCelerathn Stablllty power station CALIFES .

TBL) Probe Beam Linac
( compressor TWO'beam

chicane

Test Stand

Test Beam

30GHz Line
test stand

* Photoinjector (PHIN)

CLEX

injector
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e CTF3 Experimental Program O
* Two-beam acceleration

— conditioning and test PETS and accelerating structures

— breakdown kicks of beam

— dark (electron) current accompanied by ions

— install 1, then 3, two-beam modules

* Drive beam generation :
.. TBTS is the only place
— phase feed forward for phase stability available to investigate
— increase to 5 Hz repetition rate effects of RF breakdown
— coherent diffraction radiation experiments on the beam

* Drive beam deceleration
— extend TBL to 8 then 16 PETS
— high power production + test stand

» 12GHz klystron powered test stand
— power testing structures w/o beam
— significantly higher repetition rate (50 Hz)
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The CTF3 Facility as CLIC Test Bench
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clreumferences

326 Klystrons. 326 Klystrons
delay loop 724 m
33 MW, 139 1 CR1 144.8 m | | | 33 MW, 139 us
drive beam accel &g CR2ad:13m drive beam accelerator 2.38 GeV, 1.0 GHz
i 1 km -
4 delay loop

decelerator, 24 sectors of 876 m

T imm
” 2.75Kkm
e* main linac TA radlus 120m

48.3 km

__BDS
9 Km

CR  combiner ring
TA  twmaround
DR damping ring
PDR  predamping ring

BC  bunch compressor
BDS  beam delivery system
IP interaction point

e* injector, 2.4 GeV

Combine |
rring

140 m
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w  CTF3 Drive Beam

UNIVERSITET

» Several operation modes possible,

« Tail clipper (TC) after the CR to adjust the pulse

length,

« Upgrade possible to 150 MeV at 5 Hz repetition
rate.
Mode #1 #2 #3
Energy 120 [MeV]
Energy spread 2 [%]
Current (1) 30 15 4 [A]
Pulse length (2) 140 240 1100 [ns]
DBA frequency 1.5 3 3 [GHZz]
Bunch frequency 12 12 3 [GHZ]
Repetition rate 0.8 [HZ]
PETS power 200 61 5 [MW]
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Efficient power transfer

« “Standard” situation:
« small beam loading
* power at exit lost in load

« “Efficient” situation: Vo= 1/2V
* high beam loading
* no power flows into load

unloaded

95.3% RF | | - =

. _.beam. _

| beam on

..................

| ACS0305 exi

.~ Demonstration Fully Loaded Operation

Roger Ruber (Uppsala University) - CLIC Feasibility Demonstration at CTF3

RF in no RF out
i 1 1T

1 1 i i
in

E unloaded gradient

field builds up linearly
(and stepwise, for
point-like bunches)

LINAC'0 (13-Sep-2010)
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w  Recombination Principle
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Acceloration 3 GHz

AR

. 180° phase switch in
Deflection Sub Harmonic

4A-12ps
150 Mev

DRIVE BEAM
LINAC

Initial time strctue

140 ns

«—>
L

1.12 ustotal length - 8 sub-pulses - 4 A
110 MeV - 20 cm between bunches (1.5 GHz)

Delay Loop

odd buckets
o 00 o o

# COMBINER
RING

32A-140ns

-

even
buckets

RF deflector
o Combiner Ring
4" Turn
...
—0
000 l9--0---0---0---0 L0060
. .-
S
J/
< M4
Final time structure
140 ns
¢ > 1.2s .
) -
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0.8 Hz repetition rate
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.. Bunch Re-combination DL + CR e

» Streak camera Turn 1
Images from CR
A Turn 2
* bunch spacing:
— 666 ps initial Turn 3
— 83 ps final

« circulation time correction V™M 4
by wiggler adjustment

N ] ]
. - |
 Signal from BPMs £ from Linac
@ 5 in DL
| @ 201 after DL
=T 2 nCR  \_J
o W s W e ew
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e - ONgoing Work
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« Beam current stabilization

— CLIC requires stability at 0.075% level [variation b'T?Z W
— ok from linac and DL 9 o oo
need improvement in CR —CRaEne
* Phase stabilization
— temperature stabilization
pulse compressor cavity
* Transfer line commissioning B
— transport losses from CR to experiment hall N
. | 3 , , , , . 3
---------------- S0 SO N SO S -4 P

RF phase stability 2¢|;
along pulse |
(for different  _ [ jd

ambient T Wy
temperatures) :

-]

5L ) + ______ k| yStI’OH . Oﬁ: .......... -

0 G0 WOA MO N0 WD D 40
ns
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A standing-wave photo-injector

3 travelling-wave structures, the first one
used for velocity bunching

« A single klystron (45 MW — 5.5 ms) with
pulse compression (120 MW — 1.3 ms)

* A RF network with splitters, phase shifters,
attenuator, circulator and couplers

Roger Ruber (Uppsala University) - CLIC Feasibility Demonstration at CTF3

Energy

Energy spread
Pulse length
Bunch frequency
Bunch length
Bunch charge
Intensity

- short pulse
- long pulse

Repetition rate

200 MeV
1% (FWHM)

0.6-150 ns
1.5 GHz

1.4 ps
0.085-0.6 nC

1A
0.13A

0.833 -5 Hz

KVI, 20-Sep-2011
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Two-beam Test Stand
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Spectrometers |
and beam dumps

g% supported by the

d Swedish Research
M Council and the
} Knut and Alice

Construction

Wallenberg Foundation
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Versatile facility

N v | TR Al AWAY
« two-beam operation e
— 28A drive beam [100A at CLIC] g Feew g™
— 1A probe beam [like CLIC] o 0O
» excellent beam diagnostics, long lever arms
« easy access & flexibility for future upgrades
Unique test possibilities
« power production in prototype CLIC PETS
« two-beam acceleration and full CLIC module
 studies of
— beam kick & RF breakdown cowecter ks | Fasno |
— beam dynamics effects e Eimg E = \"‘ﬂi, 52??2 ET |
— beam-based alignment %E T T mmwmi. Eﬁl T T

--------
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CERN EDMS Id. 894313 (version 6.3)
Roger Ruber, 2010/03/03

g
=
2
=
(3]

CMS.MTV 0630

j CMS.BPM 0620

/\, CM.BHE 0600
CM.MTV 0590

CAS.DUM 0840
GAS MTV 0830

Roger Ruber (Uppsala University) - Two-beam Test Stand

TBTS Test Area

1x PETS
w/ reC|rcuIat|

VGP 0430

CM.VPI 0580
CM.VWT 0580
CM.QFD 0570
CM.QDD 0565
CM.QFD 0560
CM.BPM 0550
CM.DVJ 0540
CM.DHJ 0540
CM.DVJ 0520
CM.DHJ 0520
CM.BPM 0510
CM.VWS 0500
M.\VGR 0430
CM.BPM 0370

CM.VPI

4 -_(j F)—

drive beam

A

probe beam

0031 10009

CA.BFM 0720 QRN

A
)

CAQFD 0770 88§
CA QDD 0765,
CA.QFD 0760 [ ¢
CA.BPM 0750 Bt
CADHJ 0740
CAVGP 0730
CAVGR 0730
CAWWR 0730,
CAVPI 07305
CAWT 0730
CADHJ 0715
CAVPI 0712
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CA.DVJ 0590
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CAS.BPM 0820|
CAMTV 0790
CA DV 0740

1x acceleratlng
structure

CTF3 Collaboration Meeting (05- 16
May-2010)




e Structures Test Program
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* Drive Beam Area

— Installed:
« TBTS PETS, 1m long
» external RF power recirculation

— Next test foreseen:

« PETS On/Off option (active reflector)
A. Cappelletti (04-May-2010)
4th X-band Workshop
http://indico.cern.ch/event/75374

 Probe Beam Area

— |Installed:

« TD24 = disks, tapered, damped, 24 cells
A. Samoshkin (07-Apr-2010)
CLIC RF struct. dev. meeting
http://indico.cern.ch/event/72089
— Next test foreseen:

 TD24 with wakefield monitor

Roger Ruber (Uppsala University) - Two-beam Test Stand

#2. External Recirculation

180° phase advance

mam | #3. Internal Recirculation

Courtesy A. Samoshkin

CTF3 Collaboration Meeting (05- 17

May-2010)




.. PETS Power Recirculation o
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« PETS length 1m, to compensate for lower to load
beam current compared to CLIC » | variable spitr
variable (coupling: 0—1)
- External recirculation loop e, -
. . output
— increase PETS power in long pulse, e | PETS Input q
low current mode #3 beam

e power recirculation
through external feedback loop:

— electron bunch 150
generates field burst

— field burst returns
after roundtrip time t. = 26ns

PETS operates as amplifier

—_
=
o}

Fower, MW

Ln
=

(LASER like)
* phase shifter to adjust ; , ,
phase error in the loop ’ 2 rmens 0 -
Roger Ruber (Uppsala University) - Two-beam Test Stand CTF3 Collaboration Meeting (05- 18

May-2010)




wa  POWEr Reconstruction with Recirculation
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Pulse #22563 OB—Sep—ZUUQ Pulse #11027 08-Sep-2009
250 I —Power (Model) || 2501 I
--Power (Diode) —_
g=0.84, ¢ =-9°, Ehisicoren rove i model
200+ O 78 O 6 b 200+ BPMO0510 Current
Ceal = Cie =
g = 0.84,

Sz 150 S 150 -
o =t Caa=07
g 5 g —_
€5 measured = model £ 100,

L

[}
0 lestinad o L . L AR e e y 0 T L e et 8 i

0 100 200 300 400 500 0 100 200 300 400 ““S00

Time [ns] Time [ns]

C. Hellenthal,

« Parameters constant during normal operation
— predicts PETS output power (CTF3 Note 092, 094, 096)

» Accurate parameter fit rising slope
— gives recirculation loop loss factor and phase shift

» Energy difference (€) measurement and model indicates "pulse
shortening” — breakdown indicator

CLIC Note 811 (2009)

Roger Ruber (Uppsala University) - Two-beam Test Stand CTF3 Collaboration Meeting (05- 19

May-2010)




- Drive Beam Energy Loss in PETS
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* Energy loss (CTF3 Note 097)
— spectrometer line (blue)

— PETS power + BPM intensity
(green)

— BPM intensity (black)

* Include initial energy variation
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o 50 100 150 200 250 300 350 400 450
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From E. Adli et al., DIPAC09 MOPD29

— improves kick measurement (CTF3 Note 098)
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CTF3 Collaboration Meeting (05- 20
May-2010)




s TWO-beam Acceleration e
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 Coarse timing drive and probe beam (ns adjustment)
— assure signals on BPM and RF channels to overlap

» Calibration of RF system

— characterize losses in waveguides
PETS output RF pulse (shape) == ACS output if no probe
beam

* Demonstrate acceleration by energy gain probe beam

— scan along PETS 12GHz RF phase
(sub-ps timing adjustment, 1°= 0.23ps):
modify laser phase to adjust bunches to PETS phase
— monitor energy gain

— Note: acceleration by 15% — adjust downstream optics!

Roger Ruber (Uppsala University) - Two-beam Test Stand CTF3 Collaboration Meeting (05- 21
May-2010)




- First Trial Probe Beam Acceleration
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EB-Aug-2010

2l

* Fine tuning DB~ PB timing w4 DB ON
— 3GHz phase scan klystron |
— coherent with 1.5GHz 0 -
laser timing signal L ‘ |

-30 -20 -10 0 10 20 30
-30 -20 10 0 10 20 30 Energy = 175.621 MeV
Energy = 179.638 MeVY

« ~6 MeV peak-to-peak < ——— — =
— zero crossing: 177 MeV, 205 deqr. K\ /\ -
— phase scaling: 5.58 (expect4x) | ' '

 optimize

— PB energy Spread & bunching o E T me Mm% m
. ZB-AuUg-2010 - A L=
— Klystron pulse compression 215 DB ON 221 DB OFF
CasMTYOGIN CASMTVOEE0

— coherency klystron and laser

— low input power
(ACS not conditioned)

30 -20 -10 0 10 20 a0 .30 -20 <10 0 10 20 30
Energy = 176.439 MeV Energy = 176.439 MeV
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- TWO-beam Acceleration
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* Probe beam repetition rate is twice = suan

. SATURATED  CAS.MTVDZ30 - L U S L T
the drive beam rep-rate, | 6 O L0
—— N TS S ]
- DB / PB relative timing and phase d sl asl o _ﬂ.;._
. . . 02 B Sl 2l 2 222 22E ol ol }
adjusted to maximize energy and SR
minimize energy spread after ACS, | R o
T T O B R Y P L]
« PB pulse length 10 to 100 ns, T T
Erorgy prd A =555 HeV
* DB pulse length 100 to 240 ns. o ARSIl sz i
] R e g e RN 5
225 .......... _ .......... _ ...........
%2]5 .......... ........... ........... ...........
15 | . S ]
205 b ........... ........... ...........
1195§2I3:DT 15:2;:22 15:2;:3? 15:2;3:52 15:27.07 ISI:JEE:DF’ 15:2;3:22 15:2;3:3? 15:2;3:52 15:27.07

Energy gain = 28.18 Me¥ (0.1)

Image processing of the spectrum line MTV screen

Raw video of the spectrum line MTV screen
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Two-beam Acceleration Performance
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Conditioning Process

Present stable level:

 PETS + recirculation loop
— ~70 MW peak power,
— ~200 ns pulse

 Accelerating structure
— ~23 MW peak power

Vacuum Activity  p——r—r

8 .
= 107 S -l - TREE -1
oo TEUN P ] O LE e
A RNl | R
1 2 3 4 5 53 7 g 4 1o 11
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Ulses %10
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L ¥ - w
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Example RF Breakdowns
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. Breakdown Detection
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CL\h P D38

—_— - | ._.EE,TE__.

o I AR I R OE1TH Y
CM P B ,

""Té

........

]
K cu remnan

- @

11 11:20 71 | 8 Bresktoan O mtaviack O Barenat O T

wma | Tima stamp 17190078

arunoBses

s> PETSout /0 5.l PETSreflected /"
% ACSin1 / )l ACSreflected 1|
1] ACS reflected 2

DB current|

B

e

TR

a1 E1 2l 6

Photomultiplier and Faraday cup signals during

BD

RF power pannel

Alexey DubrowshiQ

Logical analysis of the RF signals allows to attribute
breakdown either to the PETS, to the waveguide

network or to the ACS

PM detection of X-rays and Faraday cup current are
typical of ACS breakdowns

Flash box will allow to analyze electron and ions
current produced during breakdown.

Roger Ruber (Uppsala University) - CLIC Feasibility Demonstration at CTF3

KVI, 20-Sep-2011
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. Breakdown Rate
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10 BOR vs Accelerating Gradient at 180 ns
% 10"
g
% 10
, i — [, TD,vg, Disk Period 0.0-50.5 hh data
g o7l : : : : e I . TD,,vq, [Disk: Period 0.0-50.5 hh fit E'**
oo ] ? ? ? & YRS | TD,,vg, Disk Period 505-1214 hhdata |
ga ' : : . “ ' TD,,vg, Disk Period 50.5-121.4 hh fit E'** |
%E . : TD2_1vg_ _Disk: Period 121.4-268.7 hh data
£ —_—. . TO,,vg, ;_Disk: Period 121.4-268.7 hh fit E'7 |
: I i — | g a0 100 110 120 130 140
1600 1ai MV
ACS breakdown count vs. RF pulse number and Breakdown rate vs. accelerating gradient
repartition law of RF pulse number between BD for various periods of time.

» During a breakdown, in addition to energy default, the beam is likely to receive a
transverse Kkick,

* It is important for the CLIC design to quantify this effect,

» BPMs are foreseen for this experiment but are presently affected by noise that
limits their resolution,

» However kicks effects have been recorded using a beam profile monitor.

Roger Ruber (Uppsala University) - CLIC Feasibility Demonstration at CTF3 KVI, 20-Sep-2011 28
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- Beam Kick Measurements o

UNIVERSITET

M. Johnson, CLIC Note 710

| BPM4: x, BPM3: x, BPM2: x, BPML: x,
dlpole 1 1 1 1
— iijg——' <
BPM5: x
° T I T 1
beam kick
[0,0]

« 5 BPMs: incoming angle & offset, kick angle
 dipole + BPM5 for energy measurement

— -’ 0
x = A0 5 R2 RZ 0 0 o
| =| B RE RS 0 || Y
5_ (AtA)_lAtf T4 Ry} Ry, Ry 0 dp/p
— - 15 15 5 5
\ =5 \ i1 Ry Ry, D°
Roger Ruber (Uppsala University) - Two-beam Test Stand CTF3 Collaboration Meeting (05- 29

May-2010)
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CS

BPMs before A

BPMs after ACS

Breakdown Kick
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Volker Ziemann
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- [Mportance of the Drive Beam Kick o
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* Maximum accepted PETS break down voltage in CLIC
— transverse voltage required for 1mm offset in drive beam
— as function of PETS (position) along linac

* PETS beam kick estimate: 0/ p = oLvers 1
(point like bunch, 15GHz) B founen
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+~. TBTS Phase 3: One Test Module e
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.. TBTS Phase 3 Powering Schemes
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= Conclusions e

 Reached first milestones:

— Drive beam generation with appropriate time structure
and fully loaded acceleration.

— Two-beam acceleration with CLIC prototype structures.

« Continued operation:
— Optimize beam and two-beam acceleration.
— Investigate RF breakdown effects on beam.

 Planned enhancements:
— 12 GHz klystron powered test stand
— Install full two-beam test modules.
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