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Motivation — the AWAKE Experiment

» The experiment uses 400 GeV/c proton bunches (RMS bunch length 6-8 cm) from the SPS to generate
wakefields in a 10 m long rubidium vapor cell

» |n the plasma cell, the long proton bunch is divided into a train of mm-long microbunches (@ plasma
wavelength ~1mm) through a process called seeded self modulation (SSM) which is seeded by a short laser
pulse

= Electron bunches from a linac are injected and captured in the plasma wakefields, and accelerated in the
high-gradient E-field
Self modulation

of proton bunch laser pulse
in the plasma N vapor

e
The AWAKE Experiment:
P e spectrometer

Proton diagnostics L
BTV,0TR, CTR -aser
dump

[1] C. Bracco et. al., Beam studies and experimental facility for the AWAKE experiment at CERN, Nuclear Instruments and Methods, A, 740, 48-53, 2014.

<C\E/RW§\ % Collette Pakuza | High-frequency pick-ups for AWAKE 10 September, 2024

IBIC2024



Motivation — measurement of co-propagating beams

= In the common beamline, both electron and proton High-frequency pick-up
bunches propagate closely in time and space 404 Mz — operating igoeg;i/ebaeﬂﬁ;;f/enred to
frequency of current frequencies

= Beam parameters prior to entering plasma cell:

electron BPMs |

80
Particle beam Charge/nC n — ¢ 0 T——< —— p*48nC, o =250ps

Proton 48 250 ps 60 1 o 1] s
< = =20+
Electron 0.1-0.6 Few ps = z
< 40 = -30
= cEn —40 A
= The current electron BPMs in the common beam- =201 L 100 MKz ChDR Tregiiency|rangs
line operate at freqa0ut = 404 MHz where the —07
electron signal is overshadowed by the proton 0 =60 1T T T R Il
signal -10 -05 00 05 10 10-1 10° 10! 102
Time/ns Frequency/GHz

= To measure the electrons in the presence of the
more-intense proton bunches, requires a BPM to

have a pass-band at frequencies higher than a few
GHz

Beam distributions in time and frequency domain
for perfect Gaussian longitudinal particle distributions
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High-frequency pick-ups

= Two options were studied:
= Conical button BPM design inspired by DESY

= Designed as part of a bunch arrival-time
monitor

= High bandwidth with cut-off frequency > 40 GHz

[2] A. Angelovski et. al., High bandwidth pickup design for bunch
arrival-time monitors for free-electron laser, Physical Review
Special Topics — Accelerators and Beams, 15, 112803 (2012)

= ChDR-based BPM

= Based on the generation of Cherenkov
diffraction radiation

= Very large bandwidth with high cutoff frequency
defined by the bunch length and low cutoff
frequency defined by the material and size

Conical button BPM comparison to
LEP-type Button BPM

AWAKE ChDR BPM
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Cherenkov diffraction radiation (ChDR)

» Polarization radiation produced when a charged particle passes in close proximity to a dielectric medium
(radiator) with velocity greater than the phase velocity of light in that medium (Cherenkov condition v, > c¢/n)

= Beam field interacts with the surface atoms of the radiator producing a polarization field that propagates

. _ 1
through the medium at 8., = cos™?! (E)
Plane wavefront Radiation Ai :
" Useful technique:
Triangular ChDR
F\7¢h dielectric . . .
radiator n L Denn)_ Provides non-invasive
" measurement
> ChDR
Charged particle ; ben i o .
with uniform Emission at a well-defined
velocity b Impact parameter angle
Electron (3,y)
Generation of Cherenkov radiation inside a Generation of ChDR for a triangular radiator

dielectric material
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ChDR BPM conceptual design

= 2+2 symmetric arrangement of radiators
on the perimeter of beampipe

= Polarisation radiation (combination of
ChDR and DR from radiator edge) is
produced and propagates through the
radiators

h* electrode

= Signal proportional to bunch charge and
a function of the beam position

= Difference-over-sum of voltage signals
provides charge-independent position
measurement

v- electrode
signal wave
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ChDR BPM numerical simulations

= Simulation in CST shows propagation of radiation in the dielectric
and predicts the signal response of the BPM

Probe Value
14000

[ Vacuum

1 Alumina

Il Open boundary
I Electric boundary
1 PEC

#p= Particle beam

(200 pC, 5 ps)

— E-Field (0 111.3...(beam_y=0)
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fit E = A*e~(T*y) + B

A=5.0kV/m, T=282e-02mm~1, B=1.4kV/m
-== E(-y)

20 -15 -10 -5 o0 5 10 15 20
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0.00 1

fit AE/ZE = S*y
S =6.4 %/mm

from maximum absolute E-field

-20 =15 =10 =5 0 5 10 15 20
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6.4 %/mm position sensitivity
Linear region £5 mm
Image current model 6.7 %/mm
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ChDR BPM mechanical design

Mechanical representation of AWAKE ChDR BPM

* To have high-pass cut-off in [ )
the few GHz region, chose o X4/
26 mm, 86 mm long
alumina rods angled at the
Cherenkov angle (71°) to

Existing
minimize internal reflections g:ﬂ;" BPM Y1 L~
= 9.6 GHz cut-off H N
2+2 symmetric arrangement of ChDR
= Material and size also Beam T || raditors e
chosen to respect the - | '
geometry of existing LHC p- -

BPM body
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Tests at AWAKE - Installations

= 2 ChDR BPMs installed in the common
beamline, one connected to TRIUMF
electronics and one read out with horn
antenna and diode detector to scope

= 1 HF BPM installed, less than 1 m from the
upstream ChDR BPM, tested both with
readout on scope and TRIUMF electronics

1 g 549.2 211 80
80, 354 .80, 252 _,80,_ 211 354 o 211 80
0.8 74.5 a5
9
“ 40.6 . 116.4 'r—l-I 0.6 | 116.4
T - 1 Béém =
IM IM@‘*_G MOAVD BPM 412346 MOAWF -
ce : BTV 412350 412347 412346 412344
BPM 412349 BPM 412347 A MEAWH
: VGR 412350 MCAWA 412349 MGAWA 412847 MCAWA 412345 412343
1 L MReMIS e 5P 412045/ . Eemaizsas]
I HF BPIVI o VPG\sa
! ChDR BPM ChDR BPM e
i4 53 51 50 49 48 45 44 -
| | I | | | | I I | |
| | | | | | | | | | |
<C\E/RW§\ % Collette Pakuza | High-frequency pick-ups for AWAKE 10 September, 2024 10
) IBIC2024



Beam tests at AWAKE — ChDR BPM, electrons only

| Beam Position /mm
WR15 ™ |
. iy I . 4.69
= For testing the position sensitivity of the ChDR pick-up, the read-out: g | 223
waveguide horn, diode detector and scope E 60 il 026
Schottky % -12.94
e- Waveguide Faraday Diode .SGHZ § 40 -
A Alumina Calntlom Isolator Detector Coaxial Oscilloscope r_g
radiator Cable ~ 50 i
R I ‘
}} >/ - 0 - | \; \\\’\W\v\imewwwwm

6 8 10 12 14

Time / ns
0.8
= Example time signal shown for WR15 (50-75 GHz), for one ChDR pick-up 0.6 4
shows sensitivity to beam position AR
0.4 ¥
= Difference-over-sum shows linear response between 5 mm 02 F Yy $;;“;H+
=Szl ::“:*,_\
» Tested at 3 frequency bands: WR28 (26.5-40 GHz), WR15 (50-75 GHz), WR10 , 007 *#mﬁ%
(75-110 GHz) 3 02 R
i inear fit: (— + X + * +
* |ncreased sensitivity with increased detection frequency 3%/mm to 5%/mm =041 77 iR2s Linear fit (0,032 20,0010~ 0.17
064 WR10 Linear fit: (—0.053 +£0.003)x + 0.09
= Measured sensitivity is lower than predicted by CST simulations Cos % i
= But the increase in sensitivity with detection frequency is expected from ChDR  _10 2 — ; ; . . |
theory -10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0

Beam Position x / mm

B. Spear
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Beam tests at AWAKE — HF and ChDR BPM,
electrons only, and electrons + protons

= For comparison between both pick-ups: direct WR28 waveguide connection and diode detectors set-up for both
= Time signals of both show larger signal produced by ChDR pick-up

Examp|e time Signa|s  1E11 Proton + electrons S = 0.81 %/mm ) 061 ——. A/x = (0.019 = 0.001)x -0.031
0041 & 200pC electrons S = 0.77 %/mm ,,f‘ 0.4 4 =77 A/Z=(0.0310.001)x-0.032
o — b — %}f} ' A/S = (0.019+ 0.003)x -0.28
’ _— = Omm ) L B electrons only
0.35 riF B, 0 0.02 E{J&:’ 0.2 1 HH  3x10!! Proton + electrons L el =o
0.30 1 IR ¢ 1x10!! Proton + electrons R ™~ —
~ | 80 0.0 e - oy
> 0.251 N 0.00 /I N T, _Lofe=1""""" I T
© 020 3 i}'}, J 02— 1 [_F- §
g -0.02 1 ,;k . ,’{u—"{/ I
£ 0.15 I”I’ —0.4 ‘E ‘+‘_, =
0.10 1 -_—mwmw -0.04 'E E ,];',: - —0.64-=F~"
0.05 L2l
Patad -0.8
0-00 -0.06 {2~
00 05 10 15 20 25 3.0 35 T : . T r T -1.0 4 : - . : T T T
Time /s SEE -8 -6 -4 -2 0 2 4 6 -10.0 -75 -50 -25 00 25 50 7.5 10.0
Beam Position/ mm Beam Position/ mm
» B. Spear
= Performed position scans, electron only shots taken before & after electron + proton shot
= Demonstrated that sensitivity is not affected by 1e11 protons per bunch (ppb)
= Butitis affected by the 3e11 ppb so there is some contribution to the signal from protons
|

Sensitivity is lower for the HF BPM than the ChDR BPM with the same detection set-up, 1%/mm vs 2%/mm
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Beam tests at AWAKE - proton signal rejection

1e11 protons per bunch 3e11 protons per bunch
3.5
—— Protons and electrons 3.5 1 —— Protons and electrons
3.0 —— Electrons only —— Electrons only
’ —— Protons only 3.0 —— Protons only shot 1
+ —— Protons only shot 2
2.5
2.5 4
—~ 2.0 1
= S 2.0
E £ ]
© 1. = 4
g 5 g 1.5
wn n i
1.0 A ¥
,
3
0.5 - !
0.0
0 10 20 30 40 >0 60 0 10 20 30 40 50 60
Time (ns)
Time (ns)

Examples of the time signals of the ChDR BPM with 30 GHz detection

Shows that proton signal at 1e11 ppb is below the noise level

No change of the signal shape for simultaneous protons + electrons

For 3e11 ppb, some signal perturbation present with a large shot-to-shot variability but depressed w.r.t. the electrons

Hints that the proton spectrum extends to frequencies higher than what we expect, under investigation
[3] E. Senes, Ph.D. thesis, University of Oxford, Oxford, UK
[4] B. Spear, in proceedings IPAC24, Nashville, Tennessee, USA (2024)
[5] B. Spear, in proceedings IBIC24, Beijing, China, (2024)

ChDR BPM operation for 1e11 ppb is feasible as it shows good rejection of 1e11 ppb

Cl
|
<
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Beam tests with TRIUMF read-out systems

= Both, HF and ChDR BPMs were connected to a pair of read-out electronics designed by TRIUMF

= Detection chain — frequency downmixing, etc.

» Preliminary tests done showing that both the ChDR and HF BPMs are sensitive to beam position following
closely the response of the neighboring electron BPMs

= (Calibration was performed on both read-out electronics to remove the non-linear response of the diode

detectors
[6] C. Pakuza, in proceedings IBIC24, Beijing, China, 2024.
= More beam tests are required for the calibrated electronics and compared with beam trajectory

300pC electron scan

DARK ROOM AWAKE TUNNEL 6 —— BPM412346(ChDR)
4x N-type | AT i BPM412348(HF)
il cables BPF @ 30.5 GHz = : —— Stripline eBPM412347
Electronics | LPF |' . ~ = 1
2m im with BW =1 GHz e 2
SMA = | Al
FRONT-END | |ETH cable £ 01 [N Ll R
patch il | i
COMPUTER E I
g &“"“‘.“IL N |
. = =4 1 I
LOCAL q 1|}:te —()—{ BPF |—— chDRBPM/HF | | g
OSCILLATOR | wR28 i B BPM W8 -6 Wi .
® £ e
W ‘Hl‘-_‘l
LO running at L0 RF -10 i
28 GHz 2122:15 21 22:20 212225

Timestamp
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Future outlook

= Some challenges still need to be studied

= Broadband matching between the radiator and
the standard wavequide is more difficult for the
CthEJ)'RdPU than the HF PU needs to be further
studie

= Time response of the PU should also be
measured and possibly further optimized

» Please refer to talk by Andreas Schloegelhofer on
Wednesday on how this measurement can be
achieved

= Further testing required to better understand the
systems and better optimize the detection

= The proton bunches still have a frequency content at
30 GHz

= The electron detection systems would benefit from
operating at a higher frequency to further reduce
the contribution from the proton signal
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Conclusions

= ChDR pick-ups are a young and
promising technology for non-invasive
beam position measurements

= Both HF and ChDR pick-ups have large
bandwidth which may also have impact for
accelerators with short bunches

= Specifically at AWAKE, these could allow
for beam distinction based on frequency
discrimination
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Thank you for listening!
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