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The IFIC HG-RF laboratory: layout and main parameters
|
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Up to 15 MW with 5 ps pulses and
200 Hz repetition rate.
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Current objectives of the laboratory

J Conditioning of the Backward Travelling Wave (BTW) structure designed and built at
CERN for protons ($=0.38).

d Explore the limitations of the accelerating gradient of the BTW in terms of BDs and
perform dark current and radiation characterization studies.

O To gain operational experience and investigate the applicability of this technology
for medical accelerators.

Timeline
J Commissioning in June 2019.

(] Started conditioning of BTW structure in manual
operation in October 2019.

O In July 2020 started using the condition algorithm
(BDR limit set to 5x10).

JRunning full time from February 2021.

[ Installation of the bunker roof in March 2021.




The CERN S-band BTW structure

(J CERN designed and manufactured two S-band accelerating structures based on CLIC technology to accelerate protons.

Structure length: 189.9 mm
Group velocity: 0.39/0.21 %c

O S-band BTW structure (2.9985 GHz at 32°C) 350 . , —
O 12 cells with A$p=150° — ! —E, [MV/m]
- . . 261 —E, [MV/m]
g Filling time: 224 ns s s i |
U

Input RF
I " power .
! 7

I

Ioriization

Cell number

A. Vnuchenko et al., High-gradient testing of an S-band, normal-conducting low
phase velocity accelerating structure, Phys. Rev. Accel. Beams, 8 23 084801. 13 p,
year = "2020", http://cds.cern.ch/record/2730215

|

s-bané BTW PR , . :
cavity . L Design accelerating gradient of 50 MV/m
P y . O Surface electric field >200 MV/m.

0 S. maximum not only in the noses but also on the holes.

Vacuum ion
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Operation parameters overview 2019-2021

 Repetition rate: 50 Hz-100 Hz
0 Ongoing software development to operate at 200 Hz.
0 New operation mode in which all pulses are sent to the structure under test allowing to go up to 400 Hz.

d Vacuum: Below ~1x108 mbar _ —
Second weekend running full time in remote

1 Temp. structure: 22-23°C Problem with PID settings of ramp up power
750 ns 600 ns
<4+—r« >
8 0.025
| - Presn (MW
W FC Upstream L 0.020
6 I FC Downstream g
stz ¢ A -0.015
- . <
arere.,. B r £0.010
E ¢ . 0005
I - —— v —— ' Vs Vs 1o
I 200 250

Dark current observed in the downstream FC Dedicated dose studies

only on the first days. ‘




Normal pulse main signals

2019: 2021:
(down) J Reduce reflected and smoothen the transmitted signals.
—— PKIA Amp. —— PKIA Amp.
= — PKIB Amp. — ERIBAm
EO.Z --=- PKRA Amp. ~=== PKRA Amp.
: ---- PKRB Amp. ---- PKRB Amp.
0.0 oL cmazzaczae, A , : : 01 : L , : : : :
500 750 100 1250 1500 1750 2000 2250 2500 500 750 1000 1250 1500 1750 2000 2250 2500
Time [ns] Time [ns]
Sy — Incident Amp. 5.0 — Incident Amp.
= Reflected Amp. = Reflected Amp.
= 0.21 — Transmitted Amp. =551 —— Transmitted Amp.
a a
0.0 Pmax=0.41 0.0 Pmax=5.89
500 750 1000 1250 1500 1750 2000 2250 2500 500 750 1000 1250 1500 1750 2000 2250 2500
Time [ns] Time [ns]
0.0004 —— DCB_DOWN —— DCB DOWN
_ —— DCB_UP 0.0101 —— DCB_UP
= <
=0.0002 = 0.005 1
0.0000 : a : : : ; ; 0.000
500 750 1000 1250 1500 1750 2000 2250 2500 500 750 1000 1250 1500 1750 2000 2250 2500
Time [ns] Time [ns]

1 Transmitted pulse shape is deformed. Asymmetric rise and drop of the signal.

[ In 2019 the reflected signal at the klystron (PKR) was recorded as the reflected from the structure (wrong cabling).
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Simulated pulse

d S{1(w), and S,;(w) have been measured with a VNA

[ Incident pulse model based on measured signal with the experimental set-up.
() Fast Fourier Transform (FFT) of the full incident pulse (f, = 2.9990 GHz) computed using numpy.fft library in python.

(] Reflected and transmitted pulses in the Fourier space:

R(w) = $11(w) x I(w)

3
=
T(w) = S31(w) X I(w) g
. t
J Inverse Fast Fourier Transform (IFFT) Computed. E
(J Amplitude and phase signals obtained from IQ

demodulation. g
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Simulated vs measured pulse examples

—— Incident Simulation

2019  Transmited Simulaton
---- Incident Lab
0 Pulse width: 750 ns 0.5 _F;eflectejtdtL;bL i
O Rise time: 100 ns ‘ g
O Fall time: 100 ns s
 RF: 2.9985 GHz (for 22 °C) .
Note: Measured reflected signal is not to the o
structure but back to the klystrons (wrong cabling).
.0.50 0.75 1.00 1.25 tl(.'so) 1.75 2.00 2.25 2.50
2021
 Pulse width: 600 ns > R o
. . e TrafLsmi::jted Sir!nulation
D RISG tlme: 100 nS ‘ | -- Incident Lab
Q Fall time: 300 ns L Traremitten tab
 RF: 2.9990 GHz (for 22 °C) N
O The structure was tunned at operating T=32°C at :
2.9985 GHz. 21
0.6 0.8 1.0 12 14 16 18 2.0
t (us)

Thanks to P. Martinez



Frequency scan

(J Measurements of the reflected and transmitted signals were performed with a power meter connected to the
corresponding directional couplers as a function of the frequency (2.9960-3.002 GHz).

1 Good agreement on the transmitted ,
Thanks to P. Martinez

S$21 amplitude but not on S11.
O.
r_/\J\vA\/\/
L Reflected signal higher than expected. —20- \/
O This issue is not fully understood. =401
)
. e Z -601
1 Expected different sensitivity of o
the VNA and power meter. 2 -80-
3
= _100/
1 Could be due to a problem of
directivity of the directional ~120- —— Operation frequency
—— S21 VNA (vacuum, 22°C)
coupler. S11 VNA (vacuum, 22°C)
—140 S11 High Power Measurements (vacuum, 22°C)
e S21 High Power Measurements (vacuum, 22°C)
2.98 2.99 3.00 3.01 3.02 3.03 3.04 3.05

Frequency (GHz)
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BTW conditioning status 2019-2021

40 -
. e 5 O - 10000 0.014] + FCUpstream
600 ns > « FC Downstream
_ 30 - LEpEn ) 0.012 1
§ 25 | a 0.010
z - 16000 g = 0.008-
ko Re! = _
© 154 < 0.004
. - 2000 0.002 .
0 : . THIH cee 13 o 0.000
0 50 100 150 200 250 '
Number of pulse [x10°] Pmax [MW]
 Conditioning period: ~56 days (day time) 48 days (full time) ; MV - INC_P[MW]
(] ~10000 BDs and >225M pulses reaching a gradient of ~27.3 MV/m IWI = 50[MV /m] 2016[MW]

O For the same number of pulses with 350 us pulse length reached
50 MV/m with the structure installed backward (s. senedetti. High-gradient

and high-efficiency linear accelerators for hadron therapy. Thése 8246, Ecole Polytechnique fédérale de Lausanne) .
O The conditioning process seems much slower than for the BTW With current set-up we could go up to 43 MV/m
structure tested at CERN A pulse compressor will be installed along 2021
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Typical observed BD events examples

2021 data, 600 ns total pulse length

High REF. signal and dark current Low REF. signal and high dark current  High REF. signal and low dark current

81 8
z z
E —— Incident (PSI) — Incident (PSI) E — Incident (PSI)
[a —— Transmitted (PEI) —— Transmitted (PEI) o —— Transmitted (PEI)
Reflected (PSR) Reflected (PSR) _ Reflected (PSR)
—==- Incident previous to BD === Incident previous to BD ===~ Incident previous to BD -
Y —== Transmitted previous to BD —== Transmitted previous to BD -—- Transmitted previous to BD
—2 \, / Reflected previous to BD Reflected previous to BD Reflected previous to BD
N —-- PEI-PEI_ref —-- PEI-PEI_ref —-= PEI-PEI_ref
—-- PSR-PSR_ref —-- PSR-PSR_ref —-- PSR-PSR_ref
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Time [ns] Time [ns] Time [ns]
0.025 0.025 M
0.020- 0.0201 0.006-
< 0.015 Z0.015 <
§ @ *GEJ 0.004 -
5 0.010 5 0.010 =
) ) 5]
0.005 1 0.005 0.002-
—— DCB_DOWN k — DCB_DOWN —— DCB_DOWN
0.000 ‘—L“ — DCB.UP 0.000 1 = e — 0.000 }\)\1 —_— DCB:UP 4
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Time [ns] Time [ns]

Time [ns]

O The most abundant breakdown signature that we observed is the one characterized by very low reflection and high

dark current signals. .



BD localization analysis: “edge method"

O We are interested in finding the regions which could limit the overall performance of the structure.

— Incident (PSI)

—— Transmitted (PEl)
Reflected (PSR)

——- Incident previous to BD

——- Transmitted previous to BD
Reflected previous to BD

Incident Transmitted
‘| Power Power

o Breakdown
Input ‘ cell ‘ Output
coupler ) coupler
BERRRRRRERAR
L ¢

P [MW]

" —-- PEI-PEI_ref
AR b bt )y — - PSR-PSR_ref
) Eaer - trra .
10|00 1500 20|00 25|00 3000
Edge method: compares the time of detection in _ .
. . ro—
which the reflected power rises and the i pedge i
] 0.2 1 | \
transmitted drops. I (B AN
00— ——— . ] e 72.0 \._-:___. _____
é ii \ /'//
= | \ ,
edge Atpgr — Atrpa * 702 AN /
ty  [ns] = b e /
2 04 i gedge N \ —-- PEI-PEI_ref
e & } /' —-= PSR-PSR_ref
_0'6-| T :l T T o T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800
Time [ns]

Edge method criteria for rise and fall time calculation:
1. Threshold =b+n*0o n=6, 20,30

2. Threshold =25%*PSR peak increase of PSR and 25%*PEIl peak decrease of PEI .



BD localization analysis: “phase method”

le6

Phase method: compares the phase of the incident signal 61 '
which is constant along the pulse with the reflected phase =41 i
signals. = i
: — PSI
0_ ; . PSR
500 750 1000 1250 1500 1750 2000 2250 2500
dpp = (PrEF(t + td) — dINnec(T)) Time [ns]
()] 1 1
D 300 P
ngD 200, B
¢Bp =2 Z (Ap(ncen)) + $o = 2A¢ - npp + ¢o = "
Neell=1 g 1001 — PSI Vo
‘cc PSR P
o 324.56 L1

0 . . . . . .
500 750 1000 1250 1500 1750 2000 2250 2500
Time [ns]

 Distribution observed of ¢dgp very noisy
1 Preliminary results are presented but a deeper analysis is in progress to better filtering the data.

O We take the phase signal averaged in 16 ns windows with the minimum standard deviation around the PSR
peak (in a window of 80 ns).

1 Reject pulses with a variation with respect to the next +4 points larger than 10%.
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BD localization preliminary results: “edge method”

2019-2020
L,= 550-400 ns (flat top) + 200 ns (up/down)

2021
L,= 200 ns (flat top) + 100 ns (up)+ 300 ns (down)
Frequency: 2.9990 GHz (22 °C)

Frequency: 2.9985 GHz (22 °C)

v 20sigma

200 x  0.25*%peak
1754
150 A x .
—_ Yy v
2 1251 . * > ;; e, addgon: o
3 R A X
& 100 ¥ VR % * b £ 4 ux
b LA DAL S % g 3 o B o) W x
75 t % 2R | R o X7 % TIF
x X v
AL A x 'vvs XX x
50 § v V¥ £ v B o il
;"v v "' v i ;3‘ %
25 o * ‘ 'X % v ‘ v ’ ‘ ¥
W oy ox ¥ Poxoyt
0L —— ok S : = . :
2 4 6 8 10 12 14 16 18

Number of pulse [x105]

101
>
L
L7
3
R
100

4 6 8 10 12 14 16
Pulse number [x10°%]

t59% [ns]

v 20 sigma
200 x  0.25%peak

0 100 150 200 250

200
150
10!
100
50
100

25 50 75 100 125 150 175 200 225
Pulse number [x106] 15



BD localization preliminary results 2019-2021

[ Using the v, profile the delay expected for each cell
can be computed.

200 1
g 150
2
3 100
-
501
Data from S. Benedetti
0 2 4 6 8 10 12

n_cell

S. Benedetti. High-gradient and high-efficiency linear accelerators for
hadron therapy. Thése 8246, Ecole Polytechnique fédérale de Lausanne.

O The BD delays calculated correspond to cell 1 to 9.

O Apparently more BDs observed in cells 6 and 7.

L Ongoing deeper analysis to better understand the
observations is real or there is a type of BD for
which the localization method fails.

O Verify with other methods.

0.25*peak method

150
hd 2019-2020
€ 100
S
50 - ‘
0 .
10
ncell
4000 1
0.25*peak method
@ 2021
|
> 2000 -
(@]
O
0- .
§) 10
Ncell

12

16
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BD localization preliminary results: “phase method”

O For the BTW Ad=150° we expect the g, to be distributed in 6 peaks separated 60°  ¢pp = (Prer(t + t4) — dinc(t))

2019-2020 2021
0.25*peak method

0.25*peak method

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Phase [degrees] Phase [degrees]
200 [ — T T— I S 2omoms_] p 0] 1 UM YU S SN S— v 20sigma
_________ 1|__________:_________:_________Tn_______ x. 0.25%peak .
N e [prasssge fmssm s g 2
= 100 | T ¥ St - . 2 o "m:::: S 100
3 ‘:::‘::‘;%‘?‘:ﬁ"&*“f: o PR I — =
= I . S, " k.. O NS -
il " ;;‘I _______ . L3 (e e B
Smsmemat . AS " S (e i i Eat 5
00 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Phase [degrees] Phase [degrees]

1 Not clear correlation between phase and delay time.
O This analysis needs further investigation. 17



BD reflected power signatures

1500
. 12501
() BDs reflected power statistics. Prer/Pinc
,, 1000+
1=
Q Only considering 2021 data. s 729
500
L Most of the BDs detected have a quite low 250
reflected power. .
—22.5 —20.0 -17.5 -15.0 —12.5 —-10.0 —-7.5 -=5.0 -2.5
O Larger reflected signal observed only for lower Prer/Pinc [dB]
delay times.
_5-
102
)
T —10
=
)
& —151 10!
(a
—201

100

0 50 100 150
t599% [ns] 18



Dark current and radiation studies work plan

Motivation: 17.5] *
1 Characterize the dynamics and impact of the dark currents. 15.01 Thanks to P. Martinez
12.51 |
Dosimeter: E 10.0
[ Placed next to Faraday Cup “ El s i
Downstream. ., - g *
Q Spherical ionization chamber. " >0 |
1 Energy range: 25 keV — 50 MeV. 2.5 |
0.01 . } ) 0 ¢

75 100 125 150 175 20.0 225 250
Gradient (MV/m)

Future plans:

d Measure energy spectrum of the photons emitted using scintillator detectors (collaboration with IFIC Nuclear Physics
Team).

d Compare measurements and simulations.

 Dark current electron dynamics simulation (PIC code).

1 Compute electron-walls interactions and secondary photons emission simulations (Geant4).
19



d The conditioning of the second S-band BTW structure is in progress at the IFIC HG laboratory.

O An accelerating gradient of ~27.3 MV/m has been reached in 240M pulses with more than 10000
BDs detected.

[ The effect of the conditioning process is visible on the dark current data.

J  Preliminary breakdown localization analysis indicates that we have two cells that accumulate
more BDs than the others for the current conditioning status.

d However, a deeper understanding on the analysis results and procedure is required.

Next steps:
d Continue the conditioning of the BTW structure to higher gradients.
d Pulse compressor installation in 2021.

O Energy spectrum measurements of radiation generated by dark currents.

20
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Line A main signals

~
Line 1 | ne2 | MAIN Load Config Save Config Interlock? ‘ Vacuum restart Level [mbar] | 3E-5 :
Triggers [ -gﬂ ] [J PKRA )
14000~ - [] PERA N\
13000~ [] SPARE1
-20000 [ PkrB
12000~ T
11000 - ™ -15000 L pLes
f [] PERB
2 -10000
10000 [] sPARE2
9000+ Y -5000 [ DcB_DOWN
v \
Modulator 3 2000- \ b} [] bce_up o~
=S \ -0 3
£ 7000- | ® [] DCA_DOWN
< p—— 25000
6000 [] pca_up
Kly Plot:
JH== — --10000 KLYINA_amp [~
4000- e [ KLYINA_ph
s KLYINB_amp N
aC [ KLYINB_ph
2000-
--25000 [J PLIA_amp
ULl ; O PUA_ph
RT Quit 0 T T T T T T 0 | " T T T o T T T 1 ] \—-32000 [] Reference29985_amp
0 1E-7 26-7 3E-7 4E-7 SE-7 6E-7 7E-7 8E-7 9E-7 1E-6 1.1E-6 1.2E-6 13E-6 14E-6 1.5E-6 1.6E-6 1.7E-6 1.8E-6 1.9E-6 2E-6
Quit Time [] Reference29985_ph
< > = PSIA_amp 7N
' : = [ PSIA_ph
<15>Apr 14 12:48:24 VBOX Unknown message:: Check Disc ~ [—
<15>Apr 14 13:48:24 VBOX Unknown message:: Check Disc SR lanp
<15>Apr 14 14:48:24 VBOX Unknown message:: Check Disc [] PSRA_ph
<15>Apr 14 15:48:24 VBOX Unknown message:: Check Disc
<15>Apr 14 16:48:24 VBOX Unknown message:: Check Disc PEIA_amp
<15>Apr 14 17:48:24 VBOX Unknown message:: Check Disc [ PEIA_ph
<15>Apr 14 18:48:24 VBOX Unknown message:: Check Disc -P
<15>Apr 14 19:48:24 VBOX Unknown message:: Check Disc PKIA_amp
<15>Apr 14 20:48:24 VBOX Unknown message:: Check Disc
<15>Apr 14 21:48:24 VBOX Unknown message:: Check Disc [ PKIA_ph
Reset CCC <15>Apr 14 22:48:24 VBOX Unknown message:: Check Disc h
<15>Apr 14 23:48:24 VBOX Unknown message:: Check Disc L
<15>Apr 15 00:48:24 VBOX Unknown message:: Check Disc O PSIB_ph
stopped <15>Apr 15 01:48:24 VBOX Unknown message:: Check Disc m—
<15>Apr 15 02:48:24 VBOX Unknown message:: Check Disc PSRB_amp N
.‘ <15>Apr 15 03:48:24 VBOX Unknown message:: Check Disc [] PSRB_ph
esror out <15>Apr 15 04:48:24 VBOX Unknown message:: Check Disc eE
status code <15>Apr 15 05:48:24 VBOX Unknown message:: Check Disc [] PEIB_amp
<15>Apr 15 06:48:24 VBOX Unknown message:: Check Disc
J Ho <15>Apr 15 07:48:24 VBOX Unknown message:: Check Disc [ PEIB_ph
source <15>Apr 15 08:48:24 VBOX Unknown message:: Check Disc PKIB am
P <15>Apr 15 09:48:24 VBOX Unknown message:: Check Disc v s
[ PKiB_ph
v
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CERN BTW conditioning

60 - 12000
i Longer BDR
1
: pulses test
1 P — ——
50 - 3 ] - 10000
A
f
40t i | 8000
E 1}‘: a
> P " m
E i ."qf-ﬁi, : “6
€30 I 16000 3
(%) e | 0
= A £
£ i 3
o g ) 8
g pulses/week (24h/day)
10— S E - 2000
1 - '
1
350 ns i 900 ns
0 | | 1 | | | 8! 0
0 0.5 1 1.5 2 2.5 3
Number of pulses x108
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BD localization preliminary results no filtering

 Assuming that the signals are temporally aligned.
O Assuming that the rise and drop of signal for the reflected and transmitted signals occur at the same time.

2500 1

2000 1

ADC Counts [#]
= =
o w
o o
o o

500 1

04—

/\\

\

Inp

800 1000

200 1400

4
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1600
Time [ns]

1800 2000

2400

edge
td

Incident
| Power

Breakdown
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Ngp

Transmitted
Power

J ! [TTTTTTTTATT] ! L

a5 £
bt 1
W

ADC Counts [

—_]AI SEEBORESECRES ‘r"

edge

trra

td [TLS] = tREF - tTRA + tflll

[ns] = X

Ncell vg(Mcell)

_ anv Leell
nBD vg(Mcell)

3000

2500 1

2000

Y
w1
o
o

=
o
o
o

500 1

—— Transmitted (PEI)
—-=- PElref

+ Ly

0 1400

r trra

1600
Time [ns]

2000 2200 2400

O At has to be added in order to ensure the same time origin of the signals as one is measured at the entrance and
the other at the exit of the structure.
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Preliminary summary of BD analysis localization

Atper —Atrgs | [ e
REF TRA
1 t5%9¢ns] = - 200 [ 2020 data
~271 BDs
. : . .. 7 1307
Using the typical formula with the absolute values of rising = S S e e Ty
reflected signal and drop of transmitted signal. GP 1001 W Yhmpvwr L, W gty T v WY T Wy
M AR LA Y S A A S RATE AR R o
50 "' 'v"""'w v ;';"
edge trer — trra T trin ¥ e ST T
2 td [nS] = 2 v v v AAJ ¥
0 0 1000000 2000000 3000000 4000000 5000000 6000000
Number of pulse [#]
O Expressions 1 and 2 should be equivalent if tg = tyelsy? =000 oo
200 -
A oIy e
15 - t [ —— Incident Amp - 150 - V™' v"'vﬂ"' vy ""Vv;wﬁm"'ﬁw:v;vv w'*hg;v"' w
- c w YWy vy W Y O YyWvyY,y vy
- delay Reflected Amp. = ____'___‘_________'1____'_'_!3"____,_'.v_:_z___"____'_;;___“_f.
é 1.0 1 —— Transmitted Amp. 5 100 " . o : AT R "
= 0.5 1 v vy \
\ P_max=1.79 01 12
O.O T T — T T
500 1000 1500 2000 2500 3000 0-+— - - - . : ;
0 1000000 2000000 3000000 4000000 5000000 6000000

Number of pulse [#]

1 The applicability of the method 1 and how to apply it is under investigation as well as finding a way to measure
the filling time from the measured signals.
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BD localization preliminary results no filtering

Counts
N
o

O We expect 6 peaks separated 60°
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