X-band pulse compressor: tuning and

high-power operation

Matteo Volpi on behalf of X-band group

TIlEmLsJ‘IL\I“IVE:S“l‘:; OF
MELBOURNE 06'03'2017



Xbox-3 RF Signals to Acquire
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Pulse compressors with resonant cavity

(SLED type)
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SLED-| type

Storage cavities with adiabatic tapers at each end to ensure that
unwanted modes are not produced.

Trapped modes can cause resonances, whose electric and magnetic
fleld nodes can induce unwanted breakdowns or surface heating.

Cavity operating mode Hg, 3, Addiivin

v

Coupling iris

Adiabatic taper

Adiabatic tapers at each end of the TEorg
cavity reduce the radius such that the B
TEO2 and TEO3 modes are below the =
cut-off frequency.

Eouf"®=52.5MV/
m with 150 MW

Compact mode converters. TE 1o



PC mstalled at Xbox-3
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Characteristics

High Q cavities have a narrow bandwidth making them susceptible to
small volumetric changes.

Small temperature changes (+1C° = -200KHz) perturb the resonant
frequency, lowering the compression efficiency and adversely
affecting the output pulse shape.

O Anincrease in temperature would make the
cavities expand and thus lower the resonant frequency.

The end section of the cavity is a piston,
able to move freely in order to tune
the cavity frequency.

The frequency of the RF in the cavities is

necessarily identical to the filling frequency

of the klystron.

O However, the RF in the cavity acquires a phase
shift which depends on the difference

between the klystron frequency and the
cavity's natural frequency.




Pulse compressors tuning

The end of the cavity is a removable copper plate that can be
machined on its inside face to increase the cavity volume, or
machined on the outer edge in order to decrease the cavity volume.

Frequency down Frequency up

. ~ De-tuning plungers increase the
Rf?-maChiﬂiﬂs mode frequency then the pulse
direction compressor will be transparent

to the incoming RF pulse.

Coarse tuning Fine tuning

The coarse tuning will impart a frequency variation of 20 MHz/mm,
while the fine frequency tuning of the chamferis 1.1 MHz/mm.



Pulse Compressor Tuning

Rohde and Schwarz ZVA24 VNA was
connected to each cavity in order to
measure their S-parameters as a
function of frequency. a8
O Standard WR?0 waveguide calibration kit, = ‘

using the through, reflect, line (TRL)
technigue.

In order to stabilise the temperatures of
the cavities they were connected via
their water circuit to SMC, HRS024-AF-20
chiller units, which were able 1o stabilise
the water temperature to within 0.1 CO.
O The same chiller can be used for high
power operation because it has a cooling
capacity of 2.1 kW, which is more power

than will be dissipated in the pulse
compressor under load.

Vacuum leak tests before the installation.



People at work




PC tuning, individual cavities

The design frequency of the cavities is 11.9942 GHz at 30 CO under
vacuum. This translates to approximately 11.9907 GHz in air (the

frequency scales with the square root of relative permfr’nvfry wh|ch
is 1.00059 for air). 522 GHz -0
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PC line 3 tuning whole system

Cavities tuned iteratively.
O After adjusted the plates, the cavities were attached to the -3 dB hybrid.

O Vacuum rough pumping was performed to remove most of the air and
the S-parameter measurements were repeated.

O Fine tuning under the vacuum and stable temperature is done with one of
the pistons if needed.
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PC Line 4 funing whole system

Better reflections (S, S,,) In PC of line 4 than line 3.

Cavity frequencies are similar in both PC.

Transmitted signal (S,,) ~-6dB in both PCs.
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Intrinsic Q-factor

The loaded-Q value Q, is given as . fo
QL - ﬁ_f

where Af is the width of the resonance at half power and fo is the
resonant frequency.

The coupling factor for an over coupled cavity (as all useful pulse
compressors are) can be found using:

The intrinsic Q-factoris then @, = @, (1+8)
Line 3 3,1 1 x10°
Line 4 3,2 1.8x10°

The pulse compressors perform very closely to the design.



Pulse compressor simulation

The S-parameters can be used to simulate the output pulse shape.

How to use: Change parameters in RED to change input puklse length output pulse power etc.. Use "Auto Flatten?"” to use pulse flattening algorithm.
Transmitted zoom (or full if 52P loaded)

S-Parameter file path (dialog if empty) Delimeter Magnitude Format T = )l
‘Wcernhomem.cern.chim\miectest\P..\PC Simulator\CSV_files\Full PC 17th Nov 2016.csv i‘ :} Comma :,} dB e m
Droop Length [s] =1 [500m - < | Transmitted Phase [deg] m |
Droop (%) ([0 iiiiii
Input Amplitude [W] (= [11.4M 3
Ramp Length [s] = [150n 5 === §
Total Pulse Length [s] = [2u == Ly E
Flip Time[s]  |L&5u L] 13835461 ¥
Phase Flip [deg] |89 =N b
Phase End [deg] | [180
1Q Rate [5/s] [~ [ 200M
ADC Rate [5/5] [~ {|1.6G
Pulse Start (ADCsamples) |50 Bl
cq Length(ADC Samples) 1 8000 YYPI YT YT Y ¥ Y YA YA T I VAN TIATATT et
e Input Pulse 'ﬁ—l '\‘"ﬁl‘ Transmitted Full (or Reflected power if 52P loaded)

Reflected Power W] [ |
Power [W]
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4 49n 5 " ] i
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stop
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Time Time [s]
Input Energy Output Energy Eff. (%)
227430 14.4836 63.6838



Pulse compressor simulation

The pulse compressor’s input pulse can be Fourier transformed into
the frequency domain.

Input Pulse

15M-

12.5M-

10mM-

7.5M-

Power [W]

[Bap] aseyq

SM-

2.5M-

The resultant complex frequency spectrum is then multiplied by the

S-parameters for transmission and reflection.

The spectra are then inverse Fourier fransformed to the time
domain to obtain the transmitted and reflected pulses.



Pulse compressor simulation

A simulation was performed using LabVIEW.
O Resultant transmitted and reflected pulses.

Transmitted Power [W] m
Transmitted Phase [deg] m

Droop Length [s] : 500n
Droop (%) (= |0 g g
Input Amplitude [W] [ [11.4M E u%
Ramp Length [s] ~{1150n -
Total Pulse Length [s] : 2u

Flip Tirme [s] 1.85u

Phase Flip [deg] [~ |89
Phase End [deg] |~ | 180 ‘ Time [s]
IQ Rate [S/s] [ | 200M J %I@‘r@“ﬁl\ Transmitted Full (or Reflected power if 52P loaded)
ADC Rate [S/s] [~ |16G 3 . | Reflected Power w1 [
Pulse Start (ADCsamples) [ =[50 CE=baein
Acq Length({ADC Samples) = 8000

Carrier Frequency [Hz] 11.9931500000G

Power [W]
[B2p] =seyq

Time [s]



Pulse Flattering algorithm

Change in the pulse slope is done with the temperature control or
with the manipulated input pulse’s phase profile.

O Methods used when running the test stand.

O Immediate response by changing the input phase profile.
O The algorithm will use a simple integral feedback loop.
Droop Lemgth 1 ][50 ' $ni1 = D+ 8o(Asp — A,) +84(dA,/dt)
Droop (%) [ == /\/bo*

A, amplitude set point

F

=]

Input Amplitude [W] =

[y s
@l =
S1=E

Ramp Length [s] :

Total Pulse Length [s] :

(=]
=4

6/90/7'] /)07

A, current amplitude

[
o
Ln
c

Flip Tirne [s]

Phase Flip [deg] [ |8

w

8o proportional feedback gain
g, differential feedback gain

Phase End [deg] [~

1Q Rate [S/s] (= | 200M

ADC Rate [S/s] =

Pulse Start (ADCsamples) :
Acq Length(ADC S5amples)

[ury
=]
=

8

--100 [ Transmitted Power [W] m

7Y YY - I,-"" e —e 3 _ﬂg | Transmitted Phase [deg] -

-
-

8000

Carrier Frequency [Hz] |11.9931700000G 115

--120
-125 4

=
130 §
135 %
-0 =

Set-Point Auto Flatten? EESM—
o 41M
Feedback Gain

Powel
5
=

3 1E-6 ~145

< --150
Start offset (s) 155

A .

o 40 --160
low cuteff freq: fl 0-1 . ol : : i 165

A 3om 1824671u 185u : 195u 205u 2089u

o

Time [s] | 18




PC performances in Line 3 of Xbox-3 s

Both the reflected and output pulse shapes are monitored in
order to perform the funing.

The output pulse shape corresponds to the average frequency
of the two cavities.
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Power (MW)

When phase doesn’t flip correctly

Any change in the average RF power (such as RF power interruption
due to an RF breakdown) caused the pulse compressor to cool and
detune.

O In Xbox-l was developed software to tune the pistons automatically.
Different design of cavities respect Xbox-2 and 3.

O Xbox-2 run at 50Hz => flat fop stable after a cluster of BD
O Xbox-3 we observe a detuning we are investigate the best solution
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Over tfuned and under tuned

Over tuned means that the filling phase shift is negative so that the
phase flip is smaller than the desired value of about 90 degrees,
while under tuned means that the filing phase shift is positive so
that the phase flip is larger than the desired value of 909
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Xbox-3 line 3 performances (datq)

With a pulse width of 2us and a flat top of 150ns we reached an
average power of 40.5MW with an input power of 11.4MW

O Gain 3.55

Power measured at the structure (few meters after the PC)
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Transmission and reflections: values are used in the simulation with
the same input parameters
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Line 3 PC simulation

Transmitted power @PC 43MW. Attenuation of the waveguide (~0.4 dB)
O Power attenuated ~ 40 Mw in agreement with the measurements

Efficiency ~ 60% ratio between the output and input power

Note: peak reflection ~ T00KW

Iransmitted zoom (or full it 52P loaded)

5-Parameter file path (dialog if empty) Delimeter Magnitude Format
Yeernhomem.cern.chimiymbodestyP.APC Simulater\CSY_files\Full PC 17th Nov 2016.csv i‘ :j Comma :j db : R
4 J Transmitted Power [W] m
Droop Length [s] [ | 500n .
+ - — Transmitted Phase [deg] m
Droop (%) (0 ii.i.i.i.i.
Input Amplitude [W] = |11.4M 3
Ramp Length [s] : 150n k ==
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=]
Flip Time [s] 1.85u L | 1.38354E-1
Phase Flip [deg] [+ |89 | ST
- i
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ADC Rate [S/s] (=1 |1.66G
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\cq Length(ADC Samples) [~ 8000 TP Y YY YT YV PV Y YV YV RYYYFTYINEYY =l

£ Fi Hz] 11.9931500000G [ )
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Set-Point Auto Flatten?
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i),' 35M
stop
STOP
Time Time [s]
Input Energy Output Energy Eff. (%)
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Line 4 PC simulation only

Max power 45MW , we will expect 2 MW more than PC on line 3

O We reduce the peak reflection ~ 6KW ,the reflected pulse reacts to the
frequency difference between the two cavities. We achieve a better
frequency tune.

O Reflection also depends on the hybrid performances

How to use: Change parameters in RED to change input puklse length output pulse power etc.. Use "Auto Flatten?" to use pulse flattening algorithm.
Transmitted zoom (or full if S2P loaded)

5-Parameter file path (dialog if empty) Delimeter Magnitude Format
% \\cernhomern.cern.chm\mkodes.. \CSV_files\PC2_Lined_36_7C_119942GHzALLCHAN. csv E‘ :; Comma :,} dB
= . - Transmitted Power [W] m -150
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= e i
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. ]
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= 1.10826M- I . I \—-191.134
S ) o B 1762624u 18u i 21u 2141999y
Rl Bl ] 000 T Y Y YV PP Y Y Y Y Y YT YT YY I YYIYANYYYY Time 5]
Zarrier Frequency [Hz] 111.9942000000G r - - 1 ) )
Input Pulse . Transmitted Full (or Reflected power if 52P loaded)
Power [W]
Set-Point Auto Flatten? .
A 45 /‘ Phase [deq] [N Reflected Power [W]
Feedback Gain '\ .) Reflected Phase [deg] [JENY
166 ! |
4
Start offset (s) g E g
4 49n B i )
il 2 o 2
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Y
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Input Energy Output Energy EFF. (%)

Eﬁl C | en Cy ~ 6 5 % 28427 147663 G
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Hybrid reflections

a. .9
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The hybrid installed in PC line 3 has less reflection
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Conclusion

Two PCs have been funed and installed in line 3 and 4 of Xbox3

We commissioned line 3 up to 40 MW with a pulse width of 2us and
a flat tfop of 150ns

O PC performances in agreement with the simulation.

A second PC is funed last week and installed in line 4. We will
expect 2 MW more than Line 3.

O Better tuned with less reflection in the -3dB hybrid

Soon we will fune the PC forline 1T and 2.
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Extra slides




Max gain

Droop Length [s]

Droop (%)

Input Amplitude [W]
Ramp Length [s]

Total Pulse Length [s]
Flip Time [s]

Phase Flip [deg]

Phase End [deg]

1Q Rate [5/5]

ADC Rate [5/5]

Pulse Start (ADCsamples)
lAcq Length(ADC Samples)

S-Parameter file path (dialog if empty)
\\eernhomem.cern.chim\mlotes.. \CSV_files\PC2_Lined 36 7C 119942GHzALLCHAN. csv il 4 Comma

500n
0
11.4M
200n

2.8u
89
180
200M
166G
50
8000

Carrier Frequency [Hz]  11.3942000000G
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-
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IEEESESESEEEEEREEEEEEEEEEEEEEEEEEEEEEEEES]
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15M-
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~
in
S
|

stop

STOP

0 1E-6 2E-6 3E-6

Time

Magnitude Format

o de

=y
5.34618E-2

Power [W]

Phase [deg] m

[Bap] aseyq

'
4E-6

Input Energy Output Energy

34.2927

How to use: Change parameters in RED to change input puklse length output pulse power etc.. Use "Auto Flatten?” to use pulse flattening algorithm.

Transmitted zoom (or full if 52P leaded)

Transmitted Phase [deg] m

[ Transmitted Power [W]

Power [W]
[Bap] aseyq

--150

. 15701
3.217882u

Time [s]
Transmitted Full (or Reflected power if 52P loaded)

Reflected Phase [deq] |ERNG

Reflected Power [W]

Power [W]
[Bap] aseyq

Time [s]

Eff. (%)

18.7405 54,6486

28



