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Klystron trip




When a klystron trips...

* When a klystron trips, the beam passing in the idling cavity induces a voltage. If too
high, this voltage may cause an arc in the cavity

* The beam creates an E.M. wave that crosses the coupler, travels through the
waveguide in the reverse direction, crosses the circulator and ends in the load. If too
high this wave may break the coupler (arcing) or burn the load.

* The sudden reduction of the bucket creates particle loss (debunching). The
debunched beam drifts in the machine and populates the abort gap. As it is not
focused by the RF anymore, this debunched beam looses energy through
synchrotron radiation and drifts to the momentum collimator.,
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Surwvmg a trip: Run 1, Fill 1855, June 6”‘2011

art between 20110606 22:15:53.000 and 201106 07 00:35:00.997 (LOCAL_TIME)

it

LOCAL_TIME

* After 6 hours in physics, 1102b, 0.22 A DC
* 0.9 MV beam induced voltage (green)
* 110-130 kW “reflected” power (orange)

* Abort gap population jumps from 5E9 to 1.1E10, then is reduced to 8E9 after 15 min (3.5 TeV). If is further
reduced to 6E9, ~ 15 min after we switch the RF back ON (violet)

* No noticeable loss on BCT, only bunch length effects (blue)

* The dissipated 110-130 kW is compensated by an increase of 10 kW in all remaining 7 klystrons. The missing
50 kW comes from a reduction of the reflected power due to the non-zero stable phase
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Nominal LHC conditions Run 2:
* 6.5 TeV

1.1E11 p/bunch

2808 bunches, 25 ns spacing
1.2 ns 4o bunch length

Assume CosineSquare longitudinal line density -> f,=0.86
0.56 A DC, 0.96 A average RF component, 1.06 A peak RF
12 MV total (8 cavities), QL=60k

190 kW, fully
reflected
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* The beam induces 1.75 MV in the idling cavity

* The required energy come from the remaining 7 cavities
O Ne » Stable phase goes to 174.5 degree
* Each of the 7 klystrons gives 80 kW to the beam

klySt Fon trl p  This EM energy flows out of the cavity at the 560 kW rate

* Itis dissipated in the load of the circulator of the tripped klystron
* The load is rated 300 kW -> destruction...but

 We dump the beam in three turns

* The energy deposited in the load is only 200 J. OK

230 kW, of S
which 80 kW The beam receives © DEanTINauces
1.75 MV in the
are passed to 560 kW from the 7 Aling cavit
the beam klystrons on Lty e
/7 \. m/ T
15 MV 15 Starting in Summer 2011, we dump the beam following a klystron trip
* No risk to damage RF equipment
2 5 =7 | * No risk of debunching
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Destruction...
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* We observe a very large spike peaking at 1.1 MW, followed by
a decaying transient with 20-30 microsec time constant, then ’ | |

a slow decay to reach the steady level WW

* The 20-30 microsec time-constant decay starts at 400 kW level w———-se

and disappears in ~50 microsec. This power spike is the dumping b 1'5/”Timf(ms) 224 2e 28 E

of the cavity stored energy (~10 J), not a large energy. Frightening . | TonereReeet

peak but it cannot damage the coupler The measurement fits ‘
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atat The transients are not an issue. Only the “baseline” can

inder damage coupler or load when increasing intensity... but we |
dump the beam in 3 turns
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e The 1.1 MW peak actually is a ¥4 MHz ringing that decays in 2 W
microsec. It corresponds to the discharge of the klystron bunching B RN B
cavity (around 405 MHz). Again frightening but very short ->1J - - |
>no damage \ |
nol
See also (e

Cavity-Beam-Transmitter Interaction Formula Collection with Derivation, J. ol i \,”,r‘ ,“J:”‘-‘,_: VO
Tuckmantel, CERN-ATS-Note-2011-002 TECH ar M , “' I
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HOM Dampers




* An RF cavity is designed to optimize the accelerating mode

» But it will also resonate at other frequencies, usually above the accelerating (main)
mode. These are called Higher Order Modes (HOMs)

e The klystron is narrowband and will not excite the HOMs

* The beam current has high frequency components, whose amplitude scales as the
inverse bunch length-> important with short bunches

* The beam will excite the Higher-Order modes. These will induce wakefields and can
cause instabilities

* The HOM fields do not couple to the main coupler that is optimized for the
fundamental (400 MHz)

* Dedicated couplers must be added to “extract” the HOM energy from the cavity and
dissipate it in a load outside the cryostat. These are called HOM couplers

 HOM coupler design is delicate. It must not couple to the fundamental
* The main HOMs in are at 500, 534, 779, 1184 and 1238 MHz

* Each cavity has 4 HOM couplers of two different makes: NarrowBand (NB) that
couple the first two modes strongly, and WideBand (WB) for the higher frequencies
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e NarrowBand HOM
coupler

* Made in Nb, cooled
with liquid He

e “Notch” at 400 MHz

LHC WideBand coupler (left) and NarrowBand coupler
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HOM power
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e The power “extracted” by an HOM 1 Longltudmal Dlstnbutlon
coupler scales with the power of the sl | — BeforeRamp |
—— Gaussian model of same Amplitude, Area

beam current at the mode frequency

* We had no problem with 0.35 A DC and
50 ns spacing in 2012

* With 25 ns spacing the main spectral
lines of beam current are at harmonics
of 40 MHz (they were at harmonics of
20 MHz with 50 ns spacing)

Time (ns)

* Smaller Frev sidebands caused by the Single-Sided Spectrum
gaps in beam currents (abort gap, " ; ; == o Physcs
injection kicker risetime) 0 T . SRR .
. The HOM have been designed for Qe < 10 T oo .............. .............. ............. |
1000} so that E-m ______________ _____________ _
« 0.85 A DC current = o [ . SRR S
40 MHz line on the HOM resonance @ IR S
gives 1 kW power that can be dealt witt = | R ]
by the coupler o[ | - |
Estimation of the High-order Mode Power in the 400 MHz, ' ; '

Superconducting Cavities of the LHC, Z.T. Zhao, SL-Note 97-10 05 1 15 2 25 3

6/12/2015 LHC Machine pr Frequency (GHz)



» Spectra were measured with 50 ns
spacing (408b below)

Spectrum
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Spectrum of the power extracted by NarrowBand coupler (left) and WideBand coupler

6/12/2015

LHC Machine Pro




* We monitor and interlock HOM couplers temperatures and power (below
1236b)

B LHC RF CONTROL
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| STATUS | MEASUREMENTS | POWERMONITORING | Operational Mode status ~ ALARMS | BEAM CONTROL |

LINE NAME | watcHikw] | Tamc kg | Tamczikg | Tacoi | Tacozikn | temciiky | temcaikg | ecoiiKl | teco2k) | nbapwl [nvatotwi| msBwl | weapar | weB W fwuBTot Wi
ACSLine1B1132.78 431 war 110 4.34 437 1.23 446 446 0.04 0.0 052 0.43 11.07 1713
ACSLine2B1120.08 4.25 K] 143 4.27 a3 131 418 418 0.03 014 [0.31 0.5 119 323
IACSLine3B1115.05 43 415 1.9 451 .z ] 431 .31 0.03 014 0.02 0.7 512 6.37
ACSLinedB1123.01 427 Adr 1.35 4.38 4322 585 433 4.33 0.04 0.08 [0.37 0.03 1.32 [5.49
ACSLine5B81 1318 4.05 41E 1.25 4.28 .14 1.21 408 4.09 0.04 012 0,52 16.52 0.01 [4.25
ACSLine6B1104.47 423 4.3 1.24 43 463 1.23 4.2 4.3 0.22 ] [o.71 581 1.09 2.1
ACSLine7B1116.46 421 484 1.31 43 415 4.12 BT 434 0.03 033 l0.45 2.43 0.26 [1.03
ACSLineBB1111.43 4.03 403 1.15 418 la .11 & 1] 011 01E [0.65 0.07 034 [143
ACSLine1B2 140.23 4.07 4 141 4.04 .01 1.01 456 .56 013 016 10.55 1.62 016 164
ACSLine2B2 130.05 4.03 4 L7 Ui .41 1.27 4.22 4.22 0.02 0.01 [0.03 1.3 224 29
ACSLine3B2 84.08 417 40z A 4 .31 1.13 K] .31 0.03 014 042 0.04 0.57 572
ACSLinedB2 17233 415 4 1.01 4.2 1] 1 4.37 4.27 0.01 01z 0.38 0.03 10.01 255
IACSLine5B2 139.31 1 4 (K] ] i 1.03 406 4.06 0.03 N1z 0.5 0.3 418 [512
ACSLine6B277.64 ] 402 1 4.01 iz 1 RE 417 0.03 N1z [1.09 7.22 017 0.8
IACSLine7B2 103.28 4.08 4.0 [ 541 12 1.03 437 27 0.05 016 043 487 0.09 07
ACSLineBB2 124 35 4.01 a1 1.06 4.01 l4.09 1.09 412 412 0.03 013 0.85 027 148 743
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Conclusions




* Following a klystron trip, the power dissipated in the load
would cause damage with nominal beam (560 kW) but the RF
interlock dumps the beam in 3 turns -> OK

* The HOMs have been designed for worst-case conditions and
0.86 A DC. It is a good policy to monitor them as we increase
the beam current (M1B2 is new). This is the only RF item on the
ramp-up check list. We have an RF interlock on both coupler
temperature and power -> OK

Thank you for your attention
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