Evaluating Beam-Loss Detectors for LCLS-2
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Abstract LCLS Linac: LCLS-2 Linac: B SaIt e ert!
Parameter : : LCLSII Layeist Switchyzrd o
, , , Normal Conducting Superconducting e > e
The LCLS x-ray FEL occupies the third km of the 3-km SLAC linac, ca wussnsi TSR
which accelerates electrons in copper cavities pulsed at 120 Hz. For Electron Energy 15 GeV 4 (later 8) GeV Plant. : T g .
e Existing Copper
LCLS-2, the first km of linac will be replaced with superconducting Bunch Charge 20 to 250 pC 20 to 250 pC Accelorator Ut
cavities driven by continuous RF at 1300 MHz. The normal-conducting
photocathode gun will also use continuous RF, at 186 MHz. The laser Beam Power 450 W 0.25 (later 1.2) MW
pulse rate will be variable up to 1 MHz. With a maximum beam power Linac Frequency 7856 MHz 1300 MHz [N
of 250 kW initially, and eventually 1.2 MW, the control of beam loss is
" : . : Gun Frequency 2856 MHz 185.7 MHz
critical for machine and personnel safety, especially since losses can
continue indefinitely in linacs, and dark current emitted in the gun or RF Pulse Rate 120 Hz Continuous LCLS-2 Linac Proposed LCLS Linac 0.1-20 keV (120 Hz)
T - : 4 GeV FACET-2 3-15 GeV 0.2-1.3 keV (1 MHz)
cav%tle.s can be lost at any time. SLAC protectlon systems now.depend Electron Bunch Rate 120 Hy 92.9 (later 929) kHz v 120 Ha
on 1onization chambers, both local devices at expected loss sites and A i ¢ (esocaieioed
long gas-dielectric coaxial cables for distributed coverage. However, Photon Energy 0.2to 5 keV 1 to 15 (later 25) keV H- -G SSCRE — .
their ion collection time is over 1 ms, far slower than the beam Kickers 5 ko (1 H
. : : : : : -3 ke z
repetition rate. We present simulations showing that with persistent . .
. . - P o e 1-D Model of an Ionization Chamber
losses, the space charge of accumulated ions can null the electric field
inside the detector, blinding it to an increase in loss. We also report on " Uniform ionization per unit volume /(f) during beam pulse LION at +250 V and 1 m with 1-MHz Loss
tests comparing these detectors to faster alternatives. o : :
— " Recombination per unit volume proportional to 7, " ]It’s easier to form a dead zone in a LION than in a PIC:

" Argon at 100 kPa: No molecular fragmentation, no slow negative ions " (Cylindrical electrodes and wide spacing: Low field near outer conductor

Trip Point " Mean free path << chamber size: Collision-dominated motion = But LIONSs have a lower trip threshold and are further from the beam.

250 kW for 100 ps " Mobility: v, =4 b " The linac threshold, 10 krad/hr, corresponds to a loss of only 200 W.
25 kW for 1 ms " pyis constant; u, 1s a weak function of £ " No dead zone at this low radiation level—if the LION avoids hot spots.

Point dectector: Detect loss of 25 J in 100 ms,

Protectsostopp ers  then shut off within 100 ps. 72 5 kW for 10 ms " Diftusion: J,;,=-D, Vn,, (particle flux, not current density) = [f loss is higher, the 600-ms trip time allows time for ions to acumulate.
and collimators  Sample at least every 25 ps. <250 W is safe " Electric field evolves self consistently with space charge
. " Equations: J =+u n E-D Vn 10 krad/hr for 1 ms 25 kW for 2 ms 250 kW for 100 ps
Llne deteCtor: : e he e e e Electric Field vs Position and Time Electric Field vs Position and Time Electric Field vs Position and Time
.. Linac: 10 krad/hr over 10 m
Measure inside 600 ms on,
g Beam Transfer Hall: 3 —20 —=-V.J +I1-Pnn
shielding wall for . Ot ’ 03 05, 05
: : rad/hr (adjustable) over 5 m _ _ _
protection outside e V-E=e(n—n) F s : g 0]
Boundary Conditions g o 3 o2 foz
Point-Loss Detectors = Jons or electrons can flow into an electrode, but not out. 5 ‘ . e
| . — .
Used for LCLS: Protection Ionization Chamber (PIC) Charge on each electrode: ¢ g.‘- E-d5 2 1t ® Deat 7 108
S 15 05 15 1 cad £Lones 15 50
" @as-filled stainless-steel cylindrical chamber with 32 electrodes, = Electrode has surface S and an inward normal d8S. Radus(mm) 5 Tmeme  Rdusm 1 Yo Tneqms Radus () 10 e
alternately grounded or connected to a bias of =300 V " Drift and collection of electrons and ions changes E andso Q. ,
" Filled to 125 to 150 kPa with 95% Ar and 5% CO, " Bias supply delivers charge Q... to maintain the voltage: V, = —J-E .du
Lo . . ™ | Comparison Tests with Beam
Typically placed 0.5 m from loss point " Change AQ is sum of Q. and charge collected at electrode:
. . . Al W wWoW
Electrons are collected in 2 us, but ions take 1 ms. AQ=0, t _[J -dS Window 7 mm [4mm 28 mm
i T J_] T IT  — 5.115 GeV <— 46cm—>»  20cm
] HH el T | — . 180 pC HighRad— ¥
A e . Radiation Dose Modeled with FLUKA 5 Hz Diamond
il TTTIT 1] i ? |
% L - Plate area 56.5 cm? f ‘ , jm:% 200 100000 1.5m
- — ] - - - - - - - ; 10000
Al -« [.5m >
- : 150 1000 =
_ E [S)t.andarc(li ] PIC
Alternative for LCLS-2: Diamond Detector S oo 100 = Hmen
_y L. : : = = Shieldin
® Radiation creates electron-hole pairs in polycrystalline diamond. R~ 0 5 - Delay
. : 1 L
" A 500-V bias between electrodes on faces collects electron-hole pairs. =0 oo
0.1
= 10x10x0.5 mm?: The diamond’s volume is 22000 times smaller than o __ | = oon PIC versus Diamonds
the PIC,S, bllt it haS 9% Ofthe maSS Ofthe PIC gas (fOf AI' at 100 kPa). -100 50 0 50 100 150 200 - - = F PR BB EGEF FRLEEBEREE 8B T T T
" High electron and hole mobilities and a short distance: 5-ns pulses z (cm) - P S T D U T .
. 1gh Rad D1amond | I | | | | .
= No accumulation from prior pulses " Beam loss near a stopper, in rad/hour per watt of loss 100 mV/div | ! ; | | | ;
= Radiation hard, with a high dynamic range ® Dose limit for point detector >> limit for long detector . PIC |
________ 2'mV/d1v""'”
- ittt A | Ringing from PICEs-internal-+— il §
———— _ = — PIC at 300 V and 0.5 m with 1-MHz Loss | |} inductarice and capacitance
cividec cividec \ civdec ¢ VI S O A A M A
g | Soadband Dmond Amler " Jon space charge cancels the electric field near the positive electrode . Standard Diamond [I'[IV AW MW WWR LS o oo
o | v within 60 ps of the start of high losses, creating a “dead zone”. | 20 mV/div ' .
" No particle transport (except diffusion and recombination) D D -
Z : : Z : 1 : : - 100 ns/d1 :
2.5 KW for 10 ms 25 kW for 1 ms 250 kW for100ps | | b o o - - .. ............+0........-»»»».0 " M
Electric Field vs Position and Time Electric Field vs Position and Time Electric Field vs Position and Time
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Line Detectors
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Used for LCLS: Long Ionization Chamber (LION)

B Gas-dielctric Heliax coaxial cable
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" Conductors made of continuous helically-wound copper strip

o
o %

0.2

10 1 100

®  Diameters of inner and outer conductors: 18.1 and 46.5 mm 4 4
" Length of 30 to 50 m . 5 .

Position (mm) 0 o Time (ms) Position (mm) 0 o Time (ms) Position (mm) 0 o Time (ps)

05 2 50

[ ] BlaS Of (typlcally) -|_250 V COllCCtS GIGCtI'OnS and IOHS & Current to External Circuit . Current to External Circuit " Current to External Circuit

~— From Supply ~— From Supply ~—— From Supply
Into Load — Into Load — Into Load

Supply Avg 4 -100 Supply Avg Supply Avg L .
Load Avg Load Avg Load Avg _ N _ ) [ T _ . _
‘ M | | | | ) i | | 40 ns/dlv

(i A Nu(lleM’ LioN

H "' I HW' ‘ " 5-Hz losses with 60-Hz pickup in LION electronics

. High-fRad Diamond flf : | o T
SomV/dIV ........... :

" Typically placed 1 m from beamline

S
=]

-500

" Electrons are collected in 6 us, but ions take 6 ms.
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\ Gas-dielectric coaxial cable
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Alternative for LCLS-2: Optical Fiber 100 |

® Detect Cherenkov emission in fiber
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" Diameters: 600-um core, 660-um cladding, 710-um buffer, 2000-um ) 20 | © ) o _

black polyurethane jacket _ 9% | R | o

" Radiation hard: Tested to 1.25 Grad for CERN (CMS end cap) o W e e S S S N S

300 . 1 . 1 250 . 1 . 1 140 x . . — : | S ay I | | | 10 ms/div
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