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Introduction and Motivation



Introduction

Why Precise Luminosity Measurement Is Important In Collider
Experiments!?

® Measure of accelerator performance

» Instantaneous Luminosity

N, ~ 3x10!1 protons/bunch
Nobar ~ 6x1010 anti-protons/bunch
— ) p
L = NprbaerfBC/“'Tro- B = 36 number of bunches in ring
fsc~1.7 MHz freq. bunch crossings
~3x10-4cm?2 beam cross-section

» Total Luminosity

~ 30 -2¢c-1
Leo: = L dt L ~ 300x10% cm-2s

® Physics!
» Luminosity connects experiment and theory:
NHiges = EXO(ppbar = H + X) XL

Precise absolute measurement of total luminosity is crucial for physics
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Introduction Tevatron

Tevatron

* Type: Proton-Antiproton collider

*Energy: 1.96 TeV
eLuminosity: 400x 103° cm-2s-!
_ *Total delivered luminosity: | I fb- g
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CDF Luminosity Monitor Specifications
Specifications for CDF Luminosity Detector

® Rate of ppbar interactions H - average number of ppbar interaction/BC
Oin - total inelastic cross-section of ppbar

interactions (61.7 mb at 1.96 TeV)

Npp — ufBC — O-inl-

100.0

® Operate at high luminosity
L ~ 400x103°cm%s!, yu ~ 12 ppbar/BC

T s G e El ® Measure Luminosity
' ' AN - Instantaneous and Total
- Real-time

- Bunch by bunch
- Precise (few %)

* S
! '0 K
I (ST T U
10 | | 5 )
— | * |

® /-profile of collisions

\d 1
0.1 1 L et o1l 1 1 [ B A | 1 I 11
30 31 32 33

10 10 10 10 ® Provide Minimum Bias Trigger
Luminosity, cm2s-!

CDF: Gaseous Cherenkov Luminosity Counters
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Design of the CDF Luminosity Monitor



Cherenkov Luminosity Counters
Concept of Cherenkov Luminosity Counters

Central calorimeter ® Separate particle from primary
o interactions and secondary particles
ug

calorimeter ® Good amplitude resolution

Tracker » about 18% (photo statistics, light
) collection, PMT resolution)
’/’:' ® Good timing resolution
- E—— » separate collisions/losses

i
Beampipe . h\ . .
PP \_ Interaction \Cherenkov PMT ® Radiation hard, low mass
point cone

1 interaction =~

B 1 600 .......... ; : ; :
5 {H 5 interactions
o 5 5 5 5

3500 _ .................... ...... Secondary All ...................... ............. MOnte-Cal"lO SimU|atiOn ..................... ..................... ..................... ..................... .....................

3000 ——l """"" """""""""""" """"""""""" """""""""""" """"" 1000 : ................... ........ 1 partic‘e ..... ..................... ...................... ...................... .....................

2500 [ Secondary Plug ... Primary | wolll

2000 Ll ciflo Al S S— -
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amplitude, p.e. number of p.e.
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From Concept To Design
From Concept To Design

® Studies: simulation and prototype test beam

® Gas choice: Cherenkov angle (cosO.=1/Bn), light yield (Np.e=370-L-[sin20. - € - dE), ease of
use, safety, cost

» Isobutane:n=1.00143,0. = 3.1, Npe.= 100, UV transparent up to 150 nm
® Cones: reflectivity, light collection, cost

» 2 layers of 100 pm mylar 60 nm Al coating
® Collectors: reflectivity, light collection

» Al cones w/ 50 nm Al + 50 nm MgF, coating
® Choice of PMT: size, timing resolution, cost

» Hamamatsu R5800Q w/ concave-convex quartz window, @25mm, gain: 2% | 0®

® Mechanical design: 14 psi above atmospheric, less material
» Thin (0.035”) Al shells with Al inner support structures, safety factor 3

® Magnetic shielding: B, ~ 100 Gauss at PMT location

» Cylindrical “pre-shield” around PMT region (B, ~ 10-20 Gauss) + individual PMT shields
CDF Luminosity Monitor PP 20 L june 13,2011 10



BN

Cherenkov Luminosity Counters: Design

Light PMT mu-metal

® 48 counters/side
® 3 layers X |6 counters

\ / g I_I_I ® Coverage:3.7 < | n| <47

(End plug) i (Mini-Snout)

PMT/socket
assembly

2=373cm z=405cm

______________________

Parts list

Quter cone shell

Entrance window

Mounting Flange

Back cylinder

End plate

Inner pipe

PMT Assembly

Inner mylar cone

Middle mylar cone
: Quter mylar cone
: PMT plate flange

(End plug) i (Mini-Snout)

CLC Assembly
: End plate/inner pipe flange g:o§§3§§c$$on
: Connector

: Bellows beam pipe

M. Wong
8 October 1998

L, e OONON BN —
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Systems

CLC Systems

Operational Point

*[sobutane Pressure:22.5psi (1.5 atm)

*HV:800-1000V
*PMT gain: 10°

A. Sukhanov (Fermilab)
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Design Electronics

CLC Readout Electronics

Number of Hits
Transition ADMEM CLC Online Lumi DAQ

PMT Board
= Amplitude >

EEEEEEEEEEEEEEEENEN
CDF DAQ

Stretcher Timing
— 7%y

CDF DAQ

® Custom made Transition
Board (Signal Splitter, Coinc.
. . - Minimum Bias Tri
Amplifier, Discriminator), Yilk - =

I I I CDF Tri S
Stretcher, Coincidence Unit rigger System

CDF Clock

® Standard CDF ADMEM
(w/ custom firmware for
hit counting) and TDC
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Single PE. Amplitude

Single Photo-electron Amplitude
Single Photon

Chi2 / ndf = 379.1 / 286

(N__)=1.082 + 0.04516
A == Pdt' ............. P TSRS S pe
- e A, =51.91=0.466
® PMT test stand w/ full L  Single p.e.peak | | Opeq =11.81 =0.3019
CLC Amplitude 120 A S f A =42.36 +1.362
measurement electronics i i i i o, . =18.11 = 1.377
o A1 =1,
® Tested/calibrated >300 N " 9720 = 101.9
.............................................................. ev. — -
PMTs 100 : :
ke-<Npe> ) } 2
® Clear single photo- 80 - = dlkoz exp{-%";(gge;"‘(’;%ve;} _____
electron peak at high o
gain
60 .............................................................................................................
Gain =(16.15 = 0.52) x 10°
® CLC signal ~100 p.e./ € = 547 = 0.90
particle
| | I|l .'L'I*l 0 P N TR lf | 1ol |

50
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Amplitude in Collisions
Amplitude Distributions in PPbar Collisions

® Full detector simulation vs Data ® Simulation agrees well w/ data
[ ADC Normalized to SPP, Layer 0 | . S. I t. I I b . d d
1 ? : ADC Normalized to SPP in layer 0 INgle particie peak buried under
T PA all 4111 bp06 beams secondary Interactons
1
107 = Data West Modul : :
- e West Mode ® Clear peak after isolation
10° = I .
o Inner Layer requirement:
©E . .
el . » Amplitude < 20 p.e.in
0 1 2 3 4 5 6 7 8 'gdtoSPP1o .
| surrounding counters
[ ADC Normalized :o SPP, Layer 1 | '
1 : ADC Normalized to SPP in layer 1 8 B Chi2 / ndf = 18.45/ 32
10" L ! "= - Prob =0.9732
- PA all 4111 bp06 beam$S t L p0  =0.996 + 0.4417
. : W 50— p1  =0.01512 + 0.002215
10 = Data West Module — p2 =370.2 +10.12
: - p3 =13.23+1.511
10° B | p4 = 73.6 = 7.876
_4 : Middle Layer 40— -\BS__=0.5722 + 02167
N : B p2 - SPP positjion
Wk " st 00 000 N . p4-SPPwidth
0 1 2 8 4 ° 8 7 ADBC Normaliz?ed to SPP 10 O B
: B
[ ADC Normalizedlto SPP, Layer E+W2 I —
1 1 B
f? : ADC Normalized to SPP in layer 2 20— oo X
CE ! PA all 4111 bp06 beamS C
o Data West Module N
o ' 10— CTVUIN Gy
1 :
_4 ! Outer Layer - I _
10 1 | I
1 I I ‘ . . |
o e N— % 200 "400 600 800 1000
2 3 4 5 6 7 8 'nlg S ADC counts

0
ADC Normalized to SPP
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Timing

Timing: Beam Structure
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Section Subsection
Timing: Z-position of Beam
Zcic= (Tw-Tg)-c/2

’CLC Z vertex Constant = 1272 + 10.77 CLC Z vertex VS COT vertex

: : | : —| Mean =-2.573 +0.1932
1400 ------------------ ------------------ ------------------- ---------------- Sigma =29.68 + 0.1609

o

T e e

200

cm

CLC Z vertex,
o S &
o o o

|

o
T T T T T T T 1T T T T T
| | | | | |

800 e (O

600~ R

oo —

S e

0 I | | L | (| | [ | I | | | “ Ll | | L1 1 1 _200 L1 1 1 | I | | I | 1L 1 1 1 | I | | I | | L1 1 1 | I |
200 -150 -100  -50 0 50 100 150 200 200 -150 -100 -50 0 50 100 150 200
CLC Z Vertex, cm COT Z vertex, cm

® Was very useful during Tevatron commissioning:
» CLC was the only detector which could measure position of interaction during that time
» Helped a lot to MCR to tune Tevatron
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Amplitude and Multiplicity
Multiplicity Distributions in PPbar Collisions

® Hits: counters with Amplitude > threshold (250 ADC, set in firmware)
® Particles: Npare = Amplitude / Amplitudespp

W
o1
o

0.045 data, store 3033

0.04 pythia min-bias w/ mod. bellows

A Part.data |
B Part. sim R — Jr

Mean 18.67

Particles, Hits
w
(e
o

0.035

N
1
o

(O Hits data
0.03

RMS 9.838 200 @® Hits sim

0.025 - :
0.02 Underflow 0 _f 150 ................................................
0.015 Overflow 0 100 ____________
0.005 _f 50 : ............

0 | I—-l-l L1 | L1 11 | | | L1 I: OM 111 | | | | 1 1 | 1 | | | |
0 10 20 30 40 50 60 70 80 90 100 0 1 2 3 4 5 6 7 8 9 10
hit mult. total u

® Shape of multiplicity distributions is more sensitive to variations in PMT gain
(data) and accounting for all material in front of the detector (simulation)

Good agreement between data and simulation for average multiplicities
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High Instantaneous Luminosity
Luminosity Measurement Basics

® Rate of ppbar interactions:

Npp = Mfec = Oinl, where

» fac is freq. of bunch crossings

® Empty Crossings: BC w/o int.

» probability: Po= No/ Nac

» naively: Po =e* = U =-log Po

» Oin=61.7 mb is x-sec. of pp int. )

» U is number of int./BC

® [nstantaneous Luminosity
L = IJfBC/O-in

® How to measure !

A. Sukhanov (Fermilab)

need to take into account

detector acceptance:
Po:(zeusl_ | ) - @ H(1-£0)

- €0 is prob. of no hits in
detector

- €l is prob. of hits only on one
side

» systematic uncertainty 4.5%

e Ot

- dominated by acceptance (4%)
ner methods:

4

Hits: g = Nhitsge / Nhits,

» Particles: 4 ~ D A

CE Luminosity: Monitor:

TIPP 201 |, June 13,201 | 20



Performance High Instantaneous Luminosity

High Luminosity: Rare Empty Crossings

® Typical acceptances

— 1 layer
— 2 layer » 2 Layers: €0 ~ €l ~ 15%, acc ~ 55%

» | Layer: €0 ~ €l ~ 20%, acc ~ 40%

® Ngc = 20000 per measurement
» limited by h/w DAQ

® Cutoff (adjustable in s/w)
» No<4,Pp<2-10*

® Cutoff Luminosity (assuming equal
\ luminosity per bunch)
e v b b P P N

» using 2 Layers: ~ 360 - 1030 cm2s"!

-4
0% "6 7 8 9 10 1112
L/bunch, x10™ cm*s™ » using | Layer: ~ 400 - 1030 cm-2s!

Reliable Luminosity measurements up to L ~ 400 - 103%m-2s"!
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Performance Record Luminosity Store

Recent Record Luminosity Tevatron Store

Fri B82-APR-2016 13:063:37

C:EAILUM
. CDF EZB

stantanieous Luminos
® Store 7685 / //

/
® |nitial Inst. /

Luminosity:
381103 cm%s”!

166806

N

: : Liminogit
® Total Luminosity: Y

9.6 pb!

\\

C:BEATLUM
. CDF nkh-1

a

18 14:87 18 19:84 19 6B:61 19 B84:59 19 89:56
Tl = Th 13-MAR-2818 14:67:14 = Fr 19-MAR-28168 B03:56:34
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Large Total Luminosity
Large Total Luminosity: Aging

® Factory aging test
1000 h at 10 pA
» Al /1=10-35%

L e

g

® Corresponds to

30 - 80 % per fb"!

Relative Anode Current %
i
|
I
|
|
|

25 e — R e T

1 10 100 1000

< 200 ; ; ; ; ; ; ; i Time h HAMAMATSU PHOTONICS KK. 2002/01
2450 ® PMT aging in detector
;400 » hard to calibrate Ampl. <200
T, » aging rate aprox. 30% per fb’!

300 —F

» agrees well w/ Hamamatsy spec.

250

- ® HV/gain adjustments:

OFPS IR WU W W M N O — » same aging rate

00 =566 1306 ™2066" 350030053500 4000 Survive few fb'l

L (pb’)
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Performance Cross-section

CLC Effective Cross-section

® CLC cross-section vs store #
40
'g e Offline CLC cross-section
- 38 Online CLC cross-section
L_I) : :
O .k
b 36138 T e R
saf W e A A \
VA SEE DN S U S T —
S
10 | O U OO ORNTROS SOOI 7Y & SR
M
il TR
D8 o T
'.#,-' e
D e e R "g. S
D e e e e,
DD L e e e e,
| | | | | | | | |
6400 6600 6800
Store #

s calirasons

e Use real data
e Fit SPP

® Feed SPP values to
Monte-Carlo simulation

e Get new effective
CLC cross-section

e Adjust online

e Apply offline
corrections

Offline corrections applied for every store: Physics is not affected
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Operational Experience Overview

Overview of Operational Issues

® Keep CLC operational and on day-by-day basis provide precise luminosity measurements
for physics and accelerator adjustments until the end of Tevatorn Run |l (September 201 |)

® Electronics failures
» Transition Boards: |1/4 year (after modification adding protection to input amplifier)
» ADMEMs: 1/2 year (FPGA code corruption, re-programmed on spot)
» Coincidence Unit: 1/2 year (FPGA code corruption, re-programmed on spot)
» Stretches: | failure
» CAEN HV power supplies: | year (various problems)
® Gas leaks

» West CLC module leaks Isobutane 0.1 psi/day. Does not leak when filled with
Nitrogen.

® Helium contamination of PMTs

® PMT HYV bases failures
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Helium Contamination of PMTs

Operational Experience

PMT Helium Contamination

Replaced PMTs

® Very quick gain deterioration of PMTs in v F | RAESRSNS ) 1
the West CLC ( x200 faster than expected) § s A— A — A— A — .
j Total Luminosity ~12/pb '{‘Hf
® Checked and excluded various possible At o S e 1
: : - > 3
effects: HV power supplies/electronics/ R ¥ L
I A o 2 N ) 1 0 |/
magnetic field/environment etc . 'ﬁg% ~40% !
Co ey it
® [arge after-pulses in PMT signal (>20%, = iéiilnp.,-;..;‘é.“ My g 1 }
~350 ns after main signal) - indication of I Ty - R *: """
excessive number of ions inside PMT o e
01-Apr-24  01-Jul-25 01-Oct-24 02-Jan-23 02-Apr-25 02-Jul-25 02-Oct-24 03-Jan-24
Time
® Destructive test of PMTs at Hamamatsu
found Helium inside PMTs CI b [ass oo |
- S S RN W N SN
® Test of Isobutane samples: found large 3
amount of Helium. Isobutane was the iz - &‘ h -------------------- e S
source of contamination SERLY ¥y
RERAL T YRS N I SR T
® Switched Isobutane supplier, tested samples N _— T T W RO N W
of every new bottle, implemented new = i
very strict procedure of refilling CLC [ o e S i
e Replaced PMT in the detector, keep spare T T
in a “vacuum” storage
CDF Luminosity Monitor TP 2011 june 13,2011 27



Operational Experience

PMT HV Base Failures

® Small (~1%) but unexpected instability in instantaneous luminosity measurements

® Traced down to amplitude instability in some channels

|Amplitude 40 i adc_runsect_40
Entries 67156
350 ] Mean 530.5
Meany 304.3
- RMS 320.7
300 1 RMSy 212.8
| x? /ndf 215.2/222
U 250 I Prob 0.6166
| Run Time: 9h p0 1.129e-06 = 1.615€-07
< > i p1 1.55e404 = 11
A 200 1 p2 -1.518e+04 = 11
Q
O
g 150
=%
€ 100 ,
g Good Channel: X* ~ |

0 500 1000 1500 2000 2500

Time, x30 s

HV Base Failures

adc_runsect 41

Entries 58270
350 Mean 516.3
Meany 256.3
RMS 314.7
300 RMSy 183.1
> /ndf 9115/222
U 250 Prob
() p0 5.183e-08 = 2.373e-08
< pl  5.773e+05 = 257599
A 200 I J p2 -5.771e+05 = 257599
g o
,3 150
=%
€ 100 , 2
I Problematic Channel: x* ~ 40

0 500

1000 1500 2000 2500

Time, x30 s

10 |

HV Base
replaced

N~
(=]

Rtﬁmning Period

® Checked and excluded effects from readout electronics, HV power supplies, HV
distribution board on the detector (patch panel)

® Were not able to reproduce problem in test stand
® Suspected PMT HYV bases

A. Sukhanov (Fermilab)
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Operational Experience HV Base Failures

PMT HV Base Failures

® Found cold soldering in HV bases in problematic channels

A\ N,
\ ) '

N\ | 1A ?
\ Vs

Cold Solderingg ;o

® Replaced problematic bases
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Summary

® CDF Cherenkov Luminosity Counters is robust, capable instrument for
precise luminosity measurements at Tevatron

» in situ calibration from data allows to correct for various instability effects on
store by store basis

® CLC performance is great at luminosities up to 400 - 103 cm2s-! with
uncertainty of 4.5% [ ® 4% from Oin uncertainty, 6% total uncertainty ]

® | ongevity is not an issue: with PMT replacement / gain adjustment it will
stay in operation until end of Run |l

® Excellent contribution to Physics results from CDF!
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Operational Experience Pedestal

Pedestal Effect on Luminosity Measurement

: Qie_ped 95 l PED#¢ Entries.- 262513
® SPPs: and PEDs: are obtained 1200 = RUS 4784
from data 100k
® Acceptances are calculated using F
Monte-Carlo simulation 600}
400:—
® SPP are corrected for pedestal :
200 —
and then we add default constant ;
term of 50 ADC: 0 ~—20""20 60 80" 100 120 140 60 80 200
ADC
SPPacc — SPPﬁt - PEDﬁt + 50 °\i . -20§ADC
ZI| e QRDE
. . 4 Default (50 ADC)
® MethOd IS ﬁne for PMTS WOI‘I(”’]g ............................................................................................................. v+|0ADC ...... .....................
° +20ADC

at high gain.As PMTs age and gain

drops, effect of deviation of
pedestals from default value
become more evident

Easily fixed by offline corrections

CE Luminosity: Monitor:

| I | | | 11 1 1
400 450 500 550

11 |
300 350

Mean SPP, ADC
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Operational Experience

Recent Pedestal Effect on Luminosity

® After October 2008 shutdown
gain of our PMTs reached critical
region and we begun gradually
underestimate acceptance due to
pedestal shift effect

® [t is directly translated into
Luminosity overestimation

® [ncreased PMT gain beginning
Store 6749: reduced pedestal
effect to 1.5-2%

» We will use real pedestal values for
online acceptances calculation:
further eliminates these |.5-2%

Pedestal effect is easily taken into
account by offline corrections:
Physics will not be affected

Pedestal

Acc. Corrections, %

E_ .......................................... ............................................................................................... ............ --:. ..........

IR SO .............................................................................................. ._'_; ....... !.!.f ...........

— CHL ™

— : o LI

O SO OO SO SOUOT OO o

— ll.; i

g ._..l.. ............................

- .  ow gE oy

— -. " ﬁ F H [ 4

__?H".' ...... . 1_““,"1.._ ....... " LT g I

EL‘ : h* rl.? '-‘ ..#.. .‘?‘.‘. 'E.l. . u f :

* : T e o Ll

__. ............................... P IJ...I.JIIEA' ................ A

- = 1y PMT gain

:_.. ............................... . ............................... ............................... increased .......

- | | | 1 1 | 1 1 | | | | ] | 1 | 1 | | | |
5800 6000 6200 6400 6600 6800

Measurement

Store #

PED, ADC

I300I — I350
SPP, ADC
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Support Cylinder
CLC Support Cylinder
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Aluminized Mylar Cones

Light collector (Al)

o, =0 /2m
Rmin = 2J-“l,min /o

0 Ultra-sonic welding

- R cos—=
) 2

-——— g

L= (Rmax min

Mylar cone surface

Light-collector

o e e s — — — ———— A ———— —— T ——————————— ——TmTmEmT T T T

inner cylir{der with a
a threadgd whole
1

2 layers; 0.1 mm each; 60 nm Al coating

ey

s ! =_
D - outer diameter
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Design Cone and Collector

Outer Layer Cone and Light Collector

» '
g
G s |
:
! >
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Inner Structure Assembly
Inner Structure Assembly (at UF)
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Design Fiber Bundles

Quartz Fiber Bundles: LED Calibration System
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Design CLC Modules

CLC Modules
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PMT Assembly
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Photo-multiplier Tubes Assembly
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Complete Modules
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