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© Theory & Practice
@ Non-linearity definitions: DNL & INL
@ Test facility setup

© Linearity Measurements
@ Readout electronics: QDC
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@ PDs: DNL methods
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@ Measurements & corrections
@ Applicable at the ILC?

@ Summary & Outlook
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Overview

Polarimetry Concept

Two Compton polarimeters per beam are forseen in the BDS system.
One upstream & one downstream of the collider eTe™ IP.

Reminder: We want to do precision physics
Thus, we need precise measurements of the beam polarisation.

apP
Hoping to achieve: ) = 0.25% per polarimeter

SLD polarimeter: achieving this goal is limited by systematics effects
— detector linearity is a crucial factor!

Need Cherenkov detector with exceptional linearity !
= Study photodetectors (PD) & electronics (QDC) in test setup!
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Theory & Practice



Theory & Practice

Jefinitions of DNL and INL

Differential non-linearity: DNL

Integral non-linearity: INL

= 1201 * 5120
g g
3 100} 3 100}
r r INL
80 I 80
60 l 60
40: ideal device 40:
oo i real device ool
L DNL(S;) L
051656364656 66708085700 0562636465060 70 8085700
input input
response R to fixed change AS in maximal deviation (add +dev.)
signals S; and S; + AS dep. on S between data & straight line fit

Ras(Si)

Ideal:  Rg,+as = Rs, + Rag indep. of 5; } DNL(S:) = fidear—7
"AS

Real: Rag depends on .S;

R’deal needed: okay for QDC, where RZdeal 1 LSB (least significant bit),
but it's usually unknown for PDs — use mean of all recorded Rag(S;)
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Theory & Practice

Facility
o : 3x3 mm?2
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@ mountings for several PDs available: conv. PM, MAPM, SiPM

o function generator controlled blue LED (\jcqr = 470 nm, FWHM = 35 nm)
+ optical fibers + choice of different optical filters (attenuation)

@ readout: 8-channel, 12-bit QDC with dual ranges (high, low)
high: 0..800 pC < 200fC LSB and Jow: 0..100 pC «+ 25fC LSB
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Theory & Practice

hat is the Objective?

Want to...
e measure PD (non-)linearities ;- (i)

with sub-percent accuracy

@ establish measurement methods
sensitive to this level for both S
iPM read-out
DNL & INL measurements P Lgmh MM Ton By

@ develop procedures to correct possible non-linearities (mostly DNL)

@ apply correction procedures to repeated a/o long-term measurements
to test & refine both (meas. methods and correction procedure)

Although several PDs could be tested, concentrate on one type only.
= Study type R5900U-00-M4 (Hamamatsu, 2x2 MAPM) thoroughly!
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Measurements



Linearity Measurements

J DC non_linearities m,:r;d E\y,;plication Note 2085, 2003
- 10°
@ long, slow (10 Hz) ramp waveform %j:g QDC high range with 200fC LSB
as input signal — test channel 280
(covers high range up to 1500 QDC-cts) 770
760

@ short, fast (= 20kHz) random gate .

. . . . ideal curve
triggered by white noise (function gen.) 740 S Py
> short — high sampling rate 730
> fast & random — avoid phase effects 720 N R RN ERPUN ERRTEN AR R
200 400 600 800 1000 1200 1400
on average: 2000 samples per ramp QDC counts
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Linearity Measurements

. DC non_llnea rltles Il\r/]lsa'::r? K};plication Note 2085, 2003

@ long, slow (10 Hz) ramp waveform 2

as input signal — test channel z
(covers high range up to 1500 QDC-cts) 1o
@ short, fast (= 20 kHz) random gate
0.99)

triggered by white noise (function gen.)

> short — high sampling rate 0.98
> fast & random — avoid phase effects

200400 600 800 1000 1200 1400
on average: 2000 samples per ramp QDC counts

@ actual/ideal bin width — DNLs
DNLs ~ 0.01 LSB in high range
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Linearity Measurements

. DC non_llnea rltles Il\r/]lsa'::r? K};plication Note 2085, 2003

1—

@ long, slow (10 Hz) ramp waveform 2

as input signal — test channel z
(covers high range up to 1500 QDC-cts) 1o
@ short, fast (= 20 kHz) random gate
0.99)

triggered by white noise (function gen.)

> short — high sampling rate 0.98
> fast & random — avoid phase effects

on average: 2000 samples per ramp

| [ PN R
200 400 600 800 1000 1200 1400

B o\

= [ \igh range INL [200fC LSB]
=-0.5—
e actual/ideal bin width — DNLs =5
DNLs ~ 0.01 LSB in high range » 57
4
@ sum DNLs up to n'" bin — INL 2t
INL ~ 3 LSBs in high range +

co e e e e b L 1
200 400 600 800 1000 1200 1400
QDC counts
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Linearity Measurements

. DC non_llnea rltles Il\r/]lsa'::r? K};plication Note 2085, 2003

m1.03]
(2}

@ long, slow (10 Hz) ramp waveform S
i

as input signal — test channel z
(covers high range up to 1500 QDC-cts) 1o
@ short, fast (= 20 kHz) random gate
0.99)

triggered by white noise (function gen.)

> short — high sampling rate 0.98
> fast & random — avoid phase effects

on average: 2000 samples per ramp

Ly PN R
201 400 600 800 1000 1200 1400

high range INL [%]

INL / percent
S
n

@ actual/ideal bin width — DNLs
DNLs ~ 0.01 LSB in high range

)
TTT TTT L \m\ L TTT TTT T
AR R RS RN RS

-0.8
@ sum DNLs up to n'” bin — INL -1
INL ~ 3 LSBs ~ 1% in high range

N O I S A O ) AT T O TR ST N B
200 400 600 800 1000 1200 1400
QDC counts
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Linearity Measurements

D spectrum & QDC correction

. . 3
@ PD spectrum in QDC high range g B —
. -5140; X2/ 115.8/51
no sharp peak, but Gaussian shape € Gaussian Fit
. . o~ 120— Constant 1.465e+05 + 81
from fluctuations in N7 (LED) F
and PD gain variations 100~ Mean 3915400
. 80 Sigma  27.25+0.04
@ apply DNL correction to spectrum sk
weigh contents of each QDC bin by 1/DNL 40;
— reduces contents of wider bins, vice-versa F
20~

| | PN ERRREN SRR |
07200 250 300 350 400 450 500 550 600
QDC counts

Typical PD spectrum as recorded
in QDC high range (200 fC LSB)

> account for warm-up phases of:
PD: 5h, LED: 2h prior to measuring
> always use same anode of 2x2 MAPM

> minimize stat. errors — 10 million ev.
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Linearity Measurements

PD spectrum & QDC correction

o PD spectrum in QDC high range 2 5~ “+- uncorrected

no sharp peak, but Gaussian shape % \
. R, 4 A + corrected

from fluctuations in N7 (LED) F
and PD gain variations 3

@ apply DNL correction to spectrum of
weigh contents of each QDC bin by 1/DNL i ‘ L o
— reduces contents of wider bins, vice-versa 1; Effect of DNL corr. on 'XZ/ndf

: 05105306306 400" 505" 606" 700" 800" 805  To00
@ check a series of 25 PD spectra S/QDC counts

= effects are minute!

> x2/ndf of gaussian fit
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Linearity Measurements

D spectrum & QDC correction

@ PD spectrum in QDC high range | — 4 uncorrected

no sharp peak, but Gaussian shape % \*

. R, 4 \ + corrected

from fluctuations in N7 (LED) F \f

and PD gain variations 3
@ apply DNL correction to spectrum of

weigh contents of each QDC bin by 1/DNL 1;

— reduces contents of wider bins, vice-versa ; Effect of DNL corr. on x2 /ndf

. 05100200306 400 500" 600 700" 800" 9001000

@ check a series of 25 PD spectra R

= effects are minute! =

0.5
> x2/ndf of gaussian fit o T
! B . .
> relative change of peak position: ol b Ll L.
0 v e .
g _g I D .
AS = T < 002% (mOStly) i . o LI
Corr. causes 0.05% effect only close to the 0 Effect of DNL corr. on AS
large dip in the DNL distr. (600-700 QDC cts.)  G-ig5-s555"305" 406" 566" 606" ‘7‘06‘ 5063007000

S /QDC counts
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Linearity Measurements

D: Signal Modelling

@ Multi-Poisson fit model:
pros: determines NP and gain, but PD linearity vs. output charge suffices
cons: time consuming; very susceptible to slight changes in initial conditions
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Linearity Measurements

D: Signal Modelling

@ Multi-Poisson fit model:
pros: determines NP and gain, but PD linearity vs. output charge suffices

cons: time consuming; very susceptible to slight changes in initial conditions

@ Gaussian fit model: x2/ndof = 116/51
pros: robust method; determines NP-¢
cons: uses only a narrow region of A = 1.502

the signal peak (£ 1 rms) 5 9
-0:’1401 x#/ ndf 115.8/51
. 5 T (a)
@ Goodness of fit: 120~ Constant 1.465e+05 + 81
100~ Mean 3915+0.0
A= ﬁ 801~ Sigma  27.25+0.04
Qqpc — DC 60F-
401
with dark current (prev. measured): 200
DC = 62.5 QDC counts 0508550500 350 400 450 50050600

QDC counts
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Linearity Measurements

D: Signal Modelling

@ Multi-Poisson fit model:
pros: determines NP and gain, but PD linearity vs. output charge suffices

cons: time consuming; very susceptible to slight changes in initial conditions

@ Gaussian fit model: - X2/nd0f — 124/65
pros: robust method; determines NP-¢
cons: uses only a narrow region of A =1.503
. 3
the signal peak (+1 rms) 21200 -
= r X2/ ndf 124 /65
G100l (b)
° Goodness Of fit: 100: Constant1.17e+05 + 64
80~ Mean 579.5+0.0
A= 083U eoi Sigma  34.17+0.05
D r
v/ Qapc — DC wl-
with dark current (prev. measured): 20F
DC = 62.5 QDC counts o- 200500 600 700800

QDC counts
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Linearity Measurements

D: Signal Modelling

@ Multi-Poisson fit model:
pros: determines NP and gain, but PD linearity vs. output charge suffices

cons: time consuming; very susceptible to slight changes in initial conditions

pros: robust method; determines NP-¢
cons: uses only a narrow region of

A =1.501

the signal peak (&1 rms) o X0
2100 2/ ndf 164.2/77
. 5 [ (9 .
° Goodness Of f|t: 80? Constant1.001e+05 + 55
C Mean 767.7+0.0
auss C
A= o8 60: Sigma  39.85+0.05
v/Qqpc — DC 40
with dark current (prev. measured): 20;
DC = 62.5 QDC counts 0"5G0 600~ 700 800 900 {000

QDC counts
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Linearity Measurements

D: Signal Modelling

@ Multi-Poisson fit model:
pros: determines NP and gain, but PD linearity vs. output charge suffices

cons: time consuming; very susceptible to slight changes in initial conditions

pros: robust method; determines NP-¢
cons: uses only a narrow region of A =1.499
the signal peak (&1 rms) 10010
2 90; 2/ ndf 143.9/87
@ Goodness of fit: s 80? (d) Constant8.909e+04 + 49
70 ; Mean 954.4+0.0
60
A —_ Ugauss 50; Sigma 44.77 £0.06
v/Qapc — DC 40
30F
with dark current (prev. measured): ?gg
DC = 62.5 QDC counts R05~~706 800906 100011001200~ 1300

QDC counts
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Linearity Measurements

D: Measuring INL (2 methods)

‘Optical Filters’:
@ used to attenuate light from the LED by a fixed/known(?) amount

o filter calibration not precise enough

@ method discarded for now (— backup)

Photodetector Studies 13 /28
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Linearity Measurements

J: Measuring INL (2 methods)

‘Optical Filters’:

@ used to attenuate light from the LED by a fixed/known(?) amount
o filter calibration not precise enough

@ method discarded for now (— backup)

‘Pulse-Length’ method:
@ want to ensure a linear variation of light on PD cathode

@ need to vary LED light output linearly — how?
@ operate LED with a function generator, using rectangular pulses
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Linearity Measurements

D: Measuring INL (2 methods)

‘Optical Filters’:
@ used to attenuate light from the LED by a fixed/known(?) amount
o filter calibration not precise enough

@ method discarded for now (— backup)

‘Pulse-Length’ method:

@ want to ensure a linear variation of light on PD cathode

@ need to vary LED light output linearly — how?

@ operate LED with a function generator, using rectangular pulses
°

vary pulse lengths linearly: 30...150ns, in 5 ns steps

> minimal pulse length must be longer than LED rise & fall times of =~ 5ns
> keep pulse length variations below a factor 5 — avoid shielding PD dynode structure

(potential differences) by the traversing e~ —shower (ultimately affects PD linearity)
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Linearity Measurements

ulse-Length’ method — INL

e vary LED light output via rectangular pulses: 30..150 ns (5 ns steps)
LED: f=10 kHz, U=-5V; QDC: gate width 200ns; PD: bias voltage Uyy =-800V

@ single measurement: 107 LED pulses — minimise statistical errors

@ systematic uncertainties — study two sources
> pulse length accuracy At/t
> fitting procedure (x?)
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Linearity Measurements

ulse-Length’ method — INL

e vary LED light output via rectangular pulses: 30..150 ns (5 ns steps)

LED: f=10 kHz, U=-5V; QDC: gate width 200 ns;

PD: bias voltage Uyy =-800V

@ single measurement: 107 LED pulses — minimise statistical errors

@ systematic uncertainties — study two sources

> pulse length accuracy At/t
> fitting procedure (x?)

@ straight-line fit to central part
x2-test to find correct order
of magnitude for syst. errors

(x? &1, if errors okay & assuming
the pulse inaccuracy is the only source)

e initial inaccuracy: 1073
syst. error: At/t =104

ALCPG'09

Daniela Kafer

.29-Oct.3 2009

pulse length / ns

first iteration of x2-test

relative error = 2.5 - 104

-0.04§

160

14

=)

12

=]

8
(RSRERRRRRRRERRRRRERRRRRRRRRRRRR UL

10

80

60

40

20

relative error = 2.5e-04 .

Photodetector Studies

; | | ; | I
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anode charge / pC
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Linearity Measurements

ulse-Length’ method — INL

e vary LED light output via rectangular pulses: 30..150 ns (5 ns steps)
LED: f=10 kHz, U=-5V; QDC: gate width 200ns; PD: bias voltage Uyy =-800V

@ single measurement: 107 LED pulses — minimise statistical errors

@ systematic uncertainties — study two sources
> pulse length accuracy At/t
> fitting procedure (x?) v

first iteration of x2-test
x?2/ndof = 0.22

-0.02]
-0.04§

@ straight-line fit to central part
x2-test to find correct order

o
~

INL / percent
o
©

. ¥2/ndf= 022
of magnitude for syst. errors 02 i,
. . . 0.1 4
(x? =1, if errors okay & assuming o : \N\‘\'\N*q .
the pulse inaccuracy is the only source) o4 ’ LI I

e initial inaccuracy: 1073
syst. error: At/t =104

; | |
40 60 000120 140760780 00
anode charge / pC
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Linearity Measurements

luence of Fit Methods on INL

Fit PD spectrum with either the Multi-Poisson, or the Gauss fit model
— study systematic influence of the fit model on the derived INL

4 (@ ¢ (b)
1107 1107
_Iu- _‘n_
z z
107 107
107° 107°

120 140 120 140
pulse length / ns pulse length / ns

Prominent dip at a pulse length of 80..100 ns — corresponds to the
zero-crossing of the INL = equally well reproduced by both methods
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Linearity Measurements

luence of Fit Methods on INL

Fit PD spectrum with either the Multi-Poisson, or the Gauss fit model
— study systematic influence of the fit model on the derived INL

4 (9 ¢ (d)
1107 1107
_Iu- _‘n_
z z
107 107
107° 107°

120 140 120 140
pulse length / ns pulse length / ns

Prominent dip at a pulse length of 80..100 ns — corresponds to the
zero-crossing of the INL = equally well reproduced by both methods
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Linearity Measurements

luence of Fit Methods on INL

Fit PD spectrum with either the Multi-Poisson, or the Gauss fit model
— study systematic influence of the fit model on the derived INL

4 (&) ¢ (f)
1107 1107
_Iu- _‘n_
z z
107 107
107° 107°

120 140 120 140
pulse length / ns pulse length / ns

Prominent dip at a pulse length of 80..100 ns — corresponds to the
zero-crossing of the INL = equally well reproduced by both methods
Find estimate of the uncertainty of one fit model — average results?
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Linearity Measurements

luence of Fit Methods on INL

Fit PD spectrum with either the Multi-Poisson, or the Gauss fit model
— study systematic influence of the fit model on the derived INL

4060 B0 00 20T 140
pulse length / ns

Difference averaged over 7 measurement series and both fit methods.
= systematic uncertainty due to fitting procedure: 5 104
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Linearity Measurements

luence of Fit Methods on INL  (cont'd)

Fit PD spectrum with either the Multi-Poisson, or the Gauss fit model
— study systematic influence of the fit model on the derived INL

%) - .
E | ~+# - Multi-Poisson Fit
=3 |

10 - —+—Gaussian Fit

107

10°E

308080700 120 140
pulse length / ns

RMS of 7 series of measurements: vs. Gauss fit model

Difference between both fit models is an order of magnitude smaller
than differences within each method = negligible !
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anode charge / pC

Daniela Kafer

Linearity Measurements

Pulse-Length’ + Systematics — INL

INL from 'Pulse-Length’ measurement + all systematic uncertainties
of pulse length inaccuracy (10~%) and fitting procedures (5-107%).

0.005

~0.005|

2 e o o o
M B O ® O N R D RO
3 5§33 833533 3

ST T T I TI IO T [T

N>

'Pulse-Length’ measurement
with statistical errors only !

ALCPG'09

L
120 140 160
pulse length / ns

.29-Oct.3 2009

integral non-linearity / percent

Photodetector Studies
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from measurement derived INL
with statistical errors only
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Linearity Measurements

ulse-Length’ + Systematics — INL

INL from 'Pulse-Length’ measurement + all systematic uncertainties
of pulse length inaccuracy (10~%) and fitting procedures (5-107%).

- pulse length / ns
160

@ ™ zo L
g 180 = 8 o.
= g-o.
] Zo.
g S o. /‘\\
B £
1 W
é s
=
k34
€
%G 2 50 8 06" 120 740 760 6080106120140 160180500
pulse length / ns anode charge / pC
'Pulse-Length’ measurement from measurement derived INL
with statistical errors only ! + PD systematics
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Linearity Measurements

ulse-Length’ + Systematics — INL

INL from 'Pulse-Length’ measurement + all systematic uncertainties
of pulse length inaccuracy (10~%) and fitting procedures (5-107%).

0005;"

70.0053" 20 40 60 80 100 120 pl‘qieuleng“;‘ﬁ/ﬂns
Q 200F £ osg . : . T : T ;
3 1 O 0.4
© 160 & oaf
S 140 >o02F
o E S y
g 120 S o.1f /A\

& 100/ = of
80[- S 0.t / W
E 2 E
60~ =02
40~ 2-0.3-
20 E-o04
% e 8 8 706 739 45 T80 —0.™ 5546808010020 140160180 500
pulse length / ns anode charge / pC
'Pulse-Length’ measurement from measurement derived INL
with statistical errors only ! + PD systematics + DNL(QDC)

INL is measured & controled with accuracy: INL = (0.5 £+ 0.05)%
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Linearity Measurements

D: Measuring DNL (2 methods)

‘Double-Pulse’ method:
@ use two LEDs: LED1 as in 'Pulse-Length’ method
LED2 operated with a fixed, very short pulse
@ compare signals pulsing: < only LED1
(simultaneity achieved using synchronised output channels (function gen.): f=10 kHz)

LED1: U=-5V, pulse length: t; = 30..150 ns (5 ns steps)
LED2: U=-2V, pulse length: t; = 25ns, fix
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Linearity Measurements

D: Measuring DNL (2 methods)

‘Double-Pulse’ method:
@ use two LEDs: LED1 as in 'Pulse-Length’ method
LED2 operated with a fixed, very short pulse
@ compare signals pulsing: < only LED1
(simultaneity achieved using synchronised output channels (function gen.): f=10 kHz)

LED1: U=-5V, pulse length: t; = 30..150 ns (5 ns steps)
LED2: U=-2V, pulse length: t; = 25ns, fix

‘E158, method: (inspired by: E158 collaboration, Technical Note No.67, 2005)
@ use two LEDs (f=10 kHz, U=-5 V), both operated with fixed pulses

@ compare signals pulsing: — LED1+4LED?2 sep.

LED1: pulse length: ¢; = 50ns results in QDC signals with
LED2: pulse length: t; = 150 ns a ratio of Q1/Q2 ~ 1/4
(charge ratio # 1/3 due to different LED performance a/o coupling to optical fibers)
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Linearity Measurements

D: Measuring DNL (2 methods)

‘Double-Pulse’ method:
@ use two LEDs: LED1 as in 'Pulse-Length’ method
LED2 operated with a fixed, very short pulse
@ compare signals pulsing: < only LED1

(simultaneity achieved using synchronised output channels (function gen.): f=10 kHz)

LED1: U=-5V, pulse length: t; = 30..150 ns (5 ns steps)
LED2: U=-2V, pulse length: t; = 25ns, fix

‘E158, method: (inspired by: E158 collaboration, Technical Note No.67, 2005)
@ use two LEDs (f=10 kHz, U=-5 V), both operated with fixed pulses
@ compare signals pulsing: < LED1+4LED2 sep.

LED1: pulse length: ¢; = 50ns results in QDC signals with
LED2: pulse length: t; = 150 ns a ratio of Q1/Q2 ~ 1/4

(charge ratio # 1/3 due to different LED performance a/o coupling to optical fibers)

@ attenuate LED light intensity with optical filters — measure DNLs

(actual attenuation is not relevant — no filter transmission coefficients are needed)
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Linearity Measurements

ouble-Pulse’ method — DNL

@ vary signals using two LEDs: variable pulse + fixed pulse

LED1: U=-5V, pulse length: t; = 30..150ns (5ns steps) — Q (¢1)
LED2: U=-2V, pulse length: to = 25ns, fix — q(t2)

@ single measurement: 107 LED pulses — minimise statistical errors

anode charge vs. pulse ¢t; (LED1)
pairs (Q, Q+q)

1

n
o

O[TT T[T T[T T[T I [ TTI[TTT[TTT 7T

anode charge / pC
[23
o

100
80
60

49

120 140 160
pulse width / ns
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Linearity Measurements

Jouble-Pulse’” method — DNL

@ vary signals using two LEDs: variable pulse + fixed pulse

LED1: U=-5V, pulse length: t; = 30..150ns (5ns steps) — Q (¢1)
LED2: U=-2V, pulse length: to = 25ns, fix — q(t2)

@ single measurement: 107 LED pulses — minimise statistical errors

i i : +9)-Q _ g
@ use parametrised function fix pulse effect: Q =
P . P o —Q
of a perfectly linear PD to o .
= 0.014 : .
fit the data (e} r fit: perfectly linear PD
40'012} data: large deviations
0.01F
0.008}-
0.008
0.004~

5040160 T80 200
anode charge Q/pC

N
o
o
S
of
o
=
o
S
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Linearity Measurements

ouble-Pulse’ method — DNL

@ vary signals using two LEDs: variable pulse + fixed pulse

LED1: U=-5V, pulse length: t; = 30..150ns (5ns steps) — Q (¢1)
LED2: U=-2V, pulse length: t5 = 25ns, fix — q(t2)

@ single measurement: 107 LED pulses — minimise statistical errors

@ use parametrised function DNLs up to 10%
of a perfectly linear PD to §0-153
fit the data 0_12
e insufficient accuracy! 0'055 AR ‘
DNLs up to 10% — bias(?) o RN
or faulty measurement? -0.08- by ; ;
(several causes investigated — excluded) 0.1 bt .
. -0.45— ‘ ‘ ‘ ; ; ;
@ method discarded . .. 40760 80 100 120 140, 160 180 200

anode charge Q / pC
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Linearity Measurements

158-method’ — DNL

@ vary signals using 3 LED config’s (fixed pulses) + 8 filters (for attenuation)
LED1: fixed pulse length: ¢; = 50ns — Qq
LED2: fixed pulse length: ¢ = 150ns — Qo
LED1+LED2: —  Qiy2

@ single measurement: 107 LED pulses

— minimise statistical errors 'E158’ anode charge
3 LEDs config's + 8 filters

250
o LED1 + LED2
< L
S200[-
<
5 F
[ LED1
g 150[ +
o L
c r
I} L
100
50/~
% 02 o4

& 08
light intensity / a.u.

Daniela Kafer ALCPG'09 .29-Oct.3 2009 Photodetector Studies 20 /28



Linearity Measurements

158-method’ — DNL

@ vary signals using 3 LED config’s (fixed pulses) + 8 filters (for attenuation)
LED1: fixed pulse length: ¢; = 50ns — Qq
LED2: fixed pulse length: ¢ = 150ns — Qo
LED1+LED2: —  Qiy2

@ single measurement: 107 LED pulses

— minimise statistical errors
'E158’: DNLs < 0.5%

-
N
00.017
+ r _ Q+Q
e calculate DNL = QQlliJSQ - DNL Qs
0.005}-
e good accuracy: OE /
mostly DNLs < 0.5% ; ;
-0.008-
-o.oir : ‘ ‘
o w0 950 & 250

00 200
anode charge (LED1 + LED2) / pC
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Linearity Measurements

ulse-Length’ — DNL Interpretation

@ 'Double-Pulse’ DNL interpretation of ‘Pulse-Length’ measurement

only one LED1: varied pulse length: ¢; = 30..150ns; equal 5ns steps (fix)
— assume signals for consecutive pulse lengths as pairs (Q:, Qt+5ns)

@ single measurement: 107 LED pulses

— minimise statistical errors 'Pulse-Length’ anode charge

: pairs (Q¢, Qegsns)

Q
=
[
=4
@

<
S
©

°
o
c
&

ST T T T I T T T TTT [T oo

; | | ;
40 60 80 100 120 140 160
pulse length / ns
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Linearity Measurements

ulse-Length’ — DNL Interpretation

@ 'Double-Pulse’ DNL interpretation of ‘Pulse-Length’ measurement

only one LED1: varied pulse length: ¢; = 30..150ns; equal 5ns steps (fix)
— assume signals for consecutive pulse lengths as pairs (Q:, Qt+5ns)

@ single measurement: 107 LED pulses
— minimise statistical errors

'Double-Pulse’ interpretation

P25 : :
g fit: perfectly linear PD
@ use parametrised function 202 3 data: good agreement
of a perfectly linear PD to
fit the data: 0.15

0.

—

@ calculate for pairs:

Qéns — (Qt+Qt+5 ns) - Qt 0.05

Q:

@640 60 80 100 120 140 160 180
anode charge Q/pC
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Linearity Measurements

NL Comparison: 'E158' vs. ‘Pulse-Length’

@ 'Double-Pulse’ DNL interpretation of ‘Pulse-Length’ measurement

only one LED1: varied pulse length: ¢; = 30..150ns; equal 5ns steps (fix)
— assume signals for consecutive pulse lengths as pairs (Q;, Q¢45ns)

@ single measurement: 107 LED pulses
— minimise statistical errors
'E158" method: DNL

=

) ) Zo.01-
@ 'E158" method measures S ha
DNLs at < 0.5% level 0.008-
-0.008

—0.0: i

TV I T N R
anode charge (LED1 + LED2) / pC

Daniela Kafer ALCPG'09 .29-Oct.3 2009 Photodetector Studies 22 /28



Linearity Measurements

L Comparison: 'E158’ vs. ‘Pulse-Length’

@ 'Double-Pulse’ DNL interpretation of ‘Pulse-Length’ measurement

only one LED1: varied pulse length: ¢; = 30..150ns; equal 5ns steps (fix)
— assume signals for consecutive pulse lengths as pairs (Q;, Q¢45ns)

@ single measurement: 107 LED pulses
— minimise statistical errors
‘E158’ & 'Double-Pulse’: DNL

@ 'E158" method measures go.oe;
DNLs at < 0.5% level oot v
° O e [
-0.0t
— mostly DNL < 0.5% oor
T B0 00 150 @00 0

200 25
anode charge / pC
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Long-term Stability
& Corrections



Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h

pulse length / ns
80 100 120 140 160

ar
=3
IS
<}
@
3

£ 05p T T T T T T e T
8 0.4f uncorrected : =529, P=55e-16
5 TE
S 0.3 + corrected: 2-0.00. P = 1 - 0.06+00
Zoz [ 14
oz A
o 0.1F !
c E
T 9% —
c g 11
8 —0.g /[
-0 /
F-0.3= i
€ . F
= =04
—0.5""26"40 6080 100 120140 1607 180 200

140
anode charge / pC
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Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (a) -74 h (-3 days)
pulse length / ns pulse length / ns
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
£ 05p T T T T T £ 05p T T e e

8 0.4f uncorrected : =529, P=55e-16 8 0_4f uncorrected: ?=2.93, P=2.0e-06
] E o E

‘\l 0-35 + corrected: x2=0.00. P = 1 - 0.0e+00| ‘\l 0-35 + corrected: ¥2=0.53. P = 1 — 2 8e-02|
2 0.2F I 2 02F
5 oo JTHy 5 oo
o 0.1F i o 0.1F
c E = =
T 9% S R Y =
§-0.f I ] §-0.f
= E }' = E
-0 / -0
F-0.3= i F-0.3=
E £ E i
-0.45 -0.45

-08""'207"40 80 80" 100 120 140 T80 Y80 200 0% 20740 e0 0" Y00 120 140 Yed 180 200
anode charge / pC anode charge / pC
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Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (b) -60 h (-2.5 days)
pulse length / ns pulse length / ns
20 40 60 80 100 120 140 160 20 40 680 80 100 120 140 160
£ 05p T T T T T T e e e I IR e e e e
8 0.4f uncorrected : =529, P=55e-16 8 0_4f uncorrected: 2=4.61, P=4.2e—13
] E @ E
‘\l 0-35 + corrected: x2=0.00. P = 1 - 0.0e+00| ‘\l 0-35 + corrected: ¥?=0.08,P =1 - 3.4e—11
2 02F 2Zo02F
b= E A E
® 0.1F RIS
c E c =
T 9% T 9
§-0.f §-0.f
= = =3
-0 g0
g0 -0z
£ 04t £ 04
-08""'207"40 80 80" 100 120 140 T80 Y80 200 0% 20740 e0 0" Y00 120 140 Yed 180 200
anode charge / pC anode charge / pC
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Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (c) -46 h (-2 days)
pulse length / ns pulse length / ns
20 40 80 80 100 120 140 160 20 40 80 80 100 120 140 180
2 05T T 2 05p T T T
8 0.4f uncorrected : =529, P=55e-16 8 0_4f uncorrected: 1?=7.70, P=8 Se-27
o F o F
. 0-3; + corrected: x2=0.00. P = 1 - 0.0e+00| . 0-3; + corrected: ¥2=0.47. P =1 - 1.3e-02|
E’O.ZE I 4\-3‘0.23 LT
oz My oz HMY
@ 0.1 i o 0.1F
c E = =
T o — 3 o —
c E 1] s £ Lt
8 0. E /[ 1 8 0. E /T
-0 / -0 /
F-0.3= i F-0.3=
£ Eoe 1
—0.4F —0.4F 1
-08""'207"40 80 80" 100 120 140 T80 Y80 200 0% 20740 e0 0" Y00 120 140 Yed 180 200
anode charge / pC anode charge / pC
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ong-term Stability |

Long-term Stability

Using a single reference measurement for the correction:

(e) reference measurement: 0 h

ulse length / ns
P 140 < 160

(d) -31h (-1 days)

ulse length / ns
P 140 9 160

20 40 60 80 100 120 20 40 80 80 100 120
£ 05p T T T T T £ 0Sp T T T e
8 0.4f uncorrected : =529, P=55e-16 8 0_4f uncorrected: ;?=8.14, P=8.26-28
@ E @ E
‘\l 0-35 + corrected: x2=0.00. P = 1 - 0.0e+00| ‘\l 0-35 + corrected: ¥2=0.63. P = 1 — 8 0e—02|
2 0.2F 2 02F
b= E A E
® 0.1F RIS
c E c E
T 0F T 9
G -0.f G -0.f
= = E
g0 T 02
g0 -0z
£ 04t £ 04
0520730 60 80 100 120 140 160 180 200 0% T207740 60 B0 100 120 140 160 180 200

anode charge / pC
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Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (f) +24 h (+1 days)
pulse length / ns pulse length / ns
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
05T B T R
8 0_4f uncorrected: 2=5.29, P=5.5¢-16 8 0_4f uncorrecied: 2—438, P—4.06-12
] E @ E
‘\l 0-35 + corrected: x2=0.00. P = 1 - 0.0e+00| ‘\l 0-35 + corrected: ¥2=0.13. P =1 — 8.1e—08|
2 02F 2Zo02F
b= E A E
® 0.1F RIS
c E c =
T 9% T 9
§-0.f G -0.f
= = =3
-0 g0
g0 -0z
£ 04t £ 04
-08""'207"40 80 80" 100 120 140 T80 Y80 200 0% 20740 e0 0" Y00 120 140 Yed 180 200
anode charge / pC anode charge / pC
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Long-term Stability

ng-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (g) +92h (+4 days)

pulse length / ns pulse length / ns
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160

O e T s i B = B A ERanaE e
0 4: —+— uncorrected : (°=5.29, P=556-16 8 —+— uncorrected: °=3.69, P=2.66-09
E Q
0-35 + corrected: x2=0.00. P = 1 - 0.0e+00| ‘\l + corrected: ¥2=0.22. P =1 — 1.9e—05|
0.2f =
0.1 3
E £
0E —C|
-0.1t [}
E =4
-0.2= ®
0.3 g
—0.4F £ 04
0520730 60 80 100 120 140 160 180 200 0% T207740 60 B0 100 120 140 160 180 200

anode charge / pC anode charge / pC

Successful INL correction for data recorded up to 7 days apart!

= measured & controlled to an accuracy of INL < 0.1%
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Long-term Stability

ng-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (h) 4168 h (47 days)
20 20 60 g0 10 1z PUsglendthine pulsc longth /s
I IS B s L

—+— uncorrected : (°=5.29, P=556-16
+ corrected: x2=0.00. P = 1 - 0.0e+00|

20 40 60 80 100 120
L e e e N 1 e e e B e

—+7 uncorrected: $2=2.59, P=3.16-05

+ corrected:)2=0.99, P =0.47

o © 5 o o
O LN W oo

Lol
[=IN=1
N

integral non—linearity / percent

_0.3
04 g slight discrepancy
-0-8™"26"46 60 80 100 120 140 160 180 200 O 20740 60 B0 100 120 140 160 180 200

anode charge / pC anode charge / pC

Successful INL correction for data recorded up to 7 days apart!

= measured & controlled to an accuracy of INL < 0.1%
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Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (i) +672 h (28 days)
pulse length / ns pulse length / ns
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
BT o e e e T /I e  Raman e B OS]
g 0.4f 4+7 uncorrected: 2529, P=55e-16 g 0_4f —+— uncorrected: $2=2.28, P=3.4e-04
o E o E
E‘ 0-35 + corrected: ¥2-0.00. P = 1- 0.06-+00| E‘ 0-35 + corrected:?=6.77, P =0.00
Zozf Z02f
$ 01t RIS
(= E c =
: i
8 -0.f 8 -0.f
c E c E
w-0.2 w-0.25
g0 Fog
=045 E o

|
o
o
o
N
or
o

=

-0.5"""26"""46 6680 100 120 140 160 180 200 “'86Y00 1207140 160 180 200
anode charge / pC anode charge / pC

Data recorded much later than the reference measurement cannot be
corrected successfully anymore — reference measurements need to be taken
regularly & not more than a week apart!
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Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (j) +696 h (29 days)
20 40 60 80 100 120 plq?tglenglqéons pu'ﬁitl)englhqgg
L I B B | B B BN B

—+7 uncorrected : =529, P=55e—16
+ corrected: x2=0.00. P = 1 - 0.0e+00|

20 40 80 80 100 120
I e s e B e M

—+7 uncorrected: y2=2.12, P=1.1e-03
+ corrected:y2=2.08, P =0.00

0.5
04
0.3
0.2
0.1

-0.1
-0.2
-0.3

integral non-linearity / percent
integral non-linearity / percent

|
o
'Y

-0.87""26""46 " "86 B0 100 120 140 160 180 200
anode charge / pC anode charge / pC

2674060 80" Y00 120140 160 180 200

Data recorded much later than the reference measurement cannot be
corrected successfully anymore — reference measurements need to be taken
regularly & not more than a week apart!

Daniela Kafer ALCPG'09 .29-Oct.3 2009 Photodetector Studies 24 /28



Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h (k) +718 h (30 days)
pulse length / ns pulse length / ns
20 40 60 80 100 120 140 160 20 40 680 80 100 120 140 160
*‘%‘0.5:‘“H“‘.“H“‘H“H“H‘H“‘ *‘%‘0.5:‘“”“”“”“”“H“H“H“‘
E 04F —+7 uncorrected : =529, P=55e—16 E 04F —+7 uncorrected: ¥?=3.09. P=5.0e-07
o E o E
E' 0-35 + corrected: x2=0.00. P = 1 - 0.0e+00| E' 0-35 + corrected: ¥2=0.43. P = 1 — 7 4e—03|
2 02F 2 02F
$ 01t SRS
c E c =
: T o
8 -0.f 8 -0.f
c E c E
w-0.2 w-0.25
g0 Fog
=045 E o

|
o
o
o
N
or
o

=

-0.5"""26"""46 6680 100 120 140 160 180 200 “'86Y00 1207140 160 180 200
anode charge / pC anode charge / pC

Data recorded much later than the reference measurement cannot be
corrected successfully anymore — reference measurements need to be taken
regularly & not more than a week apart!
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Long-term Stability

ong-term Stability |

Using a single reference measurement for the correction:

(e) reference measurement: 0 h () +839 h (35 days)
pulse length / ns pulse length / ns

20 40 60 80 100 120 140 160 40 60 80 100 120 140 160
BT o e e e T /I e  Raman e £ 0. T T T T
g 0.4f 4+7 uncorrected: 2529, P=55e-16 g 0. —+— uncorrected: $2=2.18, P=8.3e—04
o E o E
E‘ 0-35 + corrected: ¥2-0.00. P = 1- 0.06-+00| E‘ 0-35 + corrected:?=3.04, P =0.00
2 02F 2 02F .
$ 01t RIS
(= E c =
: i
8 -0.f 8 -0.f
c E c E
w02 |0%
oo o o
g-0% g
£ E. £

0.3 -0
—04 —04F
-0.8""26 468680 100 120 140 160 180 200 0% 2646 60 B0 100 120 140 160 180 00

anode charge / pC anode charge / pC

Data recorded much later than the reference measurement cannot be
corrected successfully anymore — reference measurements need to be taken
regularly & not more than a week apart!
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Long-term Stability

ng-term Stability I

PD (non-)linearity is intrinsic quality — should not change over time
Not only PD is studied, but entire setup for calibration measurements!

The data recorded more than seven days after the previously used reference measurement
could be successfully corrected using a more recent measurement as reference!

Could this be used in an ILC environment?

o YES. presented calibration/correction procedure is also applicable to
data from an ILC Cherenkov detector

@ could take reference measurements (LED calibration runs) between
ILC runs, or even in between consecutive trains (Atirains &~ 200 ms)
> readout frequency ~ 20 kHz — = 4000 LED pulses during Atirains

@ cumulate sufficient statistics for to be used as refrence

@ use sliding average over most recent couple of measurements

= An up-to-date calibration at all times can be guaranteered!
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Conclusions

& Outlook



Summary & Outlook

@ Polarisation measurements at the ILC will be limited by
systematic effects, not by statistics

@ One crucial factor is the linearity of the Cherenkov detector,
especially the linearities, both DNL & INL, of the utilised PDs

Several methods to measure QDC & PD linearities were developed

QDC linearity: DNLs & INL can be controlled at 0.1% level
PD linearity: two methods were successfully established

> ‘Pulse-Length’ method measuring INL = (0.5 +0.05)%
D> ‘E158' method: measureing DNLs also at a level of 0.1%

Long-term stability & reproducibility were studied (‘Pulse-Length’ method)
(Although a definite time dep. was observed, the PD non-linearities could
still be successfully corrected for measurements taken a week apart.)
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Summary & Outlook

@ Variations of the pulse length might still influence the linearity of
the device under study, i.e. LED — PD — QDC

@ Limited dynamic range of the 'Pulse-Length’ method
can be expanded by gradually increasing the LED amplitude voltage

@ Both methods & the presented correction procedures can also be
applied to an ILC polarimeter Cherenkov detector

(between, or even during physics runs, using the foreseen LEDs for calibration)
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