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Emission, Propagation and Detection
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EmMission Spectrum or Nitrogen
Fluorescence

Nitrogen Fluorescence Spectrum
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Principle of PMT

>How PMT Works

> Fundamental Parameters of PMT
= Quantum Efficiency (QE)
* Photoelectron Collection Efficiency (C_))
» Gain (G)
» Excess Noise Factor (ENF)
* Energy Resolution (o/E)

> How to Measure These Parameters

> Some Remarks
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Structure of Linear-focus PMT

Ph h
oto Cathode Second Last

Glass Window Mesh Anode Last Dynode
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Quantum Efficiency (QE)

> Definition:
OF = (# Emitted Photoelectrons)
~ (#Insident Photons)
—_— Npe
N

Y

> How to measure:
= Connect all the dynodes and the anode.
= Supply more than +100V for 100% collection
efficiency.
= Measure the cathode current (l.).
= Compare |- with that of PMT with known QE.
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Collection Efficiency (C,)
> Definition

- (#PE _captured by 1st Dynode)
- (# Emitted Photoelectrons)

C

ol

» How to measure
= Measure the Cathode current (l.).
= Add 10> ND filter in front of PMT.
» Measure the counting rate of the single PE (S).
= Take the ratio of Sx1.6x10-"? x107/I...
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Detective Quantum Efficiency (DQE)

> Definition:
(#PE captured by 1st Dynode)
(# Insident Photons)
=QFE-C,
« Often confused as QE by “Physicists”

> How to measure:

» Use a weak pulsed light source (so that >90%
pulse gives the pedestal.)

= Measure the counting rate of the single PE (S).
= Compare S with that of PMT with known DQE.

DOE =
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Gain (G;)
> Definition by Physicists:
Gp,=0,"0,"0;-0,

(8; = Gain of the i-th dynode)

> How to measure:

» Use a weak pulsed light source (so that >90%
pulse gives the pedestal.)

* Measure the center of the mass of Single PE
charge distribution of the Anode signal (Q,).

= Take the ratio of Q,/1.6x10"7 .,
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Gain (G;)
> Definition by Industries:

G] ECvol.§1.§2.§3””§n

(0, = Gain of the i-th dynode)

> How to measure:
= Measure the Cathode current (l.).
= Add 10> ND filter in front of PMT.
= Measure the Anode current (l,).
= Take the ratio of 1,x10°/I...

G, =C, G,
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Anode Signal (E)
> Definition:
E=N °QE°C01'51 .52 '53""511

Y
=N, QFE-G, =N, -G,
(by Industries)
=N QE-C, G,

=1V, - DOE - Gp (by Physicists)

(N, = No. of Incident Photons)
(N, = No. of Photo-electrons)

10/6/2002 FIWAF at Utah
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Energy Resolution (o/E)

> In 1Ideal case:

E N, \N,
> In reality:
2

o_ | ENF | ENC
E \N,-QE-C, (N, QE-C,G,

- QE Quantum Efficiency

- C,, Collection Efficiency:

— ENF Excess Noise Factor (from Dynodes)

— ENC Equivalent Noise Charge (Readout Noise)
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Excess Noise Factor (ENF)

> Definition: 2
ENF — UOutput

2
Olnput

> In case of PMT:

ENF=1+i+ 1 + :
0, 0,0, 0,°0, 0

> How to measure:
= Set N, = 10-20 (for nice Gaussian).
= Measure o/E of the Gaussian distribution.
= ENF is given by

ENF =(o/E}(N,,-C,)
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Remarks

»>Don’ t try to estimate N, or N,
from o/E !

O 1 |
_* —

E \Npe \Ny-QE
o ENF

E \Ny-QE-CO,

(Assuming ENC is negligible.)
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Resolution of Hybrid Photodiode (HPD)
> HPD can count 1, 2, 3... PE separately.
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» But it is still suffering from poor QE.
= We can never beat the Poisson statistics !
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TyP|

cal Values and Resolution
Various Photon Detectors

QE C, o6 ENF G ENC o/E
Ideal | 1.0 1.0 11000 1.0 108 0O V1IN
PMT |03 09 10 1.3 108 103 V4IN
PD (08 10 - 1.0 1 103 | v1.4/N+(1000/N)?
APD [0.8 1.0 2 20 100 103 [ V3/N+(14/N)?
HPD | 0.3 0.95 1000 1.0 103 103 V3/N+(3/N)?
HAPD| 0.3 0.95 1000 1.0 105 103 V3IN
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Energy Resolution vs. N,
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Talk Outline

2. NIST Standard Silicon
Photodiode
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Principle of Silicon Photodiode
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Quantum Efficiencies of NIST Standards
(S1, InGaAs and Ge photodiodes)

100 L l LI I | | I LI L I r 1] I | | I L I LI L

- S1337 Trap InGaAs .

—_— = * —
:3‘ E.i :-\\ .--'-F"'o : :
2 60 % | . -
(2 - ¢ L 7 EG&GJudson | ¢
e -a UDT Sensors P : TE Cooled Ge - i
- 40 ﬁ._ UV-100 . ¢ -
é B - Hamamatsu S1337 \\‘ o -
20 — 2 o —

| , N

- ' L

| Hamamatsu S1227 \\‘q

0 | | 1 1 L1 1 ] I L1 1 I L1 1 I L1
200 400 600 800 1000 1200 1400 1600 1800

Wavelength [nm]

10/6/2002 FIWAF at Utah 23



Propagation Chain of Absolute
Calibration of Photon Detectors

Standard Light Beam

Laser(s)

Monochromator(s)

NIST

Light Beam
Scattered Light Us
Dome Reflector | UV LED

Xe Lamp
Laser(s)

Atmospheric Fluorescence

Particle Beam

Cosmic-ray Events
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Cryogenic Radiometer

Trap Detector

Pyroelectric Detector

NIST standard UV Si PD

NIST standard UV Si PD

Reference PMT

PMTs in Telescopes
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NIS|T High Accuracy Cryogenic
Radiometer (HACR)

» Shoot a laser to a L Herum €
black body of EN
4.2°K. N

> B a I ance h eat by Germanium Resistance

Thermometer

electrical power N
which produces 50 K Radiation Shield
resistive heatin g. 77 K Radiation Shield

U Radiation Trap (4.2 K)

> U nce rtai nty is Pumping Port
0.021% (at 1TmW).

Brewster Angled
Window
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Trap Detector

> ~99.5% efficiency of trapping.
> Uncertainty is 0.05%.

2 ===

Front View Bottom View
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Scale transfter by substitution method
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Propagation Chain of Absolute
Calibration of Photon Detectors

Standard Light Beam

Laser(s)

Monochromator(s)

NIST

Light Beam
Scattered Light Us
Dome Reflector | UV LED

Xe Lamp
Laser(s)

Atmospheric Fluorescence

Particle Beam

Cosmic-ray Events
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Cryogenic Radiometer

Trap Detector

Pyroelectric Detector

NIST standard UV Si PD

NIST standard UV Si PD

Reference PMT

PMTs in Telescopes
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Spectral output riux or the UV and
visible to near-IR monochromators

Monochromator Output Flux (Power) [u W]
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UV Working Standard Uncertainty

Transfer from Pyroelectric (relative) and Scaling with Visible WS (absolute).

. . Relative
Source of Relative DVM Pyroelt?ctrlc Scaling Wayelquth _ Bandwidth-e UV WS combined
: measurement o relative calibration Stray light W long-term standard
uncertainty certainty  WNCCTRIMYE calibration factor y (0.1 nm) et stability uncertainty
Type A B B B B B B A (%]
Relati _
un;ftg:ty U(Rem)/ Run uHv u(sp)/sp u(p'y u(S;)/S w(Ra)Ra  u(Stw)/ St u(Su)/Su | uc(Suv)/Suv
Wavelength Estimated value [%] Root-sum-
[nm] of-squares
200 5.87 0.38 0.52 0.18 -0.98 0.160 0.002 0.72 6.03
250 0.34 0.01 0.52 0.18 -0.05 0.001 0.001 -0.19 0.67
300 0.38 0.01 0.52 0.18 -0.03 0.000 0.001 0.77 1.02
350 0.44 0.01 0.52 0.18 0.03 0.001 0.000 0.44 0.83
400 0.71
. .. Relative
Sourceof L Cwative DVM  Visible ws vSioleWS  UVWS — Wavelength  Bandwidthe "' "> | combined
: measurement . L amplifier amplifier  calibration  Stray light long-term
uncertainty . uncertainty  calibration . . ffect - standard
uncertainty gain gain (0.1 nm) stability uncertainty
Type A B B B B B B B A [%]
u,l;eel:t?{:ty U(R)/ Ry u(NHiv u(Svis)/Svis  u(Gvi)/ Gyis u(Guv)/Guy  u(S;)/S; u(Ry)Rg  u(Sphw)/Shw (S )Sy | u(Suv)/Suv
Wavelength . Root-sum-
[nm] Estimated value [%)] of-squares
450 0.12 0.04 0.09 0.04 0.04 -0.05 0.0000 -0.002 0.00 0.17
500 0.11 0.03 0.08 0.04 0.04 -0.04 -0.0001 -0.001 -0.04 0.16
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Ultraviolet Spectral Comparator Facility
(UV SCF)
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Relative combined

Transfrer to test (customer) detectors
relative combined standard uncertainty
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Example of “Report of Test”

10/6/2|

REPORT OF TEST
NIST Test # 390718 - Spectral Responsivity

for
UDT Sensors UV 100 Silicon Photodiode, U I xxx
Submitted by:

Any Company
Mr. Daniel Doe
123 Calibration Court
Measurement City, MD 00000-0000

(See your Purchase Order No. XXXX-XX, dated January 1, 1997)

1. Description of Test Material

The test photodiode, labeled Ulxxx, is a UDT Sensors UV100 inverted layer silicon photodiode
in an anodized aluminum mount with a removable precision aperture and a BNC connector. The

active area of the photodiode is = 1 cm’.

2. Description of Test

The test photodiode was compared to two silicon photodiode working standards, U5Sxx and
USxx, using the NIST Ultraviolet (UV) monochromator-based comparator facility [1] from 200
nm to 500 nm in 5 nm increments. The spectral comparisons between the test photodiode and
working standard photodiodes were performed using a double monochromator and an argon arc
as the tunable monochromatic source.
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Absolute Spectral Responsivity or
Silicon Photodiode U1xxx

Absolute Responsivity [A/W]
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Propagation Chain of Absolute
Calibration of Photon Detectors

Standard Light Beam

Laser(s)

Monochromator(s)

NIST

Light Beam
Scattered Light Us
Dome Reflector | UV LED

Xe Lamp
Laser(s)

Atmospheric Fluorescence

Particle Beam

Cosmic-ray Events
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Cryogenic Radiometer

Trap Detector

Pyroelectric Detector

NIST standard UV Si PD

NIST standard UV Si PD

Reference PMT

PMTs in Telescopes
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Talk Outline

3. Uncertainties, Concerns
Specific to PMTs

10/6/2002 FIWAF at Utah
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Uncertainties Specific to PMTs

>PMTs are not perfect. There are
many issues to be concerned.:

» Cathode and Anode Uniformity
= Wave Length Dependence of QE
* Photon Incident Angles

= Effect of Magnetic Field

* Non Linearity

* Temperature Dependence

» Long-term Stability

10/6/2002 FIWAF at Utah
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Cathode Uniformity and Area Correction

HiRes PMT
(Photonis XP3062)

‘3‘

o

o3

NIST SiPD 0%9
(UDT UV100) o1*
5mm o1

e 0%

L o at A=350nm by HiRes (D.J. Bird et al.)
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Sensitivity Map or 16-Pixel PM1
(R8900-M16F-S12)

for EUS

Total Sum of 16 Pixels

-10 +

Signal on One Pixel
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L 7

\

by RIKEN/EUSO Focal Surface Subgroup

FIWAF at Utah
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Typical QE of HIRes PMTs
(Photonis XP3062)
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Typical Angle Dependence of QE
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From Hamamatsu PMT Handbook
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Effect or Magnetic Fieid
on Liner-focus 2”° PMT

Hamamatsu 2” PMT (R7281-01)

RELATIVE OUTPUT

0"-"""‘.’1 ] | ] L | ] | ..?
0.5 -04 -03 -02 -0. 0 0.1 02 03 04 05

MAGNETIC FLUX DENSITY (mT)
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Linearity of ETL 8" PMT

Linearity at 2x10° Gain for ETL PMTs
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Typical Temperature Coefricients of

Anode Sensitivity
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Typical Long-term Stability

RELATIVE ANODE CURRENT (%)

From Hamamatsu PMT Handbook
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PMT vs. Silicon Photo Diode

Source of Systematic Error Si PD PMT Sﬁi?:{;?:"&
(Absolute) Quantum Efficiency ~0.7 0.2-0.3 3%
Wave-length Dependence of QE +1% +10% 5%
Cathode Uniformity +1% +10% 5%
Photo-Electron Collection Efficiency 0.99 0.8-0.95 10%
Gain 1.0 1057 5%
Voltage Dependence of Gain None xHVS 3%
Anode (Gain) Uniformity +1% +30% 10%
Effect of Earth Magnetic Field None +10% 10%
Temperature Dependence None -0.4%I/°C 3%
Incident Angle Dependence +1° +30° 10%
Intensity Correction (ND filter) 1 10-° 5%
Area Correction S5mm ¢ 5cm ¢ 5%
Non Linearity None +5% 3%
Rate Dependence None +5% 3%
Long Term Stability Stable +5%I/year 5%
Total Systematic Uncertainty 1% 25%

10/6/2002 FIWAF at Utah
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Talk Outline

4. Suggestions and Proposal to
our Community

10/6/2002 FIWAF at Utah
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UCLA PMT Test Facility

> 15 years of experience to develop and
evaluate new PMTs.
= KTeV Csl Calorimeter 3%.” & 12" Linear-focus
= CDF Shower Max Multi-pixel (R5900-M16)
= Auger SD 8-9” Hemispherical

> We can measure:
= (Absolute) Quantum Efficiency
= Collection Efficiency
= Gain and Dark Current vs. HV
» Single PE Distribution
= Excess Noise Factor
= Cathode and Anode Uniformity
* Dark Pulse Rate and After Pulse Rate
= Temperature Dependence
= Non Linearity

10/6/2002 FIWAF at Utah
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Proposal to Evaluate PMTs from HiRes,
Auger-FD and EUSO at UCLA

> We propose to evaluate the sample
PMTs from:

= Auger-FD

= HiRes

= EUSO Mutual Comparison
= Beam Tests

» Reference PMTs

> We plan to add more equipments to
measure:

= Effect of Magnetic Field
* Photon Incident-angle Dependence
» Long-term Stability

10/6/2002 FIWAF at Utah

49



How to Minimize Systematic
Uncertainties

> Don’ t try to measure QE, Collection Efficiency and
Gain separately.

= Just measure all three together (with a mirror, UV filter
etc. as well). = "End-to-end Calibration

= Prepare the “absolutely-calibrated” light source.

> Make sure that the “absolutely-calibrated” light
source has the same characteristics as cosmic-ray
fluorescence signals.
= Same wave length
= Same angular distribution on the PMT surface
= Uniform over the PMT surface
= Same pulse width and intensity

> Calibrate in situ, monitor external environment.
= Same (Earth) magnetic field
= Same temperature
= Same supplied HV
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How to Minimize Systematic
Uncertainties at Beam Tests

> Don’ t try to measure QE, Collection Efficiency and
Gain separately.

= Just measure all three together (with a mirror, UV filter
etc. as well). = "End-to-end Calibration

= Prepare the “absolutely-calibrated” light source.

> Make sure that the “absolutely-calibrated” light
source has the same characteristics as beam test
fluorescence signals.
= Same wave length
= Same angular distribution on the PMT surface
= Uniform over the PMT surface
= Same pulse width and intensity

> Calibrate in situ, monitor external environment.
= Same (Earth) magnetic field
= Same temperature
= Same supplied HV

10/6/2002 FIWAF at Utah 51



Propagation Chain of Absolute
Calibration of Photon Detectors

Standard Light Beam

Laser(s)

Monochromator(s)

NIST

Light Beam
Scattered Light Us
Dome Reflector | UV LED

Xe Lamp
Laser(s)

Atmospheric Fluorescence

Particle Beam

Cosmic-ray Events
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Cryogenic Radiometer

Trap Detector

Pyroelectric Detector

NIST standard UV Si PD

NIST standard UV Si PD

Reference PMT

PMTs in Telescopes
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How to absolutely calibrate the PMIs

10/6/2002

In Telescope

Prepare a stable light source and an
“absolutely calibrated photon detector™.

Measure the “absolute photon flux” from
the light source, going into the real
telescope by the calibrated photon
detector above.

Measure the PMT output signal (ADC
counts) in the telescope.

Constantly monitor the relative change of
the photon intensity from the calibration
light source.

FIWAF at Utah
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Light Source for Auger-FD

Drum (2.5m ¢, 1,4m deep)

UV LED
Light Source (15cm ¢)

By Jeff Brack
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Drum mounted at the aperture
of Bay 4 at Los Leones
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unirormity of lights emitted

from the Drum

By Jeff Brack
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Systematic Uncertainty
after End-to-end Calibration

Source of Systematic Error Si PD PMT gg?égncermltgtry

(Absolute) Quantum Efficiency ~0.7 0.2-0.3 3% 3%

Wave-length Dependence of QE +1% +10% 5% 5%
Cathode Uniformity +1% +10% 5% -
Photo-Electron Collection Efficiency 0.99 0.8-0.95 10% -
Gain 1.0 1057 5% -

Voltage Dependence of Gain None xHV® 3% 3%

Anode (Gain) Uniformity +1% +30% 10% 3%
Effect of Earth Magnetic Field None +10% 10% -
Temperature Dependence None -0.4%I/°C 3% -

Incident Angle Dependence +1° +30° 10% 3%

Intensity Correction (ND filter) 1 10-° 5% 5%

Area Correction | 5mm ¢ 5cm ¢ 5% 5%

Non Linearity None +5% 3% 3%

Rate Dependence None +5% 3% 3%

Long Term Stability Stable +5%/year 5% 5%

Total Systematic Uncertainty 1% 25% 12%
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Conclusion

> Absolute calibration of PMT (in Lab)
is absolutely nontrivial. Don 't try it.

> The most important is to develop
the absolutely calibrated “standard
candle” which exactly mimics the
physics signal.

> Then calibrate your telescope in situ.
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