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RPC PETRPC PET

RPCs are attractive for PositronRPCs are attractive for Positron EmissionEmission
TomographyTomography (PET) (PET) because because of of their their [1][1]

Cost effectiveness and
Time resolution.

511keV 511keV photons interact photons interact in  in  the the RPC material.RPC material.
Essentially the charge deposited by theEssentially the charge deposited by the
Compton electronsCompton electrons isis detecteddetected..
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RPCs are attractive for PositronRPCs are attractive for Positron EmissionEmission
TomographyTomography (PET) (PET) because because of of theirtheir [1][1]

Cost effectiveness and
Time resolution.

511keV 511keV photons interactphotons interact in  in  thethe RPC material.RPC material.
Essentially the charge deposited by theEssentially the charge deposited by the
Compton electrons is detectedCompton electrons is detected..

Two observationsTwo observations cancan notnot bebe properlyproperly explainedexplained::

1. Time resolution is worse for photons as compared to particle beams [2]:
σ ~ 90ps for 511 keV photons (single gap RPC).
σ ~ 50ps for particle beams (single gap RPC).
Possible Reason: The larger statistical variance of the primary charge that results 
from the photon interaction.
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RPC PETRPC PET

RPCs are attractive for PositronRPCs are attractive for Positron EmissionEmission
TomographyTomography (PET) (PET) because because of of theirtheir [1][1]

Cost effectiveness and
Time resolution.

511keV 511keV photons interactphotons interact in  in  thethe RPC material.RPC material.
Essentially the charge deposited by theEssentially the charge deposited by the
Compton electrons is detectedCompton electrons is detected. . 

Two observationsTwo observations cancan notnot bebe properlyproperly explainedexplained::

1. Time resolution is worse for photons as compared to particle beams [2]:
σ ~ 90ps for 511 keV photons (single gap RPC).
σ ~ 50ps for particle beams (single gap RPC)
Possible Reason: The larger statistical variance of the primary charge that results 
from the photon interaction.

2. Time resolution with 511 keV photons essentially independent of HV (See e.g. Fig. 
8.24. In [3]).
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A Simulation of RPC PerformanceA Simulation of RPC Performance

A fast A fast simulationsimulation procedure withprocedure with the following inputthe following input::
1. Distibution of the number of primary electrons (N) in gas gap due to the photon 

interactions.
2. RPC Time Response data: Threshold crossing times (mean and r.m.s.) for given

HV and number of primary electrons).
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A Simulation of RPC PerformanceA Simulation of RPC Performance

A fast A fast simulationsimulation procedure withprocedure with the following inputthe following input::
1. Distibution of the number of primary electrons (N) in gas gap due to the photon 

interactions.
2. RPC Time Response data: Threshold crossing times (mean and r.m.s.) for given

HV and number of primary electrons).

1.1. TheThe photon interaction photon interaction ((includingincluding secondariessecondaries) ) is simulated with is simulated with FLUKA.FLUKA.
Lowest particle transport threshold for Electrons and Photons: 1 keV.
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A Simulation of RPC PerformanceA Simulation of RPC Performance

A fast A fast simulationsimulation procedure withprocedure with the following inputthe following input::
1. Distibution of the number of primary electrons (N) in gas gap due to the photon 

interactions.
2. RPC Time Response data: Threshold crossing times (mean and r.m.s.) for given

HV and number of primary electrons).

1.1. TheThe photon interaction photon interaction ((includingincluding secondariessecondaries) ) is simulated with is simulated with FLUKA.FLUKA.
Lowest particle transport threshold for Electrons and Photons 1 keV.

2.2. The detector response is simulated with theThe detector response is simulated with the „1.5D“ Monte Carlo [4]:„1.5D“ Monte Carlo [4]:
Monte Carlo Avalanche Simulation.
Contains Space Charge Effect and Diffusion. 
Full Monte Carlo in longitudinal direction.
Transversal diffusion enters by assuming
that space charge is situated in disks of
certain transveral size.
Assumptions:

All charge deposited in one spot.
Only avalanches started in about 2/3 of the gas gap reach the threshold.
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1) FLUKA 1) FLUKA simulationsimulation of Photon of Photon InteractionsInteractions

Aluminum 2mm Glas 3mm The gas gap of 0.3mm is divided into
two volumes of 0.2mm and 0.1mm.
The reason is that only avalanches
started in about 2/3 of the gas gap
reach the threshold.

Gas mixture: C2F4H2/ i-C4H10/ SF6
(85/5/10)

Number of interest:
Energy deposit spectrum in the two
Gas volumes event by event.

511 keV Photon

0.2+0.1mm

Setup similar to the one described in [2]:
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Photon Photon InteractionsInteractions (1)(1)
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Photon Photon InteractionsInteractions (2)(2)
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Photon Photon InteractionsInteractions (3)(3)
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Photon Photon InteractionsInteractions (4)(4)
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Energy DepositEnergy Deposit
EfficiencyEfficiency: 0.2% per : 0.2% per gapgap..
0.2mm 0.2mm layerlayer: Most : Most probableprobable=145eV.=145eV.
Number Number of of Primary Electrons is derived by Primary Electrons is derived by 
dividing by the dividing by the Ionisation Potential (14.9eV). Ionisation Potential (14.9eV). 
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Comparison Comparison of Glas and Alu of Glas and Alu InteractionsInteractions
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1)

Zoom In

2)
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2) Monte Carlo Simulation of RPC Response2) Monte Carlo Simulation of RPC Response

SimulateSimulate 5000 5000 events forevents for eacheach settingsetting::

HV = 2.6, 2.8, 3.0, 3.2kV (Electric fields 8.67, 9.33, 10.0, 10.67 kV/mm)
Number of primary electrons = 1, 2, 4, 10, 30, 60, 100, 250, 500, 1000, 2000, 10000.
Avalanches always start at anode with given number of electrons.
Save threshold (20fC) crossing time (mean and r.m.s.) for each event.
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2) Monte Carlo Simulation of RPC Response2) Monte Carlo Simulation of RPC Response

SimulateSimulate 5000 5000 events forevents for eacheach settingsetting::

HV = 2.6, 2.8, 3.0, 3.2kV (Electric fields 8.67, 9.33, 10.0, 10.67 kV/mm)
Number of primary electrons = 1, 2, 4, 10, 30, 60, 100, 250, 500, 1000, 2000, 10000.
Avalanches always start at anode with given number of electrons.
Save threshold (20fC) crossing time (mean and r.m.s.) for each event.
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Time Response Time Response for for different different Primary Primary 
Electron NumbersElectron Numbers

Fixed Number Fixed Number of of ElectronsElectrons ((schematic plotschematic plot):):
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Time Response Time Response for for Different Different Primary Primary 
Electron NumbersElectron Numbers

Fixed Number Fixed Number of of ElectronsElectrons ((schematic plotschematic plot):):

Varying Number Varying Number of of ElectronsElectrons ((schematic plotschematic plot):):
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ResultResult: RPC Performance : RPC Performance forfor 511keV Photons511keV Photons

SimulatedSimulated time time resolution is better for photons than for MIPsresolution is better for photons than for MIPs. . This is This is 
contradicting thecontradicting the measurementsmeasurements..

SimulatedSimulated time time resolution improves with increasing resolution improves with increasing HV (HV (as expectedas expected). ). 
This is This is also also contradicting the measurementscontradicting the measurements..
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A A CloserCloser Look to Look to the the Distribution of Distribution of the the 
Primary Electron NumberPrimary Electron Number

Distribution of Distribution of Primary Electron Number Primary Electron Number (N) (N) forfor ParticlesParticles::
Most Probable Value of 1 with long tail.
N<10 is very likely!

Distribution of N Distribution of N forfor Photons:Photons:
Most Probable Value of 9 to 10 with long tail.
N<9 is rather unlikely! 

HoweverHowever at N<10 at N<10 the variation the variation of of threshold crossing threshold crossing time time is strongestis strongest!!
ThusThus, a , a better timing resolution must be expected for better timing resolution must be expected for Photons.Photons.
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Multiplication Coefficient Multiplication Coefficient in in the Presence the Presence 
of a of a Strong SpaceStrong Space Charge Charge Effect Effect (1)(1)

Different Different analytic models foranalytic models for RPC RPC response assumeresponse assume a a weakeningweakening of of thethe
effectiveeffective Townsend Townsend coefficientcoefficient byby thethe SpaceSpace Charge Charge EffectEffect: : αα==αα(n).(n).

The The different different approaches were comparedapproaches were compared in RPC2005 (A. in RPC2005 (A. MangiarottiMangiarotti [5]). [5]). 

In In these models the space chargethese models the space charge
effect takes effect only effect takes effect only at at ratherrather
large avalanche sizeslarge avalanche sizes..

In RPC2003In RPC2003 itit was was however shownhowever shown
that that the space charge effect is
already present at the threshold
level [6].

What dependency is calculated by the
detailed 2D simulation (presented at
RPC2003 [4,6])?

Taken
from [5].
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The EffectiveThe Effective Townsend CoefficientTownsend Coefficient
within the within the Avalanche [4]Avalanche [4]

The effective Townsend Coefficient ranges from +3000/cm to The effective Townsend Coefficient ranges from +3000/cm to ––6000/cm!6000/cm! 2D simulation2D simulation
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Multiplication Coefficient Multiplication Coefficient in in the Presence the Presence 
of a of a Strong SpaceStrong Space Charge Charge Effect Effect (2)(2)

We calculate the mean effective We calculate the mean effective Townsend Townsend coefficient coefficient in in the avalanche the avalanche 
using the using the 2D Monte Carlo:2D Monte Carlo:

Contains longitudinal and transversal Space Charge Effect and Diffusion. 

WeWe find find that the effectivethat the effective Townsend Townsend coefficient decreases rapidlycoefficient decreases rapidly!!

2D Simulation
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Multiplication Coefficient Multiplication Coefficient in in the Presence the Presence 
of a of a Strong SpaceStrong Space Charge Charge Effect Effect (3)(3)

We calculate the mean effective We calculate the mean effective Townsend Townsend coefficient coefficient in in the avalanche the avalanche 
using the using the 2D Monte Carlo:2D Monte Carlo:

Contains longitudinal and transversal Space Charge Effect and Diffusion. 

We We find find that the effectivethat the effective Townsend Townsend coefficient decreases rapidlycoefficient decreases rapidly!!

This is backed This is backed also also by by an an early measurement early measurement [7].[7].

2D Simulation
Measurement (from [7])
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Evolution of Evolution of the Mean Effectivethe Mean Effective Townsend Townsend 
CoefficientCoefficient

In In the the final final stage stage of of the avalanche strong attachment dominatesthe avalanche strong attachment dominates!!
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Summary Summary and and ConclusionsConclusions

Timing Timing RPCs RPCs ((withwith ~0.3mm ~0.3mm gapsgaps) ) are attractive as photon detectors forare attractive as photon detectors for
PET.PET.

We simulatedWe simulated 511keV 511keV photon interactions photon interactions and and secondaries production secondaries production in in 
a a single gap single gap RPC (0.3mm RPC (0.3mm gapgap) ) usingusing FLUKA.FLUKA.

We simulated the We simulated the RPC time RPC time response response to 511keV to 511keV photonsphotons..

The simulated The simulated time time resolution resolution of ~37ps (at 10kV/mm) of ~37ps (at 10kV/mm) does not confirm does not confirm 
the measuredthe measured resultsresults, , which are much worsewhich are much worse (~90ps).(~90ps).

The fact that the measured The fact that the measured time time resolution does not change with resolution does not change with HV HV 
indicates that the detector intrinsic resolution is dominated byindicates that the detector intrinsic resolution is dominated by other other 
effectseffects..

The decrease The decrease of of the effective the effective Townsend Townsend coefficientcoefficient ((duedue to to the space the space 
charge effectcharge effect) ) with growing avalanche size starts already with growing avalanche size starts already at at thethe thresholdthreshold
levellevel, different , different from what is widely assumed from what is widely assumed in in analytic modelsanalytic models..
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FLUKA FLUKA simulationsimulation

Aluminum

PET gas

Glas

cm

cm

Photon beam
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Energy DepositEnergy Deposit (2)(2)

0.2mm 0.2mm layerlayer: Most : Most probableprobable=145eV=145eV
0.1mm 0.1mm layerlayer: Most : Most probableprobable=75eV=75eV
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Slide Added afterSlide Added after thethe workshopworkshop
(on (on March March 14, 2008)14, 2008)

After After discussions discussions at at the workshop it turns the workshop it turns out out that the following that the following 
statements should be addedstatements should be added::

The plot on slide 23 has log scale on the X axis.
The plots on slides 25/26 have linear scale.
This makes them hard to compare ....

In In the conclusions the conclusions ((slide slide 28) 28) wewe shouldshould thusthus concludeconclude::

The development of the effective Townsend coefficient (due to the space charge 
effect) with growing avalanche size differs from what is widely assumed in
analytic models, becoming strongly negative in the final stage of an avalanche.
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