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Research Background

Super Tau-Charm Facility (STCF) is the next generation 

electron-positron collider experiment after BEPCII/BESIII 
 High luminosity：beyond 0.5 × 1035𝑐𝑚−2 ∙ 𝑠−1@4GeV

Wide energy region：center-of-mass energy range of 2~7 GeV

MUD
Iron 
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SC EMC

Inner Tracker

Outer Tracker

PID system
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Research Background

 Requirements for Electromagnetic Calorimeter (EMC)

 Fast response

 Challenge of high Luminosity

High event rate (400kHz) 

Extremely high background 

 High precision 

 Energy resolution

Better than 2.5% @1 GeV

 Position resolution

Better than 6 mm @1 GeV

 Time resolution

Better than 300 ps @1 GeV
Energy distribution for photons 
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EMC Design —— Sensitive Unit 

Pure CsI crystal + APD photo-device APD

pCsI

Crystal Size:

 Total radiation length

15 𝑋0 (28 cm)

 End face size

front end: ~5 × 5 𝑐𝑚2

back end: ~6.5 × 6.5 𝑐𝑚2

EMC pCsI crystal unit  
 Avalanche photodiode (APD)

 Large area

 Pure CsI (pCsI) crystal

 Fast decay time (30 ns)

 Good radiation hardness

 Low light yield
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EMC Design —— Geometry Model 

Defocus

The Defocus operation 

completely avoids the 

particles passing directly 

between the crystals.
Visualized by DD4Hep

 Barrel: 51 × 132 = 6732

 Endcap: 3 × 85 + 102 + 136 = 969

 The defocus operation is applied to both 

𝜃-directions and 𝜑-directions

 Total absorption calorimeter
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Performance Study Based on OSCAR 

OSCAR: Offline Software of Super Tau-Charm Facility 

Energy reconstruction of 1GeV 𝛾

The energy spectrum is fitted by Crystal Ball 

function, and the energy resolution is defined by 

𝜎𝐸 =
𝐹𝑊𝐻𝑀

2.355
.
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Performance Simulation 

Study of energy resolution
1. “Dead Material” 

2. Light Yield (L.Y. = 100 p.e./MeV)

3. Light Collection Non-uniformity

4. Secondary Particles Incident on APD

5. Electronics Noise

Good energy linearity is maintained

in the energy range of 50MeV~3.5GeV

The energy resolution is 

2.15% @ 1 GeV ,which meets 

the performance requirement.
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Performance Simulation

Study of position resolution
 Barycenter method with logarithmic weight

𝑿𝒄 =

𝒋

𝑵

𝑾𝒋 𝑬𝒋 ∙ 𝑿𝒋/

𝒋

𝑵

𝑾𝒋 𝑬𝒋

Where:

𝑊𝑗 𝐸𝑗 = max{0, 𝑎 + ln(𝐸𝑗/

𝑗

𝑁

𝐸𝑗)}

Linear-Weight Log-Weight

The position resolution is 

4.9 mm @ 1 GeV ,which meets 

the performance requirement.
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Performance Simulation

Material budget in front of the EMC
 The performance is affected by the interaction of photons with materials in front of 

the EMC.

 The dominant interaction process for photons in the energy range of interest is

gamma conversion. 

Materials in front of the EMC 

in units of a radiation length 𝑋0
𝛾 conversion probability in front of EMC
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Performance Simulation

 Impact of materials in front of EMC
 A full STCF detector simulation study was carried out, and the simulation results 

are compared with EMC only simulation results.

The energy resolution varies with 𝛾 energy.

EMCSim

FullSim

EMCSim

FullSim

The reconstruction efficiency varies with 𝛾 energy.

The reconstruction efficiency is defined by 
𝑁𝑟𝑒𝑐

𝑁𝑀𝐶
,

N𝑟𝑒𝑐 satisfy: 𝐸𝑝𝑒𝑎𝑘 − 4𝜎𝐸 < 𝐸𝑟𝑒𝑐 < 𝐸𝑝𝑒𝑎𝑘 + 2𝜎𝐸.

 have little effect on the energy resolution 

 have great effect on reconstruction efficiency. 
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Background Level

 Challenges of high background
 Background Source

1. Luminosity-related Background

2. Beam-related Background

Counting rate reaches the order of MHz
Most background particles have 

very low momentum (<1MeV)

The background counting rate varies with polar angle. The momentum distribution of background particles.
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Background Level

 Challenges of high background
 Background waveform is superimposed on the signal waveform

 The impact of the background is devastating.

Signal Waveform
Background Waveform
Superimposed Waveform

The amplitude and time of signal are distorted. The energy spectrum of 1 GeV photons before and after

introducing background.
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Waveform Fitting Method 

 Multi-template fitting
 The waveform template is obtained by 

convoluting the pure CsI fluorescence signal 

with the electronics impulse response function.

 The fit minimizes the 𝜒2 defined as:

Where:

N is the number of templates;

vector 𝑺 comprise the  readout samples;

vector 𝒑𝒋 is the waveform template;

𝑨𝒋 are the amplitudes, which are obtained by the fit;

C is the noise covariance matrix.

𝝌𝟐 = 

𝒋=𝟏

𝑵

𝑨𝒋𝒑𝒋 − 𝑺

𝑻

𝑪−𝟏 

𝒋=𝟏

𝑵

𝑨𝒋𝒑𝒋 − 𝑺

An example of the multi-template fitting result.

 Signal data
 Background data
 Superimposed data

 The green line is the fitting result of the data, 

which is the sum of total templates. 

 The red line is the template represents the signal.

 The blue line represents the background, 

which is the sum of the remaining templates. 
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Waveform Fitting Method 

 The effect of waveform fitting method

The energy spectrum of 1 GeV photons after waveform fitting. The energy resolution under three different situation.

With the help of the waveform fitting method, the energy resolution is 

greatly improved, which meets the requirements of STCF EMC.
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pCsI Light Yield Test 

pCsI + 4 APD
 Using cosmic ray to test sensitive unit

 4 APDs for high light yield

 FEB: CSA-based readout design

 BEB: CR-RC2 shaper

Readout Electronics

pCsI

JFET-CSA

APD

FPGA

Timing Circuit

ADC

On Crystal Off Crystal

RC
2

FEB BEB

Gain1

Gain2
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pCsI Light Yield Test 

 Wrapping method

~35 p.e./MeV ~54 p.e./MeV

Whether the back end face is wrapped has a great impact.

 Size of APD

Hamamatsu S8664-0505/1010

Size: 5 × 5 𝑚𝑚2/10 × 10 𝑚𝑚2

APD Light Yield (p.e./MeV)

S8664-0505 54

S8664-1010 156

0505 1010

pCsI

Teflon
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Time Resolution Test 

 Demand for time performance
 Background suppression

 Gamma-neutron discrimination

 Event identification

 ……

Better than 300ps @ 1 GeV 

is required for EMC.

 Time performance test
 LED + APD

 Timing method based on waveform 

fitting (1-template fitting)
Diagram of the time performance test  
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Time Resolution Test 

 Time Performance
 Unfiltered signal have better performance

 Increasing the sampling rate helps improve performance

After Shaper: 464 ps ; Before Shaper: 169 ps

@ 200 fC (equivalent deposition energy of 1GeV)

50 MSPS: 219 ps ; 100 MSPS: 169 ps

@ 200 fC (equivalent deposition energy of 1GeV)
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Summary

High precision EMC with fast response characteristics
 High luminosity, good energy resolution, good time resolution

 The baseline design of EMC was done
 pCsI + APD 

 A Compact design of EMC geometry model with defocus operation was completed 

 The key performance of EMC was studied based on OSCAR
 The MC results shows that the design of EMC could meet the requirements

 The waveform fitting method is helpful in solving the problem of high background rate

Some test results
 pCsI + 4 1010-APD : 156 p.e./MeV

 LED + APD : 169 ps @ 1GeV
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Back Up
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EMC Design —— Crystal Selection

Total absorption calorimeter
 Pure CsI crystal + APD photo-device
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EMC Design —— Crystal Size Design

3 GeV γ-ray  Shower profile

Total radiation length
 Absorb the electromagnetic shower 

as much as possible

 About 95% of energy will deposit 

in EMC with 15X0

 When the length is increased after 15X0, 

the “cost performance” decreases rapidly

Thickness
10X0

(18.6cm)

12X0
(22.3cm)

15X0
(27.9cm)

20X0
(37.2cm)

Ratio (%) 76.3 86.3 94.3 98.7
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EMC Design —— Crystal Size Design

End face size
 The minimum angle between the two 𝜸

produced by the decay of 𝝅𝟎 decreases

with the increase of the energy of 𝝅𝟎

 For 1.5GeV 𝝅𝟎, the minimum angle is about

𝟏𝟎°, which require the end face size is not

greater than 5.5× 𝟓. 𝟓 𝒄𝒎𝟐

θmin = ArcCos(1 − 2(
𝑚𝜋0

E𝜋0
)2)

= ArcCos(1 − 2(
𝑚𝜋0

𝑚𝜋0+Ekin
)2)

Minimum opening angle vs. E𝜋0

The cell size of 𝟓 × 𝟓𝒄𝒎𝟐

can meet the performance 

requirement well.
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1-Template Fitting

 Template shape function：𝑓(𝑡) = 𝐴 × 𝑓 𝑡 − 𝜏 + 𝑝

 𝜒2 = σ𝑖,𝑗 𝑦𝑖 − 𝐴 ∙ 𝑓 𝑡𝑖 − 𝜏 − 𝑝 ∙ 𝑆𝑖𝑗
−1 ∙ 𝑦𝑗 − 𝐴 ∙ 𝑓 𝑡𝑗 − 𝜏 − 𝑝

Apply 
𝜕𝜒2

𝜕𝐴
= 0,

𝜕𝜒2

𝜕𝜏
= 0,

𝜕𝜒2

𝜕𝑝
= 0:



𝑖,𝑗

𝑓𝑘𝑖 ∙ 𝑆𝑖𝑗
−1 ∙ 𝑦𝑗− 𝐴𝑓𝑘𝑗− 𝐵𝑓𝑘𝑗

′ − 𝑝 = 0



𝑖,𝑗

𝑓𝑘𝑖
′ ∙ 𝑆𝑖𝑗

−1 ∙ 𝑦𝑗− 𝐴𝑓𝑘𝑗− 𝐵𝑓𝑘𝑗
′ − 𝑝 = 0



𝑖,𝑗

1 ∙ 𝑆𝑖𝑗
−1 ∙ 𝑦𝑗− 𝐴𝑓𝑘𝑗− 𝐵𝑓𝑘𝑗

′ − 𝑝 = 0

𝑭𝑘 ∙ 𝑺−1 ∙ 𝑭𝑘
𝑇 𝑭𝑘 ∙ 𝑺−1 ∙ 𝑭𝑘

′𝑇 𝑭𝑘 ∙ 𝑺−1 ∙ 𝑰
𝑭𝑘
′ ∙ 𝑺−1 ∙ 𝑭𝑘

𝑇 𝑭𝑘
′ ∙ 𝑺−1 ∙ 𝑭𝑘

′𝑇 𝑭𝑘
′ ∙ 𝑺−1 ∙ 𝑰

𝑰 ∙ 𝑺−1 ∙ 𝑭𝑘
𝑇 𝑰 ∙ 𝑺−1 ∙ 𝑭𝑘

′𝑇 𝑰 ∙ 𝑺−1 ∙ 𝑰

∙
𝐴
𝐵
𝑝

=
𝑭𝑘 ∙ 𝑺−1 ∙ 𝒀
𝑭𝑘
′ ∙ 𝑺−1 ∙ 𝒀
𝑰 ∙ 𝑺−1 ∙ 𝒀

𝐴
𝐵
𝑝

=
𝑭𝑘 ∙ 𝑺−1 ∙ 𝑭𝑘

𝑇 𝑭𝑘 ∙ 𝑺−1 ∙ 𝑭𝑘
′𝑇 𝑭𝑘 ∙ 𝑺−1 ∙ 𝑰

𝑭𝑘
′ ∙ 𝑺−1 ∙ 𝑭𝑘

𝑇 𝑭𝑘
′ ∙ 𝑺−1 ∙ 𝑭𝑘

′𝑇 𝑭𝑘
′ ∙ 𝑺−1 ∙ 𝑰

𝑰 ∙ 𝑺−1 ∙ 𝑭𝑘
𝑇 𝑰 ∙ 𝑺−1 ∙ 𝑭𝑘

′𝑇 𝑰 ∙ 𝑺−1 ∙ 𝑰

−1

∙
𝑭𝑘 ∙ 𝑺−1 ∙ 𝒀
𝑭𝑘
′ ∙ 𝑺−1 ∙ 𝒀
𝑰 ∙ 𝑺−1 ∙ 𝒀
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Nonnegative Least Square (NNLS)


