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1. What is High flux isotope reactor?

High flux isotope reactor (HFIR).

2024-07-25

• HFIR is a research reactor at Oak Ridge National Laboratory.

4 Primary Missions
from HFIR brochure (right figure).

• Neutron scattering
- To understand material properties on an atomic scale.

• Isotope production

- To produce isotopes.

• Irradiation materials testing
- To determine the effect of neutron irradiation on materials. 

• Neutron activation analysis
- To probe the elemental makeup of a wide variety of materials.



• From high enriched uranium (HEU) fuel, it produces anti-electron 

neutrino from 235U by more than 99%.

• Thermal power is 85 MW at a period 21 to 23 days.

• Located on the Earth’s surface and close to the reactor core ( ~ 8m 

from the experimental hall), the site is exposed to many background 

signals including neutrons, muons, etc.
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2. Background Simulation Study

[1]. Structure of RENE prototype detector (OLD).
Shielding
From the inner part, 

+ 25 mm thick 5% BPE.

+ 25 mm thick 5% BPE on the side.

+ 50 mm thick 5% BPE at the top.

+ 25 mm thick Al (container).

+ 75 mm thick 5% BPE at the top. 

+ 25 mm thick Lead.

+ 100 mm thick HDPE on the side.

+ 241 mm thick HDPE at the top. 

+ 70 mm thick Stainless steel at the bottom.

+ 25 mm thick 5% BPE.

+ 460 mm thick Water at the top.

Detector
• Target - 0.5 % Gd LS, radius: 254 mm, height: 1200 mm. 

• Gamma catcher (GC) - LS, radius: 404 mm, height: 2800 mm.

• Target and GC are 3 mm thick CYLYNDRICAL containers.

*. LS: Liquid scintillator.
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2. Background Simulation Study

[2]. Signal.
• Electron-antineutrino ( ഥ𝜈𝑒) interacts with a proton in the Target (inverse beta decay (IBD)), 

then a positron and a neutron are created in the process.

Neutrino physics @ the 2nd Asia-Europe-Pacific school of HEP, Z. Xing (2014).



*. IBD: Inverse beta decay.
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2. Background Simulation Study

[2]. Signal.

Physics with Reactor Neutrinos, X. Qian (2018).

The positron leaves its energy promptly (prompt signal).

About 8 us after the prompt signal, n-Gd emits 

~ 8 MeV gamma rays (delayed signal).

• With the signal pair, the neutrino 

interaction event can be distinguished.

t

Prompt signal Delayed signal

~ 8 us



• Generate positrons and neutrons assuming that IBD interaction already happens.
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2. Background Simulation Study

[2]. Signal.

𝑁𝐼𝐵𝐷: the number of IBD interaction, 
𝑁𝑝: the number of protons, 

𝜖: detection efficiency (assuming it is equal to 1.)
L: flight distance of neutrinos, 
𝑁𝑓: the number of fission for each isotope, 

𝜎𝐼𝐵𝐷(𝐸): IBD cross-section, 
𝑃𝑜𝑠𝑐(L, E): neutrino oscillation probability,
Φ𝐻𝑀(𝐸): reactor neutrino flux based on the Huber-Mueller model. 
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2. Background Simulation Study

[2]. Signal.
Signal simulation result: 3.43mHz

generation generation

* Interaction rate: rate of particles that leave their energies in the active volume of the detector.
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2. Background Simulation Study

[3]. Backgrounds.

1. Gamma background

2. Thermal neutron background

3. Fast neutron background

4. Muon background
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2. Background Simulation Study

[3] - (1). Gamma background.

• 2 Types of gamma background: 
• Reactor On 

• Material Irradiation Facility (MIF) Pipeline

✓ MIF is turned on when the reactor is on.

• In this study, consider two cases,

✓ MIF turned off while the reactor is on.

✓ MIF turned on while the reactor is on.

MIF pipeline
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2. Background Simulation Study

[3] - (1). Gamma background.

• 2 Types of gamma background: 
• Reactor On 

• The gamma background is generated based on the spectrum in Fig 1.

• Currently, lead bricks about 10 ∼ 20 cm thick are placed on the wall 

facing the reactor (Fig 2). 

• To reflect the structure, the gamma simulation result is corrected by the 

ratio of  “No Wall” and “blue box” values (Fig 3).

[Fig 3]
[Fig 2]

[Fig 1]
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2. Background Simulation Study

[3] - (1). Gamma background.

• 2 Types of gamma background: 
• Material Irradiation Facility (MIF) Pipeline

[Fig 4]

• The rate of gamma from MIF is one half of the gamma at reactor-on in 

the range between 0.1 to 1.29 MeV (PROSPECT collaboration).

• The MIF gamma is made on the surfaces except the rear and upper faces 

of the detector based on the spectrum shown in Fig 4.

• In Fig 2, it is corrected by the above fact.
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2. Background Simulation Study

[3] - (1). Gamma background.

• Gamma BKG simulation results:
• Reactor On • Material Irradiation Facility (MIF) Pipeline

Input Rate Interaction Rate

13.399 kHz 103.2 Hz

Input Rate Interaction Rate

80.245 kHz 794.05 Hz

* Interaction rate: rate of particles that leave their energies in the active volume of the detector.



• From the measurement, 2/𝑐𝑚2/𝑠 rate is reported from the PROSPECT collaboration.

• Thermal neutron comes mainly from neutron beam lines shown in Fig 5. 
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2. Background Simulation Study

[3] - (2). Thermal neutron background.

[Fig 5]

• Thermal neutrons are generated with the rate and the Maxwell - Boltzmann 

distribution with the room temperature.

• Their directions are considered in two ways.

1. Only from the neutron beam line; “anisotropic case”.

✓ Generated on two sides and bottom side.

2. From all directions; “isotropic case”.
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2. Background Simulation Study

[3] - (2). Thermal neutron background.

• Thermal neutron BKG simulation results:
• Anisotropic generation 

Input Rate Interaction Rate

191.934 kHz 4.82 Hz

Input Rate Interaction Rate

544.66 kHz 59.6 Hz

• Isotropic generation

* Interaction rate: rate of particles that leave their energies in the active volume of the detector.
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2. Background Simulation Study

[3] - (3). Fast neutron background.
• Using the measurement from the PROSPECT 

collaboration, neutrons are simply generated 

on the top of the shielding.

Input Rate Interaction Rate

168.7 Hz 0.347 Hz

[𝑐𝑚2s−1]

• Fast neutron BKG simulation results:

* Interaction rate: rate of particles that leave their energies in the active volume of the detector.
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2. Background Simulation Study

[3] - (4). Muon background.

from PDG: lower 
than 1 GeV, the 
spectrum is flat.

• With the Reyna parametrization and the measurement from PROSPECT collaboration, muons 

are simply generated on the top of the shielding structure.
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2. Background Simulation Study

[3] - (4). Muon background.

• Muon BKG simulation results:

Input Rate Interaction Rate

1.67 kHz 640.81 Hz

* Interaction rate: rate of particles that leave their energies in the active volume of the detector.
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2. Background Simulation Study

[3] - (*). Summary of background simulation results.

• Among the backgrounds, gamma is dominant, especially those from MIF.

• The shielding structure reduces backgrounds by more than 99%, except muon.

• Muon background is reduced by about 62%.

*. IBD signal input value is calculated based on the HM model.



이원준, K-NEUTRINO SYMPOSIUM @ CNU 212024-07-25

2. Background Simulation Study

[4]. Several cuts.

• Using cuts among NEOS event selection cuts.
1. No event before 30µs and after 150µs from a prompt.

2. 1MeV < Ep < 10MeV and 4MeV < 𝐸𝑑 < 10MeV.

3. Time coincidence between prompt and delayed 1µs ∼ 30µs.

4. PSD.  (Not prepared.)

5. After muon event, all events are vetoed in 150µs window (Muon veto).

4 MeV < 𝑬𝒅 < 10 MeV (Cut 2)

1 ~ 30 us (Cut 3)

No event (Cut 1)
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2. Background Simulation Study

[4]. Several cuts.

• How to apply the cuts.
1. The number of IBD and background signals is determined by rates and spectra from the simulation results in the 

1 ~ 10 MeV range (for muon, all energy range used).

2. A time between 0 to 100,000 seconds is randomly assigned to each IBD and background signal, and then 

arranged in ascending order.

3. Deadtime is calculated by the 150 us veto window after the muon leaves its energy to the detector and any event 

is removed when it is in the veto window.

4. The selection cuts are applied for the case with or without 1 us event window.

IBD

Mimic BKG
Dead time

𝝁

Mimic BKG

BKG 𝝁

Dead time

t

IBD

Mimic BKGMimic BKG

BKG

t



Cut 1 +Cut 2 +Cut 3 Cut 1 +Cut 2 +Cut 3
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3. Results

w/o event window w/ event window

DEADTIME 8768.70s 8822.38s

Results: Assume that the detector is exposed with 100,000 seconds.



• Default cut: 1MeV < Ep < 10MeV

• Cut 1; No event before 30µs and after 150µs from a prompt 

• + Cut 2; 4MeV < Ed < 10MeV 

• + Cut 3; Time coincidence between prompt and delayed 1µs ∼ 30µs
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3. Results

Results: Signal to background ratio (S/B).

w/o MIF w/ MIF

Anisotropic Isotropic Anisotropic Isotropic

w/o evt window 0.350 0.237 0.0671 0.0605

w/ evt window 0.337 0.231 0.0651 0.0589

w/o MIF w/ MIF

Anisotropic Isotropic Anisotropic Isotropic

w/o evt window 0.341 0.230 0.0651 0.0587

w/ evt window 0.333 0.226 0.0632 0.0571

w/o MIF w/ MIF

Anisotropic Isotropic Anisotropic Isotropic

w/o evt window 0.0691 0.0329 0.00245 0.00209

w/ evt window 0.0678 0.0322 0.00240 0.00205
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3. Results

Conclusion.

• S/B ratio is estimated to be about 0.231 to 0.337 when MIF is turned off. 

• It is necessary to cut back on the gamma background.

• The optimization of the detector and the shielding structure is required.

• A more elaborate study including the optimization of the experimental setup will 

be reported in the near future.
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Thank you.
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Backup pages.
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BKG Simulation @ HFIR

• Simulation - Thermal neutron
Simulation 결과 (비등방적) Simulation 결과 (등방적)

Input Rate Interaction Rate

191.934 kHz 4.82 Hz

Input Rate Interaction Rate

544.66 kHz 59.6 Hz

✓ Input rate는 약 2.8배 늘었지만 interaction rate가 약 12.3배 늘었다.
WHY?
❖ 최외곽의 실딩이 BPE니까 2MeV 𝜸를 기준으로 뚫고 들어오는 양 추정. (n-capture gamma)

▪ 바닥 면은 7cm steel chassis. 𝜆~3cm.

▪ 옆, 앞, 뒤 면은 chassis 구조 대신 10cm HDPE, 윗 면은 chassis 구조 대신 24.1cm HDPE. 𝜆~20cm.

➢ 뚫고 들어오는 정도는 아래와 같다.
▪ Ratio (위/바닥): 24.1cm HDPE / 7cm chassis ~ 윗 면에서 대략 3배 정도 더 뚫고 들어옴.
▪ Ratio (옆,앞,뒤/바닥): 10cm HDPE / 7cm chassis ~ 옆, 앞, 뒤 면에서 대략 6배 정도 더 뚫고 들어옴.

➢ Thermal n bkg를 동일한 양으로 보정하고, 각 면들의 이벤트 개수의 기여를 보자.
▪ 방향성 고려: 바닥 ~ 62%, 옆(L,R) ~ 38%. || 방향성 고려 X: 바닥 ~ 15%, 위 ~ 15%, 옆(L,R),앞,뒤 ~ 70%.

➢ 기여도에 맞게 이벤트 기여를 비등방적인 경우에서 등방적인 경우로 바꾸자.
▪ 바닥->위: ¼ of 62% ~ 15%.
▪ 바닥->옆,앞,뒤: ½ of 62% ~ 30%.
▪ Ex) (비등방)100개 이벤트 -> (등방)400개 이벤트: 바닥->위=75개, 바닥->옆,앞,뒤=300개, 바닥->바닥=25개.
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BKG Simulation @ HFIR

• Backup – Steel/Iron “A comparative study of empirical formulas for gamma-
ray dose build-up factor in iron and lead materials”
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BKG Simulation @ HFIR

• Backup – PE/BPE “Calculation of gamma-ray attenuation parameters for 
locally developed shielding material: Polyboron”

• Density로 간단하게 1 
g/cm-3 으로 계산함. 
(simulation에서 사용한 값
은 pe=0.91와 bpe=1.04입
니다.) 

• 이 경우는 B의 농도가 30%
인 경우입니다. (저희의 경
우는 5%)
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BKG Simulation @ HFIR

• Result – Appling Cut 1

• 𝑅𝐼𝐵𝐷_𝑚𝑖𝑚𝑖𝑐 는 IBD mimicking rate, 𝑅𝑏𝑘𝑔 는 background 이벤트 rate, 

∆t는 pair’s time window, T는 첫 번째 컷의 time window이다. 
• Thermal neutron background 를 비등방성으로 가정.

• MIF를 고려한 경우, 𝑅𝑏𝑘𝑔에 210.437 Hz, MIF를 고려하지 않은 경우에 39.157 Hz, ∆t에 30 µs, T에 180 µs을 대입. 

• MIF를 고려한 경우에 대략 1.27 Hz, MIF를 고려하지 않은 경우에 약 45.62 mHz의 값을 얻었음.
• Table 6의 결과와 비교하면 대략 1시그마 안에서 일치. 
• [통계 에러: 약 3.56 × 10−3, 6.756 × 10−4 ) , 차이(결과-예상): 약 1 × 10−3, 3 × 10−5]

➢ 컷 코드는 문제없이 잘 동작한다고 판단.
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BKG Simulation @ HFIR
𝐸𝑝

-30us +150us

𝐸𝑑 candidate

No evt

<=30us

❖ 𝑆/𝐵𝑖𝑠𝑜= Isotropic thermal n, 𝑆/𝐵𝑎𝑛𝑖𝑠𝑜= Anisotropic thermal n

• Result – Appling Cut 1
- W/O Event Window

100,000초의 라이브 타임에서 데드 
타임은 약 8.77% 인 8768.70초
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BKG Simulation @ HFIR
𝐸𝑝

-30us +150us

4 MeV < 𝐸𝑑 candidate <10 MeV

No evt

<=30us

✓ 에너지 컷이 IBD를 흉내내는 background 를 많이 잘라내는데, 그 이유는 HFIR의 gamma background의 대부분이 약 3 
MeV 이하 이기 때문이다. 

✓ 구체적으로 HFIR의 gamma background가 RENE prototype 검출기의 main detection channel인 n-Gd capture에 의한 
signal을 흉내내지 못하기 때문이다.

• 1번 컷의 결과와 비교.
• MIF를 고려하지 않은 경우, 
𝑆/𝐵𝑎𝑛𝑖𝑠𝑜와𝑆/𝐵𝑖𝑠𝑜는 각각 약 5배, 약 7배 정
도 개선.

• MIF를 고려한 경우,
𝑆/𝐵𝑎𝑛𝑖𝑠𝑜와𝑆/𝐵𝑖𝑠𝑜는 각각 약 27배, 약 28배 
정도 개선.

• Result – Appling Cut 1+2
- W/O Event Window

100,000초의 라이브 타임에서 데드 
타임은 약 8.77% 인 8768.70초
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BKG Simulation @ HFIR
𝐸𝑝

-30us +150us

4 MeV < 𝐸𝑑 candidate <10 MeV

No evt

1us ~ 30us

• 1+2번 컷의 결과와 비교.
• MIF를 고려하지 않은 경우, 
𝑆/𝐵𝑎𝑛𝑖𝑠𝑜와𝑆/𝐵𝑖𝑠𝑜는 각각 약 2.6%, 3% 정
도 개선.

• MIF를 고려한 경우,
𝑆/𝐵𝑎𝑛𝑖𝑠𝑜와𝑆/𝐵𝑖𝑠𝑜는 각각 약 3%, 1.6% 정
도 개선.

✓ Prompt – Delayed time coincidence: 1us이하인 경우는 굉장히 드물다. (RENE CDR)

• Result – Appling Cut 1+2+3
- W/O Event Window

100,000초의 라이브 타임에서 데드 
타임은 약 8.77% 인 8768.70초



✓ Event 분류.
➢ Event time window가 겹친다고 해도 PSD 

window가 겹치지 않으면 두 개의 개별적인 
event로 간주.

➢ PSD window 가 겹치면 하나의 event로 간주. 
(DT5730SB – overlap)
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✓ Event window를 1us 으로 설정함.
➢ pre-trigger 를 500ns + NEOS의 PSD 

window가 360ns + 140ns.

t
360ns for PSD500ns 140ns

1us for event window

t360ns for PSD500ns t360ns for PSD

t360ns for PSD t360ns for PSD

BKG Simulation @ HFIR

• Result 2 – With event window.
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✓ How to cut?

1. 이전에 언급한대로 event window를 적용하여 event를 정리.
2. 정리된 event에 muon deadtime cut을 적용.
3. Timing cut을 적용.

➢ 컷을 할 때, 앞에 오는 event의 기존에 부여된 시간에서 event window 를 더한 시간과 뒤 event의 기존
에 부여된 시간을 비교하여 timing cut을 적용. 

➢ 겹친 event의 경우에는 추가된 이벤트의 기존에 부여된 시간을 기준으로 event window 를 더하여 비교
에 사용.

t

Evt time window

dt dt
기존에 부여된 시간

BKG Simulation @ HFIR

• Result 2 – With event window.
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BKG Simulation @ HFIR
𝐸𝑝

-30us +150us

𝐸𝑑 candidate

No evt

<=30us

• Result 2 – Appling Cut 1
- W/ Event Window

100,000초의 라이브 타임에서 데드 
타임은 약 8.82% 인 8822.38초

❖ 𝑆/𝐵𝑖𝑠𝑜= Isotropic thermal n, 𝑆/𝐵𝑎𝑛𝑖𝑠𝑜= Anisotropic thermal n
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BKG Simulation @ HFIR
𝐸𝑝

-30us +150us

4 MeV < 𝐸𝑑 candidate <10 MeV

No evt

<=30us

✓ 에너지 컷이 IBD를 흉내내는 background 를 많이 잘라내는데, 그 이유는 HFIR의 gamma background의 대부분이 약 3 
MeV 이하 이기 때문이다. 

✓ 구체적으로 HFIR의 gamma background가 RENE prototype 검출기의 main detection channel인 n-Gd capture에 의한 
signal을 흉내내지 못하기 때문이다.

• 1번 컷의 결과와 비교.
• MIF를 고려하지 않은 경우, 
𝑆/𝐵𝑎𝑛𝑖𝑠𝑜와𝑆/𝐵𝑖𝑠𝑜는 각각 약 5배, 약 7배 정
도 개선.

• MIF를 고려한 경우,
𝑆/𝐵𝑎𝑛𝑖𝑠𝑜와𝑆/𝐵𝑖𝑠𝑜는 각각 약 26배, 약 28배 
정도 개선.

• Result 2 – Appling Cut 1+2
- W/ Event Window

100,000초의 라이브 타임에서 데드 
타임은 약 8.82% 인 8822.38초
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BKG Simulation @ HFIR

• Result 2 – Appling Cut 1+2+3
- W/ Event Window

𝐸𝑝

-30us +150us

4 MeV < 𝐸𝑑 candidate <10 MeV

No evt

1us ~ 30us

• 1+2번 컷의 결과와 비교.
• MIF를 고려하지 않은 경우, 
𝑆/𝐵𝑎𝑛𝑖𝑠𝑜와𝑆/𝐵𝑖𝑠𝑜는 각각 약 1.2%, 2.2% 
정도 개선.

• MIF를 고려한 경우,
𝑆/𝐵𝑎𝑛𝑖𝑠𝑜와𝑆/𝐵𝑖𝑠𝑜는 약 3% 정도 개선.

✓ Prompt – Delayed time coincidence: 1us이하인 경우는 굉장히 드물다. (RENE CDR)

100,000초의 라이브 타임에서 데드 
타임은 약 8.82% 인 8822.38초
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BKG Simulation @ HFIR

• Cut 1

Anisotropic + W/ MIF

Anisotropic + W/O MIF

Isotropic + W/ MIF

Isotropic + W/O MIF

• Results – 세부 결과: W/O Event Window
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BKG Simulation @ HFIR

• Cut 1 + 2

Anisotropic + W/ MIF

Anisotropic + W/O MIF

Isotropic + W/ MIF

Isotropic + W/O MIF

• Results – 세부 결과: W/O Event Window
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BKG Simulation @ HFIR

• Results – 세부 결과: W/O Event Window

• Cut 1 + 2 + 3

Anisotropic + W/ MIF

Anisotropic + W/O MIF

Isotropic + W/ MIF

Isotropic + W/O MIF
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BKG Simulation @ HFIR

• Cut 1

Anisotropic + W/ MIF

Anisotropic + W/O MIF

Isotropic + W/ MIF

Isotropic + W/O MIF

• Results – 세부 결과: W/ Event Window



2024-07-25 이원준, K-NEUTRINO SYMPOSIUM @ CNU 45

BKG Simulation @ HFIR

• Cut 1 + 2

Anisotropic + W/ MIF

Anisotropic + W/O MIF

Isotropic + W/ MIF

Isotropic + W/O MIF

• Results – 세부 결과: W/ Event Window
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BKG Simulation @ HFIR

• Results – 세부 결과: W/ Event Window

• Cut 1 + 2 + 3

Anisotropic + W/ MIF

Anisotropic + W/O MIF

Isotropic + W/ MIF

Isotropic + W/O MIF
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• Event window 코드 확인 – properly working.

➢ 아래와 같이 PSD window에 겹치면 하나의 event로 간주하고, 에너지는 합친다.
➢ 그리고 dT는 하나의 event로 간주된 경우의 기존에 부여된 시간 차이로, 컷을 할 때 event의 시간 

폭을 고려하기 위해 사용. 
➢ (아래에서 시간 차이가 360ns안에 들어오면 하나의 event로 간주 & 확인을 위해 임의의 값을 넣음.)

➢ 실제 코드 동작 일부:

BKG Simulation @ HFIR
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