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• There are three types of nucleosynthesis,


• Big-Bang Nucleosynthesis (BBN) 

• The formation of elements (nucleosynthesis) that occurred after the big-bang


• Important to understand the evolution of the early universe


• Stelar Nucleosynthesis


• Nucleosynthesis takes place in the center of the stars


• Explains the formation of elements from  up to 


• Supernova Nucleosynthesis


• During a supernova explosion, heavier elements than  are produced


• BBN provides the formation of light elements, but the precession of 
neutron lifetime limits the uncertainty of the prediction

He Fe

Fe
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Introduction -What is nucleosynthesis?-
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1.Early Universe


• Evolution of the Early Universe


2.Big-Bang Nucleosynthesis (BBN)


• Before BBN ( )


• Freeze-Out ( )


• Decay of Neutron ( )


• Nucleosynthesis


• Calculation of Abundance of Light Nuclei


• Era of Accurate Cosmology


3.Neutron Lifetime Measurement


• Physics Motivation of Neutron Lifetime Measurement


• Neutron Lifetime Puzzle


• Neutron’s Dark Decay


• Storage Method (Gravitational Trap)


• Beam Method (Proton Counting)


• Neutron Lifetime Measurement at J-PARC

t < 1 sec
t ∼ 1 sec

t > 1 sec
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Early Universe
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• According to the Big-Bang theory, the universe started from a hot and dense state


• While cooling to the present state, which now we observe, 
separation of the 4 fundamental interaction occurred 

• First, gravity froze out and became distinct (  after the Big-Bang)


• Next, strong interaction froze out and induced inflation, which is an exponential expansion


• Then, electromagnetic and weak interactions froze out  after the Big-Bang


• The history of the universe is the history of phase transition

10−43 sec

10−12 sec

5

Evolution of the Early Universe

https://openstax.org/books/university-physics-volume-3/pages/11-7-evolution-of-the-early-universe

https://openstax.org/books/university-physics-volume-3/pages/11-7-evolution-of-the-early-universe
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• Quarks and gluons cannot be isolated below the Hagedorn temperature ( )


• Protons and Neutrons were born here, but electrons still moved freely  after the Big-Bang.


• Nucleosynthesis starts when the temperature cools down to 


• It is around  after the Big-Bang. 


• When the universe is cooled down to 3000 K, electrons become bound to the nucleus 
 Photons can to travel straight ahead (clear up of the Universe)

TH ∼ 150 MeV

10−12 sec

109 K

1 sec

→

Evolution of the Early Universe

10−6 s 1 s

quark 
confinement

Nucleosynthesis

https://apod.nasa.gov/apod/image/1807/CMB2018_Planck_4672.jpg

https://apod.nasa.gov/apod/image/1807/CMB2018_Planck_4672.jpg
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Big-Bang Nucleosynthesis (BBN)
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Before BBN ( )t < 1 sec
• Before the BBN, neutrons and protons were at thermodynamic equilibrium











• Here, the  ratio (the ratio of number density) is given by Boltzmann distribution


• Because of the very high temperature ( ), 


p + e− ⟷ n + νe

n + e+ ⟷ p + ν̄e

n ⟷ p + e− + νe

n /p

kT ≫ Δmc2

n
p

≃ exp (−
Δmc2

kT ) ∼ exp 0 = 1

Big Bang Nucleosynthesis as a Probe of New Physics 7
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Figure 1: Time and temperature evolution of all standard big bang nucleosynthesis (SBBN)-

relevant nuclear abundances. The vertical arrow indicates the moment at T9 ! 0.85 at

which most of the helium nuclei are synthesized. The gray vertical bands indicate main

BBN stages. From left to right: neutrino decoupling, electron-positron annihilation and n/p

freeze-out, D bottleneck, and freeze-out of all nuclear reactions. Protons (H) and neutrons

(N) are given relative to nb whereas Yp denotes the 4He mass fraction.

Below we discuss the fusion of the light elements and compare their SBBN predictions with

observations.

1.1.1 O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in

its simplicity. Only a few factors that determine it. The rates for weak scattering processes

that inter-convert n ↔ p at high plasma temperatures scale as G2
FT

5, where GF is the

Fermi constant. As the Universe cools, these rates drop below the T 2-proportional Hubble

rate H(T ) Eq. (6). The neutron-to-proton transitions slow down, and the ratio of their

respective number densities cannot follow its chemical-equilibrium exponential dependence,

n/p|eq ! exp(−∆mnp/T ). Around T ! 0.7MeV this dependence freezes out to n/p !

1/6 but continues to decrease slowly due to residual scattering and β-decays of neutrons.

The formation of D during this intermission period is delayed by its photo-dissociation

process that occurs efficiently because of the overwhelmingly large number of photons [see

arxiv:1011.1054v1

http://arxiv.org/abs/1011.1054v1
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• The temperature of the universe decreases as it expands


• Eventually, the rate of the reactions








become smaller than the expansion rate of the universe (neutrino decoupling)


• At this moment, ratio  is fixed at a constant value,





• Freeze-out temperature  is about a few 


• Interestingly this ratio depends on all the 4 fundamental interactions


• The neutrinos are cooled as the universe expands, and are now expected to be moving at 


• These are called Cosmic Neutrino Background (CNB) which have been searched for, 
but such a low energy particles are difficult to detect

p + e− ⟷ n + νe

n + e+ ⟷ p + ν̄e

n /p
n
p

≃ exp (−
Δmc2

kTf ) ≃
1
6

Tf MeV

1.9 K

Freeze-Out ( )t ∼ 1 sec
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Decay of Neutron ( )t > 1 sec
• Fixed ratio  only decreases by neutron beta decay





• On the other hand, production of deuteron preserves the number of neutrons, 
because neutrons are stable inside nuclei





• Before the production of deuteron begin, ratio fall down to 





• All the neutrons we have in our universe 
were preserved at this time.


• The creation of  causes the formation of 

n /p

n ⟶ p + e− + νe

p + n ⟶ D + γ

n
p

≃
1
7

D He
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Figure 1: Time and temperature evolution of all standard big bang nucleosynthesis (SBBN)-

relevant nuclear abundances. The vertical arrow indicates the moment at T9 ! 0.85 at

which most of the helium nuclei are synthesized. The gray vertical bands indicate main

BBN stages. From left to right: neutrino decoupling, electron-positron annihilation and n/p

freeze-out, D bottleneck, and freeze-out of all nuclear reactions. Protons (H) and neutrons

(N) are given relative to nb whereas Yp denotes the 4He mass fraction.

Below we discuss the fusion of the light elements and compare their SBBN predictions with

observations.

1.1.1 O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in

its simplicity. Only a few factors that determine it. The rates for weak scattering processes

that inter-convert n ↔ p at high plasma temperatures scale as G2
FT

5, where GF is the

Fermi constant. As the Universe cools, these rates drop below the T 2-proportional Hubble

rate H(T ) Eq. (6). The neutron-to-proton transitions slow down, and the ratio of their

respective number densities cannot follow its chemical-equilibrium exponential dependence,

n/p|eq ! exp(−∆mnp/T ). Around T ! 0.7MeV this dependence freezes out to n/p !

1/6 but continues to decrease slowly due to residual scattering and β-decays of neutrons.

The formation of D during this intermission period is delayed by its photo-dissociation

process that occurs efficiently because of the overwhelmingly large number of photons [see

arxiv:1011.1054v1

http://arxiv.org/abs/1011.1054v1
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• Once  formation has occurred, further reactions proceed to make 


•  and photon are produced by the reaction between deuteron and nucleon








• These reactions proceeds slowly since because of photon emission





D He

He

D + n →3 H + γ, 3He + p →4 He + γ

D + p →3 He + γ, 3He + n →4 He + γ

D + D →3 H + p, 3He + D →4 He + n

D + D →3 H + n, 3He + D →4 He + p

11

Nucleosynthesis

https://ned.ipac.caltech.edu/level5/Sept16/Rauscher/Rauscher3.html

https://ned.ipac.caltech.edu/level5/Sept16/Rauscher/Rauscher3.html
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• From a simple calculation,  mass fraction  can be calculated using  as,





• In practice, in BBN theory, the differential equations are solved numerically using a nuclear reaction 
network that takes into account a 12 reactions,

















and also,








4He Yp n /p

Yp =
2 × n /p
n /p + 1

≃
2 × 1

7
1
7 + 1

= 0.25

n ⟶ p + e− + νe

D + n →3 H + γ, 3He + p →4 He + γ

D + p →3 He + γ, 3He + n →4 He + γ

D + D →3 H + p, 3He + D →4 He + n

D + D →3 H + n, 3He + D →4 He + p

3He +4 He ⟶7 Be + γ
7Be + n ⟶7 Li + p
7Li + p ⟶ 2 4He

12

Calculation of Abundance of Light Nuclei

https://ned.ipac.caltech.edu/level5/Sept16/Rauscher/Rauscher3.html

https://ned.ipac.caltech.edu/level5/Sept16/Rauscher/Rauscher3.html
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• Thanks to the remarkable development of observational techniques, 
cosmology is now entering an era in which it can be tested accurately


• Neutron lifetime is one of the input parameter and it limits 
the precession of the  mass fraction, 


• Red and blue lines show the resent measurements of the neutron lifetime

4He Yp

13

Era of Accurate Cosmology

18 Chapter 1 Introduction
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Fig. 1.6 Observations and the prediction of helium abundance Yp. The value Yp

also depends on the baryon to photon ratio η observed by the Planck satellite[5].

The predicted Yp is the cross point of the band of τn and η. Two observations

(Aver:2015[6] and Valerdi:2019[7]) are in good agreement with the prediction, but

one observation (Izotov:2014[8]) does not.

is described as a superposition of down-type quarks (down, strange, and bottom). When

such a state is denoted as d′, the mixing is described as

d′ = Vud d+ Vus s+ Vub b, (1.4)

where Vud,Vus, and Vub are the relative probability amplitude that down, strange, and

bottom quarks decay into up quark, respectively. Therefore, the all quarks mixing can be

written in matrix notation as



d′

s′

b′



 =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb








d
s
b



 . (1.5)

The latest results for the magnitudes*2 of all nine CKM elements summarized by the

Particle Data Group 2019 [2] are

VCKM =




0.97446± 0.00010 0.22452± 0.00044 0.00365± 0.00012
0.22438± 0.00044 0.97359 + 0.00011 0.04214± 0.00076
0.00896+0.00023

−0.00023 0.04133± 0.00074 0.999105± 0.000032



 . (1.6)

The unitarity check of the CKM matrix gives a strong test of the standard model. For

example, the first row of the matrix gives

|Vud|2 + |Vus|2 + |Vub|2 = 0.9994± 0.0005. (1.7)

*2 V∗∗ is a complex number

small τn

large τn
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Neutron Lifetime Measurement
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• As we have seen, measurement of neutron lifetime is important for the verification of cosmology


• , one of the element of the CKM matrix,





can be also determined from the neutron lifetime





• Neutron beta decay is the most simple beta decay snd also no theoretical uncertainty included


• Again, neutron lifetime is an important parameter in the weak interaction of the Standard Model, 
cosmology, and astrophysics

Vud

VCKM =
Vud Vus Vub
Vcd Vcs Vcd
Vtd Vts Vtd

Vud
2

=
(4908.7 ± 1.9) sec

τn (1 + 3λ2)

15

Physics Motivation of Neutron Lifetime Measurement
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• Two methods have been carried out to measure neutron lifetime, 
but the discrepancy between them is about  ( )


• This problem is called “Neutron Lifetime Puzzle”


• Systematic errors that have been missed in the two methods have been studied, 
but the puzzle has not been resolved

8 sec 4σ

16

Neutron Lifetime Puzzle
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• To explain the neutron lifetime puzzle, a decay of neutrons into the dark matter has been proposed


• A neutron could decay into a dark matter  with the following three decay modes,








                    ( : another DM particle)


• The first process was searched but no signal was detected


• The second process distorts the energy spectrum of normal beta decay, 
but no  pair emission was found in the energy of  with 


• The third reaction is not observable, but gives a constraint on neutron stars


• The theory requires , though heavier NS is already discovered

χ

n ⟶ χ + γ

n ⟶ χ + e+ + e−

n ⟶ χ + ϕ ϕ

e± 37.5 keV < Ee+e− < 664 keV 5σ

MNS < 0.7M⊙

17

Neutron’s Dark Decay
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• There are two methods for measuring neutron lifetime, “storage method” and “beam method”


• UCNs are trapped in a bottle coated by fluorine-containing polymer


• Number of the survived neutrons  and   are counted after distinct storing times  and 


• Neutron lifetime  is calculated from,





•  is for the correction of leakage of the UCNs


• By varying both the size of the bottle and the energy, 
loss effect was estimated


• The final result from this experiment was


N1 N2 t1 t2
τn

ln(N1/N2)
t2 − t1

=
1
τn

+
1

τwall
τwall

τn = 881.5 ± 0.7stat ± 0.6syst sec

18

Storage Method (Gravitational Trap)
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• Protons from neutron beta decay were trapped by the penning trap technique


• The flux of neutron was monitored by using  plate which converts neutrons to charged particles


• 		


• Alpha particle and triton were detected by surrounding  detectors


• This experiment published the result of 


6Li

n +6 Li ⟶ α +3 H

Si

τn = 887.7 ± 1.2stat ± 1.9syst sec

19

Beam Method (Proton Counting)

24 Chapter 1 Introduction

Fig. 1.10 Apparatus of proton penning trap[18, 19].

value for all neutron velocities used in this experiment. Thus, they can be replaced with

σ0 = 5333± 7 barn measured at the thermal neutron velocity v0 = 2200 m/s [22]. In the

equation, Sβ(SHe) and εβ , (εHe) are numbers of signal and detection efficiencies of beta

decay (3He(n, p)3H reaction), respectively. This experiment published the result of

τn = 878± 27 (stat)± 14 (syst) sec. (1.21)

Its accuracy was limited by the statistics and the background for the beta decay signals.

R. Kossakowski et al. / Neutron lifetime measurement 475

measurements. In our approach, a chopped neutron beam was used, and the ratio
of the decay-electrons rate to the neutron density was determined simultaneously
with the same apparatus. This ratio yields directly the neutron lifetime.

2. Principle of the experiment

The basic layout of the experiment is illustrated in fig. 2. Cold neutrons exit from
a primary neutron guide. A rotating drum serves as a double chopper and forms
neutron packets. The beam is monochromatized by a graphite crystal in order to
limit the spatial spread of the packets during their flight path. The 90° deflection
out of the main neutron beam provides favourable background conditions.
The neutron packets pass through a secondary guide and enter a He+CO2-filled

drift chamber which works in the time projection mode. A 6LiF beam stopper finally
absorbs the neutron bursts.
During a time interval .:1t, the entire neutron packet moves inside the drift volume

and the number of decay electrons .:1Ne is detected in a 47T geometry. The decay
constant An = T is given as

A =J...(.:1Ne
) .

n N .:1t (2)

The number N of neutrons in the packet is evaluated by observing, simultaneously
to the decay electrons, the products of the 3He(n, p)t reaction in the drift chamber.
For this purpose a small, well defined quantity of 3He is admixed to the counter
gas (see sect. 5). The decay electron and (n, p) events can be well discriminated
due to their very different ionization power in the detector gas. By this method the
neutron decay and neutron density are measured simultaneously in the same detector
and provide a direct measure for the neutron lifetime.

1m

gas container (4He + 3He + CO2)

(6Li F) drift chamber

sense wires (MWPC)

secondary n- guide

......................: E P 1
e
- :---:t-

: ••••••••••••••••••t.:

Fig. 2. Schematic view of the experimental setup. Only a part of the radiation shielding is shown.
Fig. 1.11 Apparatus of time projection chamber [20, 21].

https://doi.org/10.1103/PhysRevLett.111.222501

https://doi.org/10.1103/PhysRevLett.111.222501
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• There still remains a discrepancy between beam and storage methods


• Eliminate the possibility of unknown systematic errors 
 Run a completely different experiment that does not introduce similar systematic errors


• We are now carrying on a precise measurement of neutron lifetime at J-PARC MLF


• We are using thermal neutrons produced by colliding a  proton beam to a mercury target

→

3 GeV

20

Neutron Lifetime Measurement at J-PARC

https://etd.canon/en/casestudy/jparc.html

https://etd.canon/en/casestudy/jparc.html
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• By using a device called “Spin Flip Chopper (SFC)” neutron beam is formed into bunches


• Each bunch enters the Time Projection Chamber (TPC) one at a time


• Beta decay ray and proton from  reaction are counted simultaneously


• Neutron flux is measured from the count rate of  reaction

3He(n, p)3H
3He(n, p)3H

21

Neutron Lifetime Measurement at J-PARC MLF

exit of polarized beam branch
neutron shutter lead shield

Spin Flip Chopper

neutron flux monitor

iron shield cosmic ray veto counter

Time Projection Chamber

1 my z

x magnetic super mirror

vacuum chamber
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• The number of beta decay events is





• The number of  reaction is





• From above two equations, the neutron lifetime is obtained





• We reported our first measurement !

Sβ = N [1 − exp (−
t
τn )] ∼ N

t
τn

3He(n, p)3H

S3He = N(1 − exp(−ρσvt)) ∼ Nρσvt

τn =
1

ρσv
S3He/ε3He

Sβ /εβ
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number of neutrons entering TPC


number density of 


cross section of 


neutron velocity


time during neutron exist in the TPC

N⋯

ρ⋯ 3He

σ⋯ 3He(n, p)3H

v⋯

t⋯

Our Result 
898 ± 10stat

+15
−18sys sec

Neutron Lifetime Measurement at J-PARC



Sokaku Seminar 3   2020/11/12 
Big-Bang Nucleosynthesis and Neutron Lifetime Measurement 
Takuro HASEGAWA (Nagoya Univ.  Lab.)Φ

• We demonstrated the feasibility of our electron counting method at J-PARC


• I am going to J-PARC next week to install the new Spin Flip Chopper


• It has larger mirrors so more neutrons can guided to TPC


• Also improving our analysis to reduce systematic errors


• Our goal is to determine the neutron lifetime with an accuracy of 1 second

23

Upgrades
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• Measurement of Neutron lifetime  is an important parameter for Big-Bang Nucleosynthesis


• Precise measurement of  leads to accurate calculation of abundances of light elements


• There's still a possibility of neutron dark decay


• Neutron lifetime can be a key to BSM physics


• We are in the middle of an experiment right now, and look forward to the new results !

τn

τn

24

Summary
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History of Neutron Lifetime Measurement
20 History plots
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Figure 1: A historical perspective of values of a few particle properties tabulated in this Review as a function of date of
publication of the Review. A full error bar indicates the quoted error; a thick-lined portion indicates the same but without
the “scale factor.”
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Fraction of Total Mass
Big Bang Nucleosynthesis as a Probe of New Physics 7
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Figure 1: Time and temperature evolution of all standard big bang nucleosynthesis (SBBN)-

relevant nuclear abundances. The vertical arrow indicates the moment at T9 ! 0.85 at

which most of the helium nuclei are synthesized. The gray vertical bands indicate main

BBN stages. From left to right: neutrino decoupling, electron-positron annihilation and n/p

freeze-out, D bottleneck, and freeze-out of all nuclear reactions. Protons (H) and neutrons

(N) are given relative to nb whereas Yp denotes the 4He mass fraction.

Below we discuss the fusion of the light elements and compare their SBBN predictions with

observations.

1.1.1 O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in

its simplicity. Only a few factors that determine it. The rates for weak scattering processes

that inter-convert n ↔ p at high plasma temperatures scale as G2
FT

5, where GF is the

Fermi constant. As the Universe cools, these rates drop below the T 2-proportional Hubble

rate H(T ) Eq. (6). The neutron-to-proton transitions slow down, and the ratio of their

respective number densities cannot follow its chemical-equilibrium exponential dependence,

n/p|eq ! exp(−∆mnp/T ). Around T ! 0.7MeV this dependence freezes out to n/p !

1/6 but continues to decrease slowly due to residual scattering and β-decays of neutrons.

The formation of D during this intermission period is delayed by its photo-dissociation

process that occurs efficiently because of the overwhelmingly large number of photons [see

arxiv:1011.1054v1

http://arxiv.org/abs/1011.1054v1
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• Peebles “From Precision Cosmology to Accurate Cosmology” (2002)


• Precision Cosmology


• This is the dawning of the age of precision cosmology, when all the important parameters will be 
established to one significant figure or better, within the cosmological model.


• Accurate Cosmology


• In the age of accurate cosmology the model, which nowadays includes general relativity theory 
and the CDM model for structure formation, will be checked tightly enough to be established as a 
convincing approximation to reality.

28

From Precision Cosmology to Accurate Cosmology

https://www.princeton.edu/news/2019/10/08/princetons-james-peebles-receives-nobel-prize-physics
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• Baryon to photon ratio  is derived from compression of the results of BBN and observation of 





•  is related to the baryon density 





• The Planck result for 





• can be translated into


η D/H

5.8 × 10−10 < η < 6.5 × 10−10

η Ωb

Ωb = 3.66 × 107ηh−2

Ωbh2 = 0.0224 ± 0.0002

η = 6.12 ± 0.04

29

Baryon to Photon Ratio
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• Similar experiment was held using magnetic trap instead of gravitational trap


• It prevents the interaction between the neutron and wall material


• This experiment published the result of 


τn = 877.7 ± 0.7stat
+0.4
−0.2syst s

30

Storage Method (Magnetic Trap)

22 Chapter 1 Introduction
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Fig. 1.8 Apparatus of big gravitational neutron trap. [16] The ultracold neutrons

were guided and filled into the UCN trap. The neutron that had enough energy to

escape from the bottle were absorbed in advance by the Ti absorber at the top of

the bottle. After a certain storing time, the survived neutrons were released to the

neutron detector below the bottle.

other side. The neutron whose spin is parallel to the field was trapped in the potential.

The neutron spin was held by the external holding field. In this experiment, the neutron

detector was inserted into the storage region instead of releasing the neutrons to the

detector. This experiment published the result of

τn = 877.7± 0.7 (stat)+0.4
−0.2 (syst) sec. (1.14)

observed with an array of photomultiplier tubes
(PMTs), allowing the UCNdensity in the plane of
the cleaners to be continuously monitored. At the
conclusion of the cleaning period, 50 to 300 s for
the data presented here, both cleaners were raised
5 cm in order to stop further interactions; at this
point, the storage period began. The neutronswere
stored for times typically ranging from 10 to 1400 s,
chosen to optimize statistical reach in a given ex-
perimental running time while still permitting
systematic studies.
At the end of the storage period, a UCN detec-

tor consisting of a vertical poly(methyl meth-
acrylate) (PMMA) paddle coated on both sides
with ZnS:Ag and 10B, with a total active surface
area of 750 cm2 per side (~21% of the 3450 cm2

area of the midplane of the trap), was lowered
into the center of the trap. The detector could be
lowered in multiple steps and, at its lowest po-
sition, reached to within 1 cm of the bottom of
the trap. Because the detector could only access
the fraction of UCNs that had sufficient energy to
reach the height of each step, this permitted rate-
dependent uncertainties to be studied by con-
trolling the counting rate and also enabled the
exploration of different neutron energy– and
phase space–dependent systematic effects. The

detector removed (or “unloaded”) the surviving
stored neutrons from the trap with a time con-
stant of ~8 s. At the conclusion of the counting
period (typically 100 to 300 s in length, or many
8-smean draining times), the detector was left in
the trap to count background rates with no neu-
trons in the trap for typically 150 s. The absolute
efficiency of the detector, previously reported to
be 96% (16), and those of the upstream monitor
detectors cancel in the ratios used to extract the
lifetime in this experiment.
Each neutron absorbed on the detector’s bo-

ron layer generated a burst of scintillation pho-
tons in the ZnS:Ag scintillator that were converted
and conducted from the transparent PMMA
backing plate to a pair of photomultiplier tubes
by an array of 2-mm-spaced wavelength shifting
fibers. The photons in each PMT were individu-
ally counted with an 800-ps precision time
stamp by an input channel of the same multi-
channel scaler (MCS) (21) that counted the output
pulses from the normalization monitors.
In a typical measurement cycle, a pair of runs

were performed, one with a nominal short stor-
age time of 20 s and one with a nominal long
storage time of 1020 s, each with ~2.5 × 104 neu-
trons in the trap at the beginning of the storage

period. A total of 332 pairs of long and short runs
were analyzed for the results in this paper, in five
different running configurations. The different
run conditions varied the cleaning time, the num-
ber of steps in which the detector was lowered
into the trap, and the magnitude of the applied
neutron polarization holding field. The five run
conditions are listed in Table 1.
Shown in Fig. 2, A and B, are a “nine-step” and

“three-step,” respectively, unloading curve for a
short and long storage time, summed over all the
cycles in the respective run condition.Anunloading
curve is a plot of the instantaneous rate of neutron
detection in the UCN detector, during the count-
ing period after the UCN storage time. In each
case, the first, highest detector step placed the
bottom edge of the detector at the cleaning height
so that no stored neutrons had sufficient energy to
reach the 132 cm2 of active area that extended
below the position of the raised cleaners. No neu-
trons above background were detected in this step,
putting constraints on systematic uncertainties
caused by insufficient cleaning of high-energy
neutrons and heating of neutrons by vibrations,
to be described later: Only eight peaks are visible
in the nine-step unloading curve and two in the
three-step curve. The absolute start time of the

Pattie et al., Science 360, 627–632 (2018) 11 May 2018 2 of 5

Fig. 1. Layout of the UCN beam line and trap used for these measurements.

Table 1. The five running conditions analyzed in this paper. “Detector steps” is the number of discrete counting positions as the neutron detector was
lowered to the bottom of the trap; “Cleaning time” is the length of cleaning period from the closing of the neutron loading trap door to the raising of the
cleaner; “Holding field” is the minimum strength of the externally applied polarization holding field in the trap; and “Run pairs” is the number of long-short
run pairs acquired for this configuration, all with roughly equal numbers of initially loaded neutrons.

Run configuration Detector steps Cleaning time (s) Holding field (mT) Run pairs

A 1 200 6.8 79
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

B 9 200 6.8 66
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

C 9 300 6.8 70
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

D 3 50 6.8 60
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

E 3 50 3.4 57
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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Fig. 1.9 Apparatus of magnetic neutron trap [17]. This experiment stored neutron

by magnetic field potential to prevent interaction between neutron and wall material.

arxiv.org:1707.01817

https://arxiv.org/pdf/1707.01817.pdf


Sokaku Seminar 3   2020/11/12 
Big-Bang Nucleosynthesis and Neutron Lifetime Measurement 
Takuro HASEGAWA (Nagoya Univ.  Lab.)Φ

• Penning trap stores charged particles by using both electric and magnetic fields


• It is particularly used for mass spectroscopy

31

Penning Trap

https://en.wikipedia.org/wiki/Penning_trap#/media/File:Penning_Trap.jpg
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Sokaku Seminar 3   2020/11/12 
Big-Bang Nucleosynthesis and Neutron Lifetime Measurement 
Takuro HASEGAWA (Nagoya Univ.  Lab.)Φ

32

Neutron Classification
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• The SFC consists of two radio frequency (RF) coils and three magnetic super-mirrors


• To maintain the polarization of the neutrons, the magnetic field of  is applied in the vertical 
direction


• Spin direction is flipped by passing the magnetic field in the RF coil


• Flipped neutrons can pass the super-mirror

By = 1 mT
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neutron time of flight distribution

2.2. SPIN FLIP CHOPPER 21
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Figure 2.7: Definition of the fiducial time along with the positional relation of a neutron bunch in
the TPC. The fiducial time is defined as the time during which the neutron bunch crossing on the
center line of the TPC.
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