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OTTO HAHN * NOBELPREIS CHEMIE 1944

Possible Existence of aNeutron

J. Chadwick

Nature 129, 312 (1932) | Cite this article

14k Accesses | 392 Citations | 137 Altmetric | Metrics DEUTSCHE BUNDESPOST
//: : ; * Marks the modelling of o A
% - nucleus in proton- @«—»@
- ~o | 7( neutron constitution o~ g«
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to new discoveries and @ —.

paraffin significant applications % Wy
* Such as fission in 1938 g
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3 nERZERZHAR Delayed Neutron emission in fission
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664 LETTERS TO

The Delayed Neutron Emission which Accompanies
Fission of Uranium and Thorium

In our previous letter! we suggested that the delayed
neutrons produced by neutron bombardment of uranium
might originate either in direct neutron emission (by one
of the disintegration products), or in a photodisintegration
process, Further evidence has now been obtained which
indicates that direct neutron emission is responsible for
the delayved neutrons which we observed.

R.B. Roberts, L.R. Hafstad, R.C. Meyer, P. Wang, The Delayed Neutron Emission which Accompanies
Fission of Uranium and Thorium, Phys. Rev. 55 (1939) 664.
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Beta delayed neutron emission probability Pn

it
(Y
3 Qp> S, of the

| daughter nucleus

B decay chain for fission fragments Al7
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Average number of

delayed neutrons per fission

Beta delayed neutron in fission

_<vd>

cumulative fission

Delayed neutron

fragment yield emission probability
Fissioning system 233U0(n,.f) XU, PPun,,f)  'Pung,f)
< Vg > (Integral) 6.73E-03 1.62E-02 6.50E-03 1.60E-02
< Vg > (Sum) 7.24E-03 1.48E-02 6.05E-03 1.23E-02
Diff. (S-I)/1 +8% -9% -T% -23%
Fissioning system | **"Am(n,;.f) **Cm(n,.f) **Cm(n,,,f0)
< Vg > (Integral) 6.50E-03 3.01E-03 6.40E-03
< Vg > (Sum) 5.82E-03 2.21E-03 5.26E-03
Diff. (S-I)/1 -11% -27% -18%

M.A. Kellett et al. JEFF Report 20, NEA No. 6287, 2009
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mé;é A AR Basics of beta decay from experiment

Fermi / Gamow-Teller:
= /
2

B-decay\ Bi—>f = <qu‘f_ or OT |lpl>

Strength function Dot g

.
: : B
Fermi function — f (Qﬁ -k )71'/2 \Half life of parent
Relationship

5, -~ |8 1
©6147=7\g, ) L AE T
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Basics of beta decay from Pn values

na Institute of Atomic Ener
[DM$I

. . Q
The (inverse of the) half-life 1 ’
T, is a weighted average of T - f S/3 (Ex )‘f (Q )2’
the p-strength S, 1/2

I“n
The neutron emission f S,(E,) f (Q ) T dE,
probability P, measures the P = o
fraction of pB-strength above s (£ ) _r VE
the neutron separation energy / (£} 7Q,~EJIE,
Sh
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B-delayed neutron emission probability P,

82

stability

intensity |

0.015

0.01

0.005

To understand nuclear structure and r-process relies on the knowledge of beta-delayed neutrons
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L, number of protons

NuDat 3.0

O,

keV

3 29E+4
2 93E+4
2 58E+4
W2.22E+4
1.87E+4
1.52E+4
1.16E+4
8.13E+3
I 4.59E+3
i 1.05E+3

-2.48E+3

-6.02E+3
1-9.56E+3
J-1.31E+4
-1 66E+4
J-2.01E+4
J-2.37E+4
B-2.72E+4
J-3.07E+4
J-3.43E+4

-2.48E+3 .-3.?8E+4
unknown

Beta delayed neutron emitters

M, number of neutrons

Model predicts:

* About 665 3,
emitters with Qg >0

* About 325 3,
emitters with Qg >0

* About 138 nuclei
with Qg;,>0 and 58

nuclet with Qg,,>0
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m,é;é MBS s = ik Deviation in available Pn data

CNNC

60 |1
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A PR pTUp—— IAEA CRP on a Reference Database for Beta-Delayed Neutron Emission
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China Institute of Atomic Ener Code F41028; Duration 2013-2018
Mi%sEE 2
CNNC

.
van Borzov The CRP on beta-delayed neutron emission data
Daniel Cano |

SatoshiChiba CRP Objective

Iris Dillmann | D

Muriel Fallot | The overall CRP Objective is to enhance Member
Paul Garrett States' (MS) knowledge and calculational capabilities
Robert Grzywac | :

Xiaolong Huang in the fields of nuclear energy, safeguards, used fuel
Tomislav Marketin and waste management and nuclear sciences by
Robert Mills .

Futoshi Minato creating a .Re.ference Data.base for BetaTDe.layed
Gopal Mukherjee | Neutron Emission that contains both a compilation of
Viadimir Plksaikin___ existing data, evaluated data and recommended data,
Krzysztof Rykaczewski | . : . .

Balraj Singh | which will be made readily available to the user
JoseL.Tain community. The project starts in 2013 and will have
Alejandro Algora | :

Tim Johnson a duration of 4 years.

-HIEI?W-ME{-:-L-]FEHW--:------ Compilation and Evaluation of Beta-Delayed Neutron Emission Probabilities and
Alejandro Sonzogni

Half-Lives for Z > 28 Precursors. J. Liang ef al. Nuclear Data Sheets 168, 1-116(2020).
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Progress in Pn data
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M.A. Kellett et al. JEFF Report 20, NEA No. 6287(2009)
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Nucleus | Proportion of all DN AP,/P, B | rzem e W p i AP,/P, P
| 13 10 40% 8% oy 24.59(10) 7.63(14) 1.8% 13- 40%
sy 5to 16% 30% 9Bmyr 2.32(8) 3.44(95) 27.6% 5-16%
YRb 710 12% 5% * “Rb 2.70415) | 103922 2.1% 7-12%
1381 4 to 10% 7% 138y 625131) | 5.30@21) 4.0% 4-10%
358b 0.3 to 3% 30% By 1.478(7) 1.97(30) 15.2% 2- 4%
Py 2t04% 20% ° 3sh 1.668(10) 20.0(29) 1.5% 0.3-3%
105N 0.2 to 2% 50% 5As 2.023(7) 62.5(10) 0.2% 0.8 - 3%
’!Br 0.5 to 2% 15% * 105\ 2.91(7) 1.7(9) 52.9% 013-2%
HOTe 0.6 to 1.7% 100% * Br | 05440100 | 304014) 0.5% 0.5 - 2%
1407 0.1to 1.3% 10% * 136 17.67(9) 1.37(5) 3.6% 0.6 - 1.7%
PiTe 0.2to 1.5% 5% P, 2.50(5) 2.91(16) 5.5% 0.2-1.5%
83As 0.8 to 3% 60% My 0.590(16) 7.88(43) 5.5% 0.1-1.3%
86 As 0.2to 1% 12% 23 864 0.944(10) 34.5(9) 2.6% 0.2-1%

J. Liang ef al. Nuclear Data Sheets 168, 1-116(2020)




mé;é [ER = Fe = 01 7 X b Experimental methods to measure Pn

1) Ion counting
Ny
N ion€n

2) Neutron-beta coincidences

N, _ge€ N,
Pn_nBB: B

B Nﬁgn—ﬁ N,Bgn

3) Combined with vy rays
_ Nn Bi’gﬂ’

P B Neutron detector are hard to calibrate
N y &y B None flat efficiency for neutron and 3 detectors
B Neutron and huge 3 background induced ambiguities
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8,3 MEEF Fell = i ki Principle of 2He neutron counter
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Polyethylene

moderator
ISOL beam 3He neutron counter
180 [ 3 R LR R AL IR R ALY R R — “He (n, p)
: 1 3 —— 5Li(n, t)
w % S3He+n—3H+ H + 765 keV _ - —— 198(n, a)
140 — -; 2 — —— 'H(n, n)
- |3 E .
g s E i
g 100 (I3 5 ~
2 - - 8 E? = ©
o (& g =
80 I |= — =
SE - - \
60 —| \2 -
40 E__ low energy plateau —E 1
- it 10-
20 — ’ —
o:J- - . T N L 10-29 817106105104 103102101 100 10l
0 1000 2000 3000 4000 5000 6000 7000 8000 107101077107 107107107 10~107 10Y 10

Channel number En / MeV
Neutron lose much of their energy and time information in the process of thermalization
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mfé £ P A e LT Known 3He neutron arrays
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Facility RIB Neutron Isotopes for References
array example
Lgll;lliN ISOL LOENIE Y, 136Te JINST 7(2012) P08029
0155?5 ] ISOL TETRA 81.82Ga NIM A815 (2016) 96
83,84 NIM A836 (2016) 122
ORNL ISOL EANDSE Ga PRL 117 (2016) 092502
GSI-FRS Pm]ecmef BELEN-30 | 210211Hg 211-216T]| PRL117(2016) 012501
fragmentation
: Projectile 81.82.84.87¢. 80 NIM A925(2019)133
BigRIPS fragmentation BRIKEN S92 Ga, Pn PRC100(2019) 031302(R)
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g: MERF &l R : R
mm’f S i T LOng-counter with ENergy Independant Effificiency (LOENIE)

CNNC

Inner ring: r,=8cm SHe tube:
Outer ring: r,=17cm pressure: 10 atm

Ge detector neutron
shielding

moderator

IHe
tubes

plastic

tape scintillator

system

tape vacuum

chamber

18 3He tubes
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§3 nEEZERTHAR Performance of LOENIE
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i \oJ
T

ptal

Calibration: constant efficiency is achieved of 23.1£0.3% for 0-1 MeV R
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(a)
°He counters with
preamplifiers
placed in high-
density N
polyethylene NN

990dH

Beta detector

linked to photo
multiplier via light

guide

More counters can ~
be used ‘
Collection point

Schematic view.

¥ Photo multiplier

*He counters
With built-in
preamplifiers

Cavity for the light guide

4 counters are removed
to allow the light guide from the
scintillator to the photomultiplier

SHe neutron array TETRA
80 3He tubes in four rings;
500 X¢32mm, 7 atm

The 3He long-counter TETRA @ ALTO ISOL facility

Overview of the setup.
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Performance of TETRA

70

total

60 |

50 |

40 inner

-
-
I-,-h
-
-
30 | -
h.
"

‘ﬁ

=5

-
-
-
-
-

20 IRER

10 ;

-
- -
lu—-ul---l-—l-—n—--llii

Time difference between two consecutive En, MeV
neutrons emitted in spontaneous fission of 252Cf
Thermalization: typically less than 200 ps NIM A 815 (2016) 96-103
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BELEN progression

» The original planned neutron detector for DESPEC consists of 44 3He counters arranged in 3
crowns. To be combined with AIDA, but ...

g
.

Neutron detection efficiency (%)
& &
|
|
i
/
/

L .

-
o
1t

10°? 10" 1
Neutron energy (MeV)

40 counters @ 10 atm UPC (refurbishment)
10 counters @ 10 atm GSI
60 counters @ 4 atm JINR

Hyperfine Interact (2014) 223:185-194

BEta deLayEd Neutron detector (BELEN)

Experiment Theory Experiment Theory
%Kr 0.3+0.1 0.44 0.55
Py 1.48 +0.02 0.93 25405 3.7
1002y 0.71 +0.03 0.29 1.84+0.6 0.9
101y 0.40 + 0.02 0.14 1.5+0.5 1.4
102ey 0.29 + 0.02 0.18 40+ 1.5 1.6
103y 0.23 +£0.02 0.08 8+3 4.6
104y 0.18 £+ 0.06 0.035
1057 0.6 +0.1 0.095 0
104¢Nb 5.0+0.4 2.07 0.06 + 0.03 0
15NH 2.84+0.1 2.73 1.74+0.9 0.26
106Nb 0.9 +0.02 0.15 45+0.3 027
107Nb 0.30 £+ 0.03 0.45 6.0+ 1.5 3.7
108Nb 0.19 +0.02 0.23 6.2+0.5 11
19Nb 0.19 £ 0.03 0.28 31+5 26
HONB 0.17 £ 0.02 0.19 40 + 8 20
109T¢ 0.8 +0.1 0.42 0.08 £ 0.02 0.02
1107e 0.78 £ 0.15 0.25 0.04 £+ 0.02 0.075
HiTe 0.29 + 0.02 0.235 0.85+0.2 0.53
127e 0.29 + 0.02 0.26 1.5+0.2 Tl
137¢ 0.17 +0.02 0.13 2.1+0.3
1147 0.15+0.03 0.08 1.34+0.4

& 9 3 B % By Department of Nuclear Physics



2,3 e Upgrade for RIBs@CIAE

Target Mass separator Experimental HI-13 Tandem

Concrete [k
shielding»'

I First stage
Separator

100 MeV
Cyclotron

Q3D
Spectrometer o

¢ 100 MeV proton cyclotron, Kilowatt Target-lon Source assembly
€ Charge Exchange cell + high-resolution ISOL
€ HI-13 Tandem for post acceleration

& ® B 5 Py Department of Nuclear Physics




g R e = M7k Recent Beam development (@BRIF

ARSI e ) o > >‘

ﬁ:‘ -~ i 0 : Target
g% Microporous U ; P

‘;—""_’.0 )

N S :
e Ao G N TR CaO SRR SR Surface IS

4

MgO 20,21,22,24.25Ng Surface IS
SiC 6N, 27Al, 20-25Ng FEBIAD
UCX 88Rb,90Rb,14OCS, 142CS FEBIAD

Progress in Particle and Nuclear Physics 145 (2025) 104188

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

Beu lng Rare ISOtOpe | I’-[ ‘g[i\'] | .'_R’ journal homepage: www.elsevier.com/locate/ppnp
Facility (BRIF)
Review

Nuclear physics at BRIF
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mﬂfﬁl CHINA INSTITUTE OF ATOMIC ENERGY

» Silicon box for 3, two175% HPGe for y
» two DSSDs for a particles

» Simultaneous measurement of 3, vy and o
for triple coincidence

» Implantation rate: ~1.5x10% pps

B B ® ¥ A P Department of Nuclear Physics

Counts / 1.5 keV

Counts / 2 keV

Counts / 2 keV

1000 2000 3000 4000 5000 6000

E [keV]
10" F & 2 3 b :
2 3 (b) 1
1 O6 LA/:_?\‘I’\ :',_. a:‘c'a = -§
10° ‘\«\LM;,; 1
10* T — )
1 03 1 1 | 1 1 1 1 | 1 1 1 1 | 1 Il 1 1 | 1 1 1 1 | 1 1 1 1 i
1000 2000 3000 4000 5000 6000
E [keV]
10° - (c) 4
10277 +1634 11262—+0 ]
1 03 ‘l 1262+ 1634
= 9875 +1634 EL;_ A | ,L,.«,J
10 10887 +*163- qk

6000 7000 8000 9000 1 OOOO 1 1 OOO 1 2000
E  [keV]




& DERERZHRR Direct observation of f—y—a exotic decay mode
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2%:T=1 447.9ms

4252 (a) E,gate: 640-780 keV Y. B. Wang et al. PRC 103, L011301 (2021)
4655 : 20N 3

1+ 12367 0.0016  3.82

11870 0.0023 4.81
11300
11262.3 0.157 3.84

11258.9
9626.1

4542
||

F

9250.8

>
)
S ; L. | 3 6130 10886.8 #D.Dﬂ,‘? 4.80
s (b) E_gate: 1125-1255 keV 6130 o T 108415 0155 118
~ T 4 _ <2 10582 _0.085  4.77
8 2 © S @i 10276.7 _2.87 3.18
. 0 < 98745 0.022  5.87
8 0l || ' | . | . | ||| | ||| l ' . 9488.5 ;IJ.BD? 1.96
, 8770 0.034  6.30
4 s (c) E_gate: 1520-1640 keV | 78318 “0.69 =10
- 74235 _16.1 4.19
2- 6720

5787.7 _0.0016 8./3

0- | E 56214 ,<0.0029 >8.5
3000 4000 5000 6000 7000 0% T:BIIlr 0 M 4968.0 L0114 710
E [keV] 16() 401

- p— 3 M~

1 : : | - o
2 T=0 | | ~ 16337 793 4.9

WAPEE. o« AREWENRE % Al 0*: T=0 ‘ 0
1000 2000 3000 4000 5000 stable

E, [keV] 20Ne
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778m PN LArge Module BGO Detector Array (LAMBDA) B feeding of *Rb

a0 & ~
T %2Rb Sooea o SoiF i i
Q&ﬂm S5seoy’ EUN Ex (keV) Branching ratio (%)
TR AT nws;  [LAMBDA [MTAS | ENDSF
omen oo g || || TSR o8 e V"
:%?gi‘g/%w_“.%i’ié% |t J N EQE@%%E:;% 0 778 782 7651
13.3% 68 _3 N ]Q%_g G"D’ 2134'1350‘1”8 1836 42 422 494
3% - S =135 0,78 ps
& 2734 13.0 12.8 13.59
° S 3218 1.10 1.06 1.038
3486 0.00 0.02 0.016
78.0% 9210+ 9 table 3524 0.04 0.03 <0.003
88g, N 10k
38 £ 3634 0.01 0.04 0.005
= 4035 0.02 0.014 0.0137
g 't 4224 0.10 0.008  [0.03
Measurements were done E 4413 0.21 0.47 0.254
S 10°f 4514 2.20 1.87 2.319
for 88Rb,%0Rb,140Cs, 142Cs o
4742 0.23 0.22 0.178
10! 4845 0.41 0.59 0.401
4853 0.81 0.46 0.726
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&8 nERzEnzHRER Long HElium-3 Neutron Array (LHENA)
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long *He neutron array for
B-delayed neutron emission
probability (@BRIF

» GEANT4 simulation

> 3He tube testing

] — e B T —— —
o S N NN U AU S B B — 0. MV}
o 12/12-50 0 — ooy
[ [ [ — 0. 3MeV!
o i i ’ ‘ ‘ —— 0. dMeV!

(3) —— 0. 5MeV

&2
&)
T

— 0. 6MeV"
0. TMeV!
— 0. 8MeV

©
=)
T

= 0. 9MeV
— 1MeV |
— 2MeV

b
2
T

—— 3MeV
— dileV

N ey
’ :_\ § L ey

6MeV
N 3 P 8ey
. P aMey

[ %"—_‘“ NS e
o

Efficiency (%)
-

—
wl
T T

=
o
T

. * ; : & —lllvic\’

g

0 150 300 450 600 515:1:3:3:53

Channe | s T . 3 4 l 5 6 7 l 5 9 1‘0 i 11 21 3He tubes, 800x (|)25.4mm, 4 atm

[}
<
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mé;é P Calibration of LHENA with >'V(p, n)>!Cr

IV: 100 pug/cm? )
Ta backing: 1 mm 1n thickness @ 7
Ta backing: 15 mm in diameter s 6 v

Room

3 MV Tandem accelerator (@Sichuan Univ.

& 4 B B 7 By Department of Nuclear Physics



>1Cr by GNAS: Gamma-spectrometer for Nuclear Activation Study

27.702 d

@

15 cm ordinary lead § %
A — 240 1

CIn 10w DACKZround 1¢a (e. QEC=75273
5 ¢m oxygen free copper )
Well type HPGe detector 184 ps 52 N 320.0852 _9.88% 5.9
Reserved nitrogen gas entrance

stable 712" 0 9012% 54
51
23V
€ =n'/n 0= 7 y from the decay of °'Cr
n - g using a well-type HPGe
10° =
§ s«».,_
N ny eMw At = i
R — . — - — ) :
B -n3g 1—e AMe 1 —e A oL i
| ' . i . ' |
S OO o o 11 111 11
1000 1500 2000

2500 © 3000

o

Min-Hao Zhu, You-Bao Wang* et al. Nucl. Sci. Tech. 36:182 (2025)

Energy [keV]
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& vERzEnTRRR Very neutron rich isotopes at HIAF

M&EE CHINA INSTITUTE OF ATOMIC ENERGY
CNNLC

2 Nuclear Chart: maximum ppp for ground state nuclides (Projectile F ragmentaﬁorf”) at HFRS (dp/p=4%)
g il @ , file: PF_FissionIFN_ppp_extended.txt
Y I P e 1] " W stable Ciiijeaei e 8 Nuclide with half-ife boundary information but unknown mass (235), NUBASE2020‘7’
N S N M ppp>1e9 (sg) (LTI SE -
YA & " esring 12 | A Discovered nuclide with unknown mass (790) NUBASE202
\ N / mng § - ! !
RPN S /) 1 B8 o7 <pop <168 (239 ] psarved mucide (NOC 25277 |
A \ = m;ﬁ ) ] = B 165 <ppp <fe7 (647) E] mscovered nuolldé (20228f% - -4 - A= 4 Sl
7/ \ B it =i : : = >
O 3= 15 <pmp<ites (4080 41 14 Nuglice preciced to be exsted” =1
&y \ @HSHERRLHERS = % PR i e A 5 St S S e S e e o L NS S e o - o\t o e L
/fl HEEBRing %%ig;g?iwwk 111 54 161 Sppp<1e3 '(329; : New isotope (ppp>1e -5); '496 ! 1; 1
b \ e e g B 1°'1 <pp" <tet (293’""'- Newn‘rich"zh""“‘“" e
B 1 DB REARR |- l i ' :
\\\‘i\\u , :” . Or—mbsxﬂfﬁfgﬂmum ’,. ,16'3 'Sppp < 1e'1l (276) -‘Ne_wp_!lgh. 217— “ :Pb( \ = :- <3 :_ =
S~ : = i l e < ppp< 1e-3 (295) Vi i
R e - 0 8 ~ : 2 ' : )
~N —— B it ft:;l'ie-7 .snppﬂeﬁ (212) --------- : ,
’ Q4 AF @ s SR | - SN
et Linac HBSECRIE ey “\)_\ i sl >

s

%:
‘;“8- 27,
p ‘ﬁ‘ .

£

)

& "_' 7% ! AN
TN MNUMm

g | [pengy et Ehs Astt BIS I AT i et all. |
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& nemzenennR II

BRIKEN @BIGRIPS

Main characteristics (gas volume and pressure) and number of the different types of>He

tubes used in the BRIKEN neutron counter.

Type Length Diameter Pressure Number
(mm) (mm) (atm)
RIKEN 300 25.4 S 24
UPC 600 25.4 8 40
ORNL1 609.6 25.4 10 16
ORNL2 609.6 50.8 10 60
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e :REACLIB-Exper.

PHYSICAL REVIEW LETTERS 134, 172701 (2025)

Neutron emission probabilities
and half-lives of 37 B-delayed
neutron emitters from Ni to %2Br
were measured at the RIKEN
Nishina Center in Japan, including
11 one-neutron and 13 two-
neutron emission probabilities
and six half-lives for the first time
that supersede theoretical
estimates

:REACLIB-Theory
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Nucleus Ty, (ms) P, (%) P, (%)
5Ni 331.8(32)" 6.20(83)

TN 234.7027) 8.78(82)

TIN{ 158.4(44)" 18.4(15)

8N 122.2(51)" 25.8(38)

7%Cu 637.5(80)" 6.65(55)

7ICu 469.8(20)" 30.8(13)

8Cu 331.7(20)" 40.2(15)

Cu 241.3221)" 59.9(24) ‘o
80Cu 114.0(24) 56.5(28) <0.55
81Cu 75.8(38) 71.1(57) 2.2(13)
97n 839.1(75) 0.62(17) e
807n 562.0(30) 1.10(12)

8171 303.731)" 18.88(73)

8271 177.9(25)" 61.4(25) ce
837n 99.7(30)" 57.4(29) 2.17(44)
8471 53.6(81) 64.0(59) <2
82Ga 600.9(20)" 25.2(11)

83Ga 308.4(10)" 84.7(44) e
84Ga 92.70(70)" 37.3(22) 1.61(13)
85Ga 91.9(12)" 71.2(25) 1.90(16)




% omszenzuns || Summary

» HIAF provides exciting opportunities for the study of B-delayed
neutron emission for very neutron-rich nucle1 of nuclear astrophysics
significance.

» In some cases, BRIF could provide benchmark measurement and
cross-check.

» Need to learn from BRIKEN experiments and start the collaboration at
HIAF 1n time.

Thank you for your attention!
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