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Beta-delayed neutron

emission is an exotic
process that occurs in
neutron rich nuclei
whenever the neutron
separation energy in

the daughter §, is g
smaller than the
available decay energy
window Qg

Precursor Final Nucleus

Beta-delayed multiple neutron

emission can also occur
whenever §, , S;,, ... are
smaller than Qg

A-1,Z+1
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Measured P values versus expected
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Nuclear power reactors: delayed neutron fraction

* Some fission products are n emitters
* They contribute with a small fraction (3<1%) to the total
number of neutrons in a reactor

* They are however essential for the mechanical control of
reactor power

Fission yields as a function of A

S0 910 lf’? 13Q140 Prompt neutrons vs. delayed neutrons
U-233 : ln'n\ Pu-239 - Isotope fission cross-section  prompt neutrons  delayed neutrons

‘ \ 0.025eV / 2MeV 0.025eV / 2MeV 0.025eV / 2MeV
| | ggzﬁ;gu .. 239 235U 585 /127 242/263 0.0162 /0.0165
I".I 4% 238U 0.000027 / 0.57 2.36/2.60 0.0478 /0.0478
", 233U 531/198 248/263 0.0067 / 0.0077
239Pu 747 /193 2.87/3.16 0.0065 / 0.0067
241Pu 1012/176 292/321 0.0160 /0.0160

Thermal energies



The time evolution of delayed
neutron fraction is represented
by six (eight) “groups of
isotopes”

The group parameters are fissile
nucleus dependent and neutron
energy dependent

They are obtained from integral
measurements

The time evolution of
reactor power after sudden
variations of the reactivity p
is modulated by the delayed
neutron fraction
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Mean
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Average half-life of the

Delayed neutron

precursor nuclei (MeV) group [s] fraction [%]
i 235U 239Pu 233U 235U 239Pu 233U
1 87Br, 142Cs 0.25 55.72 5428 55.0 0.021 0.0072 0.0226
2 1371, 88Br 0.56 2272 234 2057 0.140 0.0626 0.0786
3 138I, 89Br,
043 6.22 560 500 0126 0.0444 0.0658
(93,94)Rb
4 1391, (93,94)Kr
0.62 2.3 213 213 0.252 0.0685 0.0730
143Xe, (90,92)Br
5 1401, 145Cs 0.42 061 0618 0615 0.074 0.018 0.0135
6  (Br,Rb, Asetc) 0.23 0.257 0.277 0.027 0.0093 0.0087
Total 064 021 026
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Microscopic summation calculations of v,

A more fundamental and generic

approach to the estimation of B Number of delayed

Microscopic summation calculations neutrons per fission
lack still the accuracy of Keepin six- .
group formula 17d — E Y - P
Reason: inaccuracies in fission yields - LT

Y and delayed neutron emission
probabilities P,

Improvement of P, values and
comparison with integral

Can be used to identify P,
values that should be

_ revisited
measurements can constrain Y
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Astrophysics: The r-process
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R-process: A short and very high neutron flux
(n,>10%° g/cm3) produces very neutron-rich
nuclei by successive neutron captures in a
short time, which then decay to stability.
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Importance of T, ,, and P values in r-process nucleosynthesis

e The -decay half-life determines the
speed of the process and shapes the

~ abundance distribution

e The delayed neutron emission
probability modifies the abundance

- distribution modifying the decay- path
back to stability and providing fresh
neutrons for new captures
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Comparison of global calculations: P

How reliable are the calculations?

Moeller+, PRC67 (2003)
055802: FRDM+QRPA
Marketin+, PRC93 (2016)
025805: RHB+RQRPA
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cge s F =100 IX(A) — Xp(A)]
Sensitivity check: XA:
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Cross Section (barns)

Measurement of P values

The best method is by direct detection of the neutrons emitted
Neutrons are neutral particles thus their detection require the
production of electromagnetically interacting particles
Reactions used: nucleus scattering, charged particle producing
reactions, radiative capture, fission

A useful reaction is 3He(n,3H)'H, with Q=+764keV which has a
large cross-section at thermal energies

S e * 3Heis a (rare) gas that
i can be used as the
R sensitive gas of

— [ proportional counters
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 Moderation of neutron energy by scattering on hydrogen is
very useful to thermalize its energy

Cross Section (barns)

— 1H(n elastic)
—— 2H(n elastic)
2C(n elasti

— 208Pb(n elastic)

10° 102 10® 10 10 108 " 10
Energy (eV)
Nucleus 1-a g N

H 1 1 18

2H 0.889 0.725 24

“He 0.640 0.425 41

12C 0.284 0.158 111
S6Fe 0.069 0.035 500
208pp 0.019 0.010 1823

N: cum

| E }
LEO max

Maximum energy loss: 1-a

Slowing down parameter:

2
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Moderated neutron neutron counter

 Array of 3He filled proportional tubes inside a neutron
energy moderator polyethylene (PE) matrix
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Experiment at ISOL facility: production and selection of isotopes

JYFL Accelerator Laboratory JYFLTRAP Penning trap:
iIsotopic purification

IGISOL separator +
ion guide source:
refractory elements

p(25MeV) + Th => FF
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Experimental setup: 30keV beam implanted on tape
BELEN-20 detector Si or plastic detector for 3 c-JIetectlon
20 2.5cmx60cm 3He tubes @20atm ° HPGe detector for y detection

v ) e 30 4‘

W
“ N \ ‘\\

| 3He counter |

I A |

tape n <\/\)
N\ |‘|Si [ ]
O \% HPGe

polyethylene

500

v - ba C kg roun ‘g'» Bt S

A
v

800
Neutron background shield: 20cm PE

Self triggered DACQ:
-Time-energy pairs for every
neutron or f

-Clean noise separation
-Minimum dead time:<0.5%




Data analysis

To obtain P, we need to count the

total number of decays and the

number of decays followed by n

emission

For this we count 3 and n or 3n

coincidences

We need to disentangle the
counts from the nucleus of
interest from other nuclei
For this we measure grow
and/or decay curves of the
activity and fit with
appropriate solutions of the
Bateman equations

Nn = gnPn dec 8n Nﬁ
_, — —
= ——
NOTE: average E4E, Nﬂ
efficiencies over
all transitions
h1
Integral 5.891e+04
- x2/ndf  264.8/173
S, LeS 1034 +4.7
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Solution of Bateman A / b, A, / b, ; lm\./ bmi,mN /1,,1\

equations from Skrable et al., A% N ]}]2 NN\ T
Health. Phys. 27 (1974) 155) p p
1 2 m
Equations:
dN
L=P-AN
dt 1 A’l 1
dN, _ P, + Ab N, — AN, Activity:.
dt Al (t)=g,A,N, (1)

Solution (number of nuclei as a function of time):

m m-1 m 0 -Aj I)l 1— —Ajt
0. 0- 3 [Tp p S| 22— (1=e™)
AT e-2) A 1T (B-2)

k=i k=j k=i k=




Determination of average
efficiencies (nucleus dependent):
source of systematic errors
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Experiment at fragmentation
facility: production and
selection of isotopes

345 MeV/u 238U + °Be(4mm):
fragmentation/fission
AE-TOF-Bp method with track reconstruction

Measure AE, TOF, Bp @ 2" stage
l+ isomericy-ray Z<« —dE/dx=f(Z,p)

B
Z, AIQ 4/9=—F
\ yBm, AE: MUSIC, Si
¢ IS m Y- . G
{? Target Bp: Track reconstruction‘ omer y-ray- =€
% FO l
A Beam dump PPAC x2 Wedge
o % f Wedge  PPAC x2
|
Q

BigRIPS spectrometer

Plastic scintillator




Advanced Implantation Detector Array (AIDA)
e Stack of six Si DSSD
* Size: Immx72mmx72mm
e Granularity: 128x128 pixels (0.51mm strip)
* Low gain (implant) and high gain (betas)
preamplifiers
* Total data readout DACQ (1536 ch)
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* Implants and betas are distinguished by Implant position
the energy released in the detector distribution
 Betas corresponding to each implanted o 2o

ion are associated by spatial correlations
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BRIKEN neutron counter Tarifeno+, JInstr1(2017)P04006

Hybrid setup:

- 140 3He tubes
(4 types)

- 2 CLOVER HPGe
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Merging of data from 3 independent
BRIKEN Gasific70 DACQ:  PACQ:

e 3He tubes, CLOVER, v ; Y
ancillaries

e SIS3316 and SIS3302
digitizers - Raw data

e Self triggered,
common clock

TTree

TT[ee

“Nearline”

A ) 4
= i \ N\
o “\& \ % :\N p— . v
dy 7 AN RN ==l ~ B

Agramunt+, NIMA807(2016)69 analysis



2D PID plot of implants

Data analysis: 236? o

 Each implanted ion in AIDA is sl »
identified using the information : (0.0 0 :923‘\5
from BigRIPS in prompt s %Ga enga
coincidence o P 852n

 The associated B decay is assigned FEA - i Q;u
to the identified ion on a i s @ b)wc()
statistical basis from implant-f3 - i};ﬁi;:i;:,ﬁ pik o
space-time correlations (delayed S | /635 29

coincidence) Implant-beta time correlations

e Random coincidences are g cT ST
1fi i 3 N, + 33.
qguantified from the backwards in 80 4490 + 33.4

time correlations " R SR
* Fitting with appropriate solutions ™~
of the Bateman equations serves
to separate parent from
descendant f3 signals 0 5 R

P

5000 uncorrel. background

parent  descendants
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e Adding the condition that _

- Tig1n

1, 2, ... neutrons come zomo - Ts1n COrTected
within ~200us of the 3 we oo -
obtain the implant-p1n,
implant-f2n, ... time ST T T T e
correlations F

e Random 1n, 2n, ... events -
contribute to the implant- o Tigan
Bxn correlated background b Tipan COITected
and must be corrected wE

* 32n decay contributes to N, (1)=€,P,Ny. +2¢,(1-£,)P, N,
the counts observed in N, (1)=(e ) PN,
B1n correlations and |—¢
should be corrected tnam (1) =2 - N,, (1)




 To disentangle parent and
descendant contributions
we fit the time spectra with
appropriate solutions of
Bateman equations

Fit functions:
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Decay pattern can be quite

complex far from stability
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