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The highest neutron flux in

Western Europe

v In pile irradiations
of radioisotopes

v In pile target
experiments

1.5:10"° n.cm-s-

P v World’s highest
[N - neutron flux for
ReEs o \«.;; 1 in-beam experiments
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The lightest radioactive beam...

Storage (« bottle ») vs he neutron lifetime puzzle

in-beam measurements oo T e s bt
L]
Ultra-Cold-Neutrons " . ]
experiments @ ILL |
n lifetime - e [t .4
A.P. Serebrov et al., PRC97 (2018) 055503 - : 1
Search for dark energy 1 . | New UnCrau ros

T. Jenke et al., Nature Phys. 13 (2017) 920 1990 Aop A6 20D 2021

Gravity-resonance spectroscopy with neutrons

https://www.quantamagazine.org/
ULTRACOLD NEUTRONS FORSCIENCE  T. Jenke et al., Nature Phys. 7 (2011) 468 P 9

Mtislentty M. Tanabashi et al. (Particle Data Group),
Phys. Rev. D 98, 030001 (2018) and 2019 update "ll
T. Jenke, S. Roccia, ILL THE EUROPEAN NEUTRON SOURCE NEUTRONS



Neutron guides and

the in§truments @ ILL

DS _

Coated with Ni or multilayer

= ILLinstruments
— juimtly funded instrumenss

= C[AGinstruments

° HS @ ILL
T 71 O cum triple guide
== > 9 Neutrons can be guided
H““:}}Iﬂi;%%’ £ ! with little losses over 100 m
gE— — % Clean slow neutron beams
- %g% %%ﬁﬁ mmmmm (bent guides) '." :
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Why using neutrons?

"Slow" neutron-induced reactions

A+lx*
ll Y

cold/thermaln @ — . %. B, (¥4-10 MeV)
(n,y) on stable (rare)/radioactive targets

0 MeV

=>» close to stability
=>» structure at low spin
(below n-separation energy)

=>» cross-sections (applications)
27Al(n,y) : 6=0.2 b

157Gd(n,y) : 0=2.5e5b
®4Ni(n,y) : 0=1.5b

(n,fission) on actinides
=» structure of n-rich nuclei

(far from stability) > .‘

U

=>» fission yields and dynamics

&|  241py(n,fission)

62 1% of total fission yield
m 0.1% of total fission yield
8 0.01% of total fission yield n

236-A-N, X

.."'fu
L
N, =2.4
8. .

A

'
~r—process

38
|
3| N
|
_xul ',.-78Ni

235J ; 5,=585 b
241py : 6,=1012b
245Cm : 6,=2141 b
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N
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High-resultion y spectroscopy
@ n beam

7 N
The Fission-Product-Prompt Spectrometer (FIPPS) 'él Ahsneipes (Ry)

B.C Pb

Pb
710° ;-u.un»éw- W | Mee——: D) A 5 o
d=25mm ¢ g
1<

220m

.
e
&

thermal neutron beam: 108 n/s/cm?2, d=15mm

- digital electronics,
list-mode
(~10kHz/cry, triggerless)

- tight casemate for

handling of

radioactive targets

Possibility of additional clover detectors+ACs
(up to 16), LaBr3 (fast timing ps lifetime

8 HPGe clovers ; o measurements), ... =
‘G clovers + ) F//{
segmented anti-Compton shields (ACs)

C. Michelagnoli et al.,, EPJ 193 (2018) 04009 NG STy



Targets for (n,y) experiments

g « Standard »
' targets sealed
in FEP bags

i T iy nﬂmnn
N pry oy
Hold in place by PTFE wiring

TWIWHWTWWHHH

2 mg metal ("2Ti) 120 mg powder < 1 mg powder
" ’ W ‘ ™

o*N ~ 2 mmol*barn |'

Li target holder for

scattered neutrons 3 g powder (13C enriched)
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Test of realistic SM interactions

205T|(n,y)2%6TI —first FIPPS experiment (Dec. 2016/Jan. 2017) 2108 data from EXILL campaign

N. Cieplicka et al. Phys. Rev. C 93 (2016) 054302
N. Cieplicka et al. Phys. Rev. C 94 (2016) 014311
M. Jentschel et al. JINST 12 (2017) P11003

»

208pp "frozen" core 2057 2067y

oom | o
° 9. 9. (0 1—— B, =6.5 MeV
TN S aoom l . l,=108n/(s-cm?),c=0.11b

o | posoooon ptsoaon v . 1.9 g of 2%°T1 (99.9% enriched)
+ 2 particles (holes)

# protons

. ~
# neutrons 10 days
0 0 MeV
""Bi Branching Ratios “TI Branching Ratios
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0.4r 04 [] I |:| 206T| Shell-model realistic
0 0 - calculations
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N. Cieplicka et al. Phys. Lett. B 802 (2020) 135222 THE EUROPEAN NEUTRON SOURCE NEUTRONS

FOR SOCIETY



12000 ® 320 L 320 2599 keV coincidence energy spectrum
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Nuclear shape isomerism

Pioneering evidences in light nuclei —(n,y)
on 93Ni radioactive (2GBq) target @ FIPPS+IFIN-HH
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Ca isotopes: playground for
many nuclear theories

Nuclear Landscape H. Nam et al., JPG 402412011

The Hybrid Configuration Mixing Model (Milano) Particle/hole core couplings

H = Hy+V, ‘
ML,
Hy = Y ejal ajm+ Y hwnsThpTnam, PN
im NIM
V=Y 3 h(mijim', NIM)am [a; o Tl J].
Jmj'm! NJM Jm

G. Cold et al., Phys. Rev. C. 95, 034303 (2017)

FIPPS

S. Bottoni et al., in preparation

EXILL
“Ca(ny)ica | Calny)*Ca o
2Ca(n,y)sCa 2 MBq radioactive target

46 47 .
& | 40Ca  41Ca | 42Ca | 43Ca | 44Ca Ca(n,y) Ca (13% of the enriched
T e #Ca(n,y)®Ca  BCa(n,y)**Ca 41Ca existing on earth)
S. Bottoni et al.,
| | submitted to Phys. Rev. C. 44C a(n y)4.5C a

N 2 ' F /|
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161Gd spectroscopy @ FIPPS

Common interest for fundamental research and radioisotope production

$,=5635 keV

164 keV
160Gd(n,y)11Gd, 50mg target, 30 min data

Gate on 2057 keV

* new

IGOGd(n’v)161Gd

160Gd(n,y)1%1Gd cross
section measurement and
161Gd gamma-ray
spectroscopy at FIPPS

7/ §
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Collectivity of the 2p-2n

intruder band in 116Sn

Llfetlme of the 4+, state measured with the fast-timina techniaue at FIPPS

Excitation Energy (MeV)

Sn isotopes

“normal” configuration

“normal” configuration

statistics: 360 counts
FWHM = 43045) ps

3510 ps '|

Tew.= 42(14) ps

C. Petrache et al., Phys. Rev. C 99 (2019) 024303

2p-2h Band
U" >0.4 ps 0.64 ps oo . 20.2 ps m” ():
2 )l'._.: Jj 160 ps ai TAps >0.28 ps w05 12 ‘ &
o 44p — 10V ‘%,-‘;Z '7"'-’;7; ”-"5; 1757
2 B — o / / i 1o .lr'/i
. — 129486 | ¥
2112
” f
Structure of 0(3)+ states in Sn isotopes? § | 11egy
l;() 1:2 114 lllﬁ liH l‘.IZH 1;2 0f f '
Mass Number, A Strong m|X|ng’
M (a) Experiment | ; v "’(I:)\sdlBl\-l-Z with mixing 1 intrinsic excitations of both
(000 - - Ol F=H 6? S . . .
A | l L =R g = configurations coexist at
I‘ ‘I | comparably low excitation
o ml N energies in 116Sn
000 : "'n'l;l’l"l(l;I configuration 100 "'l"l;l'l'lti” configuration
00 124(9) - CSNSM, Univ. of Guelph, IKP Cologne collab.
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Gamma-ray Induced DSAM

GRIDSA : Femtosecond Lifetime Measurements with Germanium Detector Arrays @ n beam

Results for different 3°Cl transitions
Short Lifetime Long Lifetime 00—
(shift observed)  (NO shift) | Ol ——
300 + 1959 keV Exp. —=
4y T =102(6) fs
ol 1 200 el ¥ 3
' ’Ej‘ / e 1601 klvizxg.
b',‘ e £ s L8 Yol T=623(150) 15 -
\ b . Z = :
N | B s —
\Ql“‘- t} ) T T
‘i P L) \ai g o 100
{ L\ .
l‘ }h. - "\! -200
o |‘ " -300 e .
EBY/ BN 4 lifetimes in 38h !
Py —400 :
20 40 60 80 100 120 140 160 180
0 (degree)

Test on different targets (nuclei):
femtosecond lifetimes from NaCl (*¢Cl), Ti, O (*°Ti),

Ti metallic (*°Ti), NiF, (°°Ni),
two-step y-ray cascades Ni metallic (NI

i
. 16
F.C.L. Crespi et al. EPJA 56 (2020) 94 THE EUROPEAN NEUTRON SOURCE NEUTRONS



Gas target @ FIPPS

September 2020
Kr-nat, 10 bar, oy,.g3 = 198 barn

i pt
® @ 82Kr(n,7)83Kr —
® 83Kr(n,7)84Kr
< main bkg =
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F. Kandzia, M. Jentschel et al., Courtesy of F. Kandzia THE EUROPEAN NEUTRON SOURCE FOR SOCRTY



(n,Yy) on stable (rare) and
radioactive targets

175Lu | IKP Cologne

IKP Cologne o
176 .l.I | i
167Er Lu cea B. [ Chatél 2057, g
. s - -
NS - ILL 1 160G . Milan, Krakow
S = 205,206ppy
Milan, IFIN-HH, Krakow ? Tz 192()g | IKP Cologne

61,63,64N\|;
Ni 149Sm | AN-HH

} 146\

T Manchester
o Milan 145N d TU-Darmstadt
@]
+ 13
g C 115,117,119G
96,97,98,100 )
1 Mo Warsaw 99RY, 123125T¢ CSNSM, Univ. Guelph

41,42,43,44C3 | Milan 111Cd
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# neutrons lifetime measurement technique (gas target) = Milan, ILL '.ll
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There’s not a
nuclear model that
explains everything!

Need to collect
good data to
benchmark
different regions of
the nuclear chart
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Spectroscopy of fission fragments:

a challenge!

More than 150 nuclei emitting y rays at the same time (excited fission fragments and B-decay products)
First 23°U(n,f) campaign at FIPPS+IFIN-HH

66 ‘ am
62 1% of total fission yield 4

m 0.1% of total fission yield !
58 B 0.01% of total fission yield W

m

54 [
50
a6
a2
38

_~T8Ni

33 42 4 30 4 33 62 66 70 74 78 32 B 9% 9% 98 102 10
N

Fission populates exotic nuclei with
an « excess » of neutrons important for:

understanding of nuclear structure far from stabilit
modeling of the fission mechanism
nuclear properties along r-process path

70000

60000

# of counts
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40000
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20000

235U integrated gamma-spectrum
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| | | | I |

Finding a Needle
in a Haystack.
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Active fission target

FILL2030 postdoc project @ ILL
PSD (Pulse-Shape-Discrimination)

235y diluted in 05 i PTFE soace, Samitrion®
e 0 her
. . . . ) \ / .1 mm PTFE was)
liquid scintillator ~ »zmmsane _ 3 i

carbon fibre tube (2mm),
ID=T6mm

Al frame

Target cell

Light guide tube
(DF2000)

Lithium plastic/rubber

5 mm acryfic vacuum vandow

PR R

Sluulunlun

PMT target cell
00 6000
Mirror fail 45deq Charge
(aluminised mylar)
O~Iong
F. Kandzia, G. Bélier, et al. EPJA 56 (2020) 207 'll
21
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Counts (1/keV)

Example of B-induced
background suppression

132Te
y—y—y analysis (double coincidence gate on 132Te) - ./B
® ,
A2 ‘
5000 = — N — . .\’o
- I ] ]Coinc. w/ 97z]1 keV && 697 Ikev . . . ' N, =2.4
4500 = — FIPPS Metallic target (x0.3) 2351, 2367 . 50 ) :
4000 v iw — FIPPS Active target e . #
= A\ P 132 I <Y
3500 f— / Te P 3
= WV i32gp - > 1327 =
2500 — > m 102z
2000~ ° o p &z Also: increased sensitivity for
1500 - ‘ .0 * vy prompt-delayed coincidence
oo~ | U | |/ v V v "y = analysis
500~ | J i | h 1 l l I J 0 1 L. Iskra et al. PRC 102 (2020) 054324
00: st [ ' oA J'. -‘ "i. -'1’. i. ‘I- Nl ‘.h" n ORAE LYY ._i ALSAAD P ‘ sl
1
Energy (keV) ’.ll
September-October 2018 THE EUROPEAN NEUTRON SOURCE NEUTRONS
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Diamond-based fission tag

*  Single crystal CVD diamond detector (4.5 x 4.5 x 0.517

mm3) E - LOHENGRIN ight fission
‘o . e . 3199 test fragments
. Radlg’Flon harglne_ss, temperature insensitivity, high o | Heavy fission
mobility and lifetime for electrons and holes 80| fragments
*  Ability to detect fission fragments verified at the -
LOHENGRIN mass spectrometer at ILL =
Diamond v r 40:— Alpha particles
detector C
20_—
00 500 1000 1500‘ — ‘20'00‘ - ‘25‘00‘ =t ‘3000
ADC (channels)
FIPPS test
, SapphiL Ziconium ook Important development for heavier
foil e e
Teflon mask plate * actinide targets (e.g. 2*°Cm, not
G. Colombi, Master Thesis, Univ. Milano and ILL (2020) ~ applicable in solutions due to
Collaboration to develop a fission trigger for FIPPS radioprotection safety rules)

(LPSC/ ILL / IFJ Krakow / INFN Milano) THE EUROPEAN NEU. ..o .. oo

FOR SOCIETY



First test of a diamond-based
fission tag @ FIPPS . =

#Counts

" agged fission

\ events

G. Colombi, Master Thesis, Univ. Milano and ILL (2020) 120

100 —
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"
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Energy (keV)

Fission fragments detected by the diamond detector

* Enhancement fission events in the y—ray spectrum

V7 /4
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Going more and more exotic...

Gain of order of magnitudes in sensitivity for fission studies and
spectroscopy of n-rich nuclei using a Gas-Filled-Magnet (GFM) separator

HPGe array + fission fragment separator

Special geometry: H. Faust, Y-H. Kim, M. Thomas, ..
large acceptance and horizontal focusing

indipendent from the ion trajectory

—> Structure of very neutron rich nuclei

- Understanding of generation of
angular momentum and excitation
energy in fission

'Thales of Miletus, 600 bCea-a-

? v Pre-design studies
v'Instrument review(s)

' 26
THE EUROPEAN NEUTRON SOURCE NEUTRONS
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Concluding remarks

« Rich Nuclear Physics program at ILL using FIPPS+IFIN-HH/LaBrs
using slow-neutron induced reactions

« 235U(n,f) and 233U(n,f) with fission tag: new spectroscopic info on n-rich fission
fragments is now available trough multiple gamma-ray coincidences analysis
(data are open for Lol)

- bridge for the science program at FIPPS phase 2 (FIPPS+GFM)

Next ILL proposal submission deadline: February 2021
- “all targets can be used at FIPPS” (or, at least, many...)
- a fission run with 24°Cm is foreseen for April-May 2021

« The physics program and detector developments at FIPPS depend on your input!
Hope to see you all soon at ILL...

« ... or at least in Grenoble for the CGS17 or in Avignon for ARIS2020 'll
F



%"‘-.AR'S;:EJ;; Advances in Radioactive Isotope Science 2021

‘w.u- d:.' Si e .". e

5 — 10 September 2021 in “Palais des Papes”,
Avignon, France -
www.aris2020.eu ReE 'l{
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Future of FIPPS with gas filled magnet:
FIPPSII

Yung Hee KIM
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Overview

Motivation of FIPPS phase II

Conventional methods to separate n-induced fission fragment

Concept & design process of FIPPS GFM

Simulated performance of FIPPS GFM

/(4
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Objective of FIPPS phase?2

« Study more exotic part of
nuclear chart

-298
L -300
-304
<‘
Q \°
,/OA “ .
\
spheri

nuclear Shape co- Rare shape
Interaction extance/transition

« Rarely populated

-> Better selectivity of fission fragment _
needed y// 4

THE EUROPEAN NEUTRON SOURCE NEUTRONS
PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 10, 61476%'(2007)




Nuclear fission needs more study

¢ e Not clear! . :
(S ‘ Incident neutron o 80 year Slnce dlscovery
O - @& - & »  Source of electric power
" — ——  Access to very neutron rich
ompound nucleus addle poi nuc|e|

prompt y - prompt neutrons

24 &
== -- — - P No consistent model

MYa ¢
Scission point s _ description of fission
. i ; — How angular momentum is
% : Il].l]l%oﬂohlﬂxdmyldd..l generated?
3 Neutrons
5 | - 7 — How nuclear structure affects
i R N ; in fission dynamics?
§ lorr_\f Vst'atlc ,A ; [;* o : .. u
V o | ISIUC eye I:SIO m' re .’-’-m‘

I
2l A=
o ° . Pl P5T e % 0 ou o w e « 10N1'4 78 B2 86 90 94 9% 102 10 'll
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Objective of FIPPS phase?2

« Study more exotic part of - Complementary device

nuclear chart
-> Better selectivity of fission fragment

 New physics capability
e.g. Fission dynamics: how angular momentum
is generated?

->Kinetic energy of fission fragment

Die durchgebrannten Affen

Verse von Bilder von

” Hans Probst _,efe, . GartStorch St "ll

THE EUR esslingev JTRONS
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FIPPS fission tag

* Fission rate 12 kHz
* Coincidences PMT- y —v: 10 kHz
» Total: 1.5E11 fission tagged y — v coinc.

(36 days, Sep-Oct 2018)
* Fission detection efficiency: 85% (preliminiary)

* Fission mis-identification: 0.3% _ i
* B-mis-identification: ~0.4% b — 4 ' .

PSD [1]

1000 2000 3000 2000 E000
ot [a.u.]
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FOR SOCIETY



How to distinguish different nuclei?
“ L )

-
L ]
62! 1% of total fission yield 4
W 1% of total fssion yield
= N L% of todal fission yield L]
LN |
53 LN |
@il
Z
46
42
k-
n

M =
wl y

e 5
2% [l

M 42 4 S0 54 3 A2 6 TO 4 T OEZ OB6 S0 99 9® 102 10
N

> _

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



How to dlstlngwsh dlfferent nucle|7

Pr |<n1'nnp

700

1% of ttal fssion yield
W 1% of total fssion yield
B L% of todal fission yield

oy

-

- 2i Az .
S e

g _

B =2 & B & &

8
L -
)
&

Ey (keV)

E gamma [keV]™.

AR R PR S O R e R B

| Y/
142 144 146 152 154 '

A (Z - 59) N SOURCE NEUTRONS
MaSS # FOR SOCIETY



How to dlstlngwsh dlffﬁcgtoepent nuclei?

o ey e

o —

=

GG
! |G Disease Jf

g

B 2 ¥ B & & & ® 2 @

Egamma [keV]®. . . . .

Ey (keV)
Y
3
I |
BNE ARSI
AR N
;

B Sy 2r & o I A s T

separate only

o

MASS s v eoindidencesg o

% y . Difficult to “ ,
PR T ] withyray =

l l ™ T y y
$d :
- AR A k1§ S i N Ry

142 144 146 148 150 152 154



How to dlstlngwsh dlf

1% of total fission yield

L] I.I.I‘Bdlnhlm yield
N L% of todal fission yield L]

2 B % 8 & & 8 & 2 R %

Egamma [keV]®. . . . .

=

-

&

AT PRA IR R S St

<400}
g
=
w

142

ferent nucle|7

Pr |sotope

L T ]

GG
! G Disease Jf

i
Difficult to “

separate only

with y-ray =
N cemeldenceﬁgg 0

FOR SOCIETY



How to distinguish different nuclei?

235 +

D

Separate by mass of fission fragment!

/(4
THE EUROPEAN NEUTRON SOURCE

NEUTRONS
FOR SOCIETY



Objective of FIPPS phase?2

- Study more exotic part of * List of requirements
[1Large acceptance

nuclear chart (>50 msr & dp/p>10%)
-> Better selectivity of fission fragment 500d mass resolution
(<4 amu @ A=150)

 New physics capability [CKinetice energy detection

e.g. Fission dynamics: how angular (dE > sever_al MeV)
momentum is generated? [JEasy operation

->Initial energy of fission fragment

/(4
NEUTRONS
FOR SOCIETY




What solution is suitable for FIPPS II ?

EEEEEEEEEEEEEEEEEEEEEEEE
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How to select mass of low energy

fission fragments?

« v-E spectr%meter

Tstart @ Tstop
E

(A’Z’V) M

e E &V measurement

* M from simple principle kE=(y-1)Mc?,

v=L/t

 Electro-Magnetic

(A,Z,v) Vacuum
B-field i e
Q+3
(AZv)  Gas v
ﬁ _— - Br: s bg ~
S 0 72
B-field = o
 Q & V independent o
- ?J-ea!’g@ p@fﬁJC@ﬂGYL SOURCE l!UTRONS
08/01/2021 FOR SOCIETY

Br:% gl
0




How to select mass of low energy

fission fragments?

« v-E spectrc%meter

Tstart @ Tstop
E

(A'Z’V) ﬁ

e E &V measurement

* M from simple principle kE=(y-1)Mc?,

v=L/t

 Electro-Magnetic
M
(A,ZV) Vacuum Br=—byg

. t ‘t Q+1
B-field Q+2

Q+3
(Azy)  Gas v Y
ﬁ —— . Br: e bg ~

a
Bfield ™= ., & 7

* Q & V independent =y
'?J-ea!’g@ p@fﬁJC@ﬂGY,‘u SOURCE 5 ONS

08/01/2021 FOR SOCIETY



Separating fission fragments by its Mass using v-E
spectrometer

4000 ' Eaios =
Cosi-fa
g Lt} ] .'
\ . ) !
: BE | 1
N | " n
4 WS HEE
c AN
o . s 3 2000} Al it
T & (] a

! ]
L f
Al ' y V| | \ :‘
| u | { H
; [ 1} - ) \ /
a- neutron collimator g loading target room A | u‘ \ ‘ l ‘ ) \‘ ‘: |\
b neutron pipe h extension pipe for TOF ﬂ; { \ " U | ] u ¥
¢ beam catcher i axial ionisation chamber i 7 " ‘ /l ‘ [ X { 4]
"N
" s AAAN | { ¥\
d 2/10mm Al window | turbo pumps 4 i Dmﬂl“ INS ".4 vy ‘u‘__\.‘ J 1 \WAVAVAVATLP, W _‘\Cx_‘ e
e fissile 10rget % “start” coax twming detector et 2 " I\
2 D

- rarger holder I “stop  coax timung detector 60 8‘) "(

hght fragment mass (amu)

* First sucessful type Cosi-fan-Tutte from ILL dA=0.64 (acceptance 0.07 msr)
* Direct measurement of kE and ToF (simple principle & less cost)
A=2KE/v (v=L/ToF)
V//{

N. Boucheneb et al., Nucl. Phys A, 502 (1989) 261-270 THE EUROPEAN NEUTRON SOURCE FOR SOCETY
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Separating fission fragments by its Mass using v-E
spectrometer

- '\. g ‘»\.i. 1 f
"‘l“’i, ' W P \ w
A.J. Pollitt PhD thesis (2013), S. G. Warren PhD thesis (2016)

LARGE ACCEPTANCE?

STEFF, FiFi used in ILL for fission but dA>4 amu (FiFI dA>8)

« Uncertainty from energy loss, angular straggling.

- Difficult to have large acceptance with Ge-detector array "ll

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY




Separating fission fragments by its Mass using v-E
spectrometer

TRIM simulation
e ans=21'328n 70 MeV 1p um Mylar foil

Depfh vs. Y-Axis

A.J. Pollitt PhD thesis (2013), 5. G. Warren PhD thesis (2016) -
LARGE ACCEPTANCE?
STEFF, FiFi used in ILL for fission but dA>4 amu (FiFI dA>8)
« Uncertainty from energy loss, angular straggling.
- Difficult to have large acceptance with Ge-detector array '.ll

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



Separating fission fragments by its Mass using v-E

S p e Ct ro m ete r @ MAZK ANDERSON; ALL ZIGHTS RESEZVED  WAWANDERTOONS CoM

A.J. Pollitt PhD thsis (2013), S. G. Wa":’en Ph thesis (2016)
LARGE ACCEPTANCE?
STEFF, FiFi used in ILL for fission but dA>4 amu (FiFI dA>8)
« Uncertainty from energy loss, angular straggling.

- Difficult to have large acceptance with Ge-detector array '-ll

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY

“I'm here about the details.”




How to select mass of low energy
fission fragments?

- v-E spectrometer » Electro-Magnetic . QI
Tstart @ Tstop (A,Z,v) Vacuum Br zab
Q+3
e E &V measurement (A,Z,v) Gas

ﬁ ,\\ Br:%bg~%

* M from simple principle kE=(y-1)Mc?, 74

v=L/t B-field = o
* Not easy to make large acceptance Q & V independent
->Large efficiency! ...... A0

08/01/2021 FOR SOCIETY



Z, number of protons

Lohengrin
spectrometer

Detectors

.1‘.

SelectK.E./q

Fixed charge state q=19-22

Select A/q

mass-separated fission fragments,
up to 10° per second, T,,, 2 us.
AA/A =1500

AE/E =100 - 1000 e
/ e
L
neutron J) —— J neutron
G
Electric i \ 0 m
condenser J neutron

few mg fission target

, Dipole several 1012 fissions/s
. magnet
P Reactor Reactor core
Toup wall
Fuel
Target element
239py,
| I (@

172

quB = A

Fission

Tmag
products

‘ Neutrons

FORSOCIETY




LOHENGRIN spectrometer

J.J. Thomson & F. Astons Lohengrin GIANT descent
mass spectrograph first isotopic separation 20/22

b

AI (along parabola)=7.2 cm for 1%AE

)\

C athodc Slm

Deflection
plates #

Auteur - Date

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



LOhengrln .1‘. up to 10° per second, T, 2 us.

o -]
Detectors mass-separated fission fragments, ’il

Endurance
Secing e pace

n\ AA/A = 1500

Spec-l-rr\mn'l-nr
lol T l ) l = T l T I T I LS Jm
fission
5 / '
10 Cr-249 P
10" Pu-239 S
J fission
2 > A2 AS ~ Cm-248 \ product
10° aA—a Np-238 i
- » Pu-239 43¢
3 © Am-242 o g
107 . e 1g fission target

Yield (%)

wvy

c

=

et

o

=
N

o

=

o5

E

s |

o=

~N

=
a
llLlE
Hi I
H
il

Cf-249

& ‘)f \ Np-23
s <
L Lohengrin data ENDF/B-VI data &/
[ U-23:

*f THE standard instrument for fission yield measurement

10 239y
60 100 120 140 160 180
Mass (amu) I

Select A/q . vz\-‘d' pete—] |
qu =4 T Neutrons
mag

al 1012 fissions/s
Reactor core

Fuel
element

Target

N, number of neutrons Fission

- very small acceptance (0.032 msr) products

FORSOCIETY




Conventional large acceptance spectrometer

Detector w/ windows

ionisation chambers

:l" fVM”:'PACdr ft chambers

silicon wall

| Ly

S W
.-Ir‘g o
; 2o W

l—l
v

1ebie |

sajodnupend

- Tracking of ions inside using detecors
* Need simple magnet+complex detector & software

« Tracking of ions at n induced fission? : « Windowless » trackﬂg
deteCtor at IOW pressure Hex THE EUROPEAN NEUTRON SOURCE @RONS

FOR SOCIETY



How to select mass of low energy
fission fragments?

e v-E spectrc%meter  Magnet y
A V Br=—»5,
Tstart @ Tstop (A,Z,v) acuum 0 g
E !
ﬁ .
(AZv) B-field i Q+C;+1
Qa3
Gas
 E & v measurement (A,Z,v)
M M
« M from simple principle kE=(y-1)Mc2, — . Br=—bg~—
V=L/t B-field \3 <«Q> Q Z
* Not easy to make large acceptance

[ Q & V independent -
- a f i | 'll
N _ SO/ R(CF NE“ RHH;




Gas Filled Magnet fo
JOSEF sp

Source changng equipment———

Ni-window (Ertrance siit)

and delector system

Mass =~ Const * (Bp Z'/?)

r fission fragment:

» Gas filled magnet for
fission fragment

- 1/r-field: high separation
power (dispersion:)
« Can separate only ion with

straight direction ->
Small acceptance (0.022 msr)

- Good mass resolution ~1.3
amu -
L4

THE EUROPEAN NEUTRON SOURCE EUTR
FOR SOCIETY



Difficulties using conventional system

Focal plane

0""""""""""’"‘{1 Gas inlet 4 Focal plane
[m] detector
Beam dump (Ta) / A - -q )y
S Time offl

with water cooling
detectc

Target D2

f "M 2 Quadrupole
I i =k lenses
Projectile : / ( ié (=
et ’\ w3 b
ifferential - wheel " dipole 22.5°
pumping /j Q2

Beam envelope of
Q1 D1 evaporation resides

D. Kaji et al., NIMB 317 (2013) 311

« Conventional gas filled magnet design Needs
Reaction fragment are forward focused: Fission products X
Clear separation of products & beam : Fission products X "ll

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



No existing solution...
New method needed ?

EEEEEEEEEEEEEEEEEEEEEEEE
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New Concept- 1/r +Thales circle

 Fragment
trajectory vertical
to the radial
direction of
magnet center

 1/R field ->Same
Bp in all region
->Automatic
Focusing!

ission
fragment

..
n’:“-__-_____..

/(4
THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



Objective of FIPPS phase?2

- Study more exotic part of * List of requirements
[1Large acceptance

nuclear chart_ | (>50 msr & dp/p>10%)
-> Better selectivity of fission fragment 500d mass resolution
(4 amu @ A=150)

 New physics capability [CKinetice energy detection

e.g. Fission dynamics: how angular (dE > several MeV)
momentum is generated? [JEasy operation GAS FILLED

->Initial energy of fission fragment MAGNET

/(4
NEUTRONS
FOR SOCIETY




FIPPS-PHASE2 GEANT4 simulation

ISSUE in the concept
 Ideal field (No fringing field)

« Initial geometry study of the magnet

(radius, good field region, target
position)

-?t of requiremen% a2t —
Large acceptance simulated ipn

, . trajectory '
. ission
50 msr & dp/p>10%) fragment 97 CMecal plane N,

Good mass resolution V <4
(4 amu @ A=150) % . .
[IKinetice energy detection agnet . 1/r field & circle shaped ¥
E > several MeV) of 80 cm width never made before ¥

asy operation * Effect from gas:is net considered

FOR SOCIETY




Realistic field: previous case

B 1% accuracy
<20cm

10 120 130 1.0
rlcm)

* No one made 1/R field
with large width

« Modern computation
simulation might give
better result? Y/ / &

ROPEA NEUTRON SOURCE NEUTRONS

H. Lawin et al., NIM 137 (1976) 103




Realistic field : New Methods

AGFA recoil separator

« Accuracy computational field
improved.

« Simulation of ions track inside field
with gas possible.

-> non-uniform magnetic fields

& complicated edge design becofigs
possibTIlé EUROPEAN NEUTRON SOURCE E(!)ERUST&?ENF?'



Realistic field c2l~l=atins

Define requirements |
and boundaries
v

Analytic design <

Basic numeric design

Electrical design

Mechanical design

i - FEm
053 079 105 131 158 184 2.1

vs]
=
o
o
N
(@)

\\ . Bequa. 437,4.4,.1.1 /
N A cm. . o/
L0 /R field-89 ¢cm width Field accuracy < 1%
Bequa_4.97"_4.85A_1.2T 0.5
\ Q\ Bequa_4.97°_3.56A_0.9T /
N AN L = — =
v : \\\\§\\ 552:2:457;’57543,»\ oT ;\\\§ /'/ /;ﬁ/ /
Advanced numeric I N S 0 ft = T B
'design N \\\\\\\§§t\ o Ay g ://
! 0s - — S~ "
* \§:\\\\:\\:\:§§: / / / DB/B_1.1T —~ 7
T~ ~ — ] T~ 0.5 A ——DB/B_1.33T
s S A S N T ~—~ - et
Fi@ld opnmzatbn 0.6 —— : - :\ / / DB/B_1.2T AW
S e e DB/B_1 3T
' eSS Eadier 'll -
l 04 E. EUROPEANSNEUTRON IS0 WRCE 15  HEUTRONS rs
1 12 14 16 1 FOR SOCIETY
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Effect of gas on

Br= % bg ~ %
Q A
(Z,A,V) Gas

—}\
\\
B-field ™\ <Q>

Mean free path He gas
1 mbar 180 um
10 mbar 18 um

fission fragment?

Test experiment @ Lohengrin

Gas filled magnet
lon separated

¢
N
%
1\__ S

A/Q & kE/Q

£
5

— |

e ————

« Test of ion separation

» Test of <Q> & g, from

different gas pressure

« 3BY as referece

THE EUROPEAN NEUTRON SOURCE

/(4
NEUTRONS
FOR SOCIETY




4%

Test experiment

R % 3
[ R — et
n o . [ ¢
Lohengrin I & |
: T+ |
% : | " He
2 * E 2% 3 istical : Best M : N lear ch . Ar-CH4
Experimental spectrum at the exit of the GFM at 40 mbar of He £ tatistical | BestMass | Nuclear charge
@ 19 dispersion ! focusing ! dispersion Y98 (N2)
S00 — ? i [
Z [ e Mass100 2 1%
5 [ Purity : 95 %
- 40— @ Mass95 0%
@S - 0 0,5 1 15 2
% 300:_ ® Mass90 Electronic density relative to N, (a.u)
< N
o F ® Mass85
5" Magnetic dispersion with energy
= L 14800
3 00—
o r 14600 /
R — .. . ! 14400 - . Beam width
03500 13000 13500 14000 14500 - 15000~ 3 6500 _ 14200 ——P=6.59 mbar
B, , (Gauss) S 14000 . —-P=8.08 mbar
. , £ 13500 I Al ,__._/ P=5.28 mbar
Fission fragment with same A/Q 2 13500/ T P28 mbar
. E —P=2.
separated in GFM by M/Z?2 e 13400
65 75 85 95 105
Initial Kinetic Energy (MeV)
A. Cheboubbi PhD thesis muw
THE EUROPEAN NEUTRON SOURCE NEUTRONS

A. Cheboubbi PhD thesis FORSOCIETY



The ingredients for designing a magnet

Realistic Field

calculation :
o oy
» T ) ] . . - . .
Charge State J, ' |On trajectory Rea“Sth fIEId CaICU|at|On
caIcu}ag‘on simulation :ANSYS software
o g,ﬁ:\' ‘,)“,- N

~ x)‘a' > ¥

» Test of <Q> & 0g -
>l ohengrin test experiment

 Ion trajectory simulation:
GEANT4 simulation

/(4
THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



FIPPS GFM simulation-focus size

» Realistic field calculation from ANSYS

* Charge exchange model from previous
test experiment at Lohengrin

(adjusted for 28Y ions)

neutron

o
:"”ﬁ‘
-

« Simulation result with
Thales geometry

« Large shift of focal plane from intended
position & events at the edge not
focused

THE

ne

k ssion traJec/t@ry

2000

-
e
o
o
o
o
.

1500

unt

S 1000

500

0

HL_

it

| T | T
Ideal field

g oy

vacuum ]
Realistic field ]
vacuum

Realistic field
He 12 mbar -

15

0 5

10 5
X focal [cm]]



Optimization?

-
/
—/\
—L Pur.::
|
,,,,,,,,,,,,, =
N
. Aberration cause focus position & focus size change
. Optlmlzatlon->M/AM¢ THE EUROPEAN NEUTRON SOURCE fgg!

FOR SOCIETY



Design spectrometer

Abberation correction in optical lense

OR

3(:|aa)a: =0

Aspherical Lens

5 EUROPEAN NE.




Optimisation using field integral

—
-

integral [Tm]

90 100 110 120 130 140 150 160 170 180
Radius at middle [cm]

« Optimization with which value? ~ AP
- Need to be simple fB X dx =—
- Can be easily calculated in magnetic field simulation Q

- Field integral ~how much ion is bent through trajectory Y/ /[ {

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



Optimizatign nrocess

L14

Trial trajectory

1_2} in field simulation
=

Iterative method

Calculate Field integral in
trajectory

130 140 150 160 170 180

Radius at milfidle

Change magnet shape to
match ideal case

GEANT4 simulation
Check focus position/size

We can see that we've lost “Thales” geometry
but straight trajectories are poor approximations

a3 4125 6875 ,9625

Find real trajectory

/(4
THE EUROPEAN NEUTRON SOURCE NEUTRONS
08/01/2021 FOR SOCIETY



Optimization process

F:‘,tiﬁ + + + + - + + ’ + 1
Che -
B & Calculate Field integral in
| " trajectory
4 ‘ |
J8 08 J 108 ) 116 53 LB AF 138 A 145 A§ 188 15 165 17 178 0§
Fluresicar and Fl, B rn‘m’: 3D CBe)f

Change magnet shape to
match ideal case

Xout-307

Entrias BE15
Mean -1677
StdDev 2115

IHE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY




Optimization process

Iterative method

Field map in the V.I
(Byea = 1.1 Twith NI,y = 149089 A.t )

med —

The s
withc
is the

Trial trajectory

in field simulation

Calculate Field integral in
trajectory

Change magnet shape to
match ideal case

GEANT4 simulation

Check focus position/size

Find real trajectory

THE EUROPEAN NEUTRON SOURCE

/[ .

NEUTRONS
FOR SOCIETY



Optimisation: preliminary Result

e
»~

I|III|
3

(c) Simulated trajectory

Field integral

-rr
—_—
-

069 "1 14 12 13 14 15 18 17 18

Radius at the middle of the yoke [m]

G o :

5190-( ) * Field integral close to ideal

B1a0 o - Focusing at at the intended position

L1470 * Focusing for trajectories near edge =y
08/01/2021 3160 100 120 140 160 180 DEEE(EE I!TO]PotrAeNWNOErLIJ(T RON SOURCE @RONS

Radius at the middle of the yoke [cm] FOR SOCIETY



Optimisation with two cutting circle

200 E ]
(a) . :—(b) &
£ 190
=
;8 180 = =
8 - E
o 170 - 1
; o ;|.‘...:|
A Tg 160100 120 140 160 180
) + Radius at the middle of the yoke [cm]
ore* | o
Target POsition 2 | « 2" order optimization
 Almost Perfect focus size sani;
y [

aS idea'lIE GaS’eAN NEUTRON SOURCE NEUTRONS

FOR SOCIETY



Optimisation with two cutting circle

—~
QO
p
T

| fi  ——ldeal field
== TWO cutting
circle

3 J\ . :

20 15 -10 5 0 5 10 15 20
Horizontal position at the focal plane [cm]

Target post | » 2" order optimization

 Almost Perfect focus size sani;

i &
aS IdeaIE GaseAN NEUTRON SOURCE ElOEéJggctlel\ﬁ




FIPPS GFM simulation

« Realistic field calculation from ANSYS
* Charge exchange model from previo

test experiment at Lohengrin
(adjusted for 28Y ions)

neutron

« Simulation result

- Easy to operate
- Point to line focusing

—— R=97 cm
Yok —— R=137 cm
o —— R=177 cm
,,;.M'-.;f' =7
_ Good field
/ ~ circle 2
~~asimulated idn
ission frAlectory o n
fragment,,  Focal PO
Focal plane
FIPPS phase 2
f /
THE EUROPEAN NEUTRON SOURCE gg!

FOR SOCIETY



FIPPS GFM simulation

» Realistic field calculation from ANSYS

* Charge exchange model from previo
test experiment at Lohengrin

(adjusted for 28Y ions)

g 30

; 20

neutron g 10
¢

 Simulation result S 10
- Easy to operate E-zo

- Point to line focusing I

——— R=97 cm
—— R=137 cm

Yoke R=177 cm

" Good fieIcEIj region

\"“\ Il

\\\\\\\ 3R
100 120 140 160
Angle from target position [deg]

(EEE
NEUTRONS
FOR SOCIETY

THE EUROPEAN NEUTRON SOURCE



FIPPS GFM simulation-focus size S——

o . voke e
« Realistic field calculation from ANSYS
» Charge exchange model from previo Godﬁel %‘reg;:‘“'~\
test experiment at Lohengrin <
(adjusted for *°Y ions) [
— —— 10 mbar He gas { \
neutron Y 4/} | \]K»,A, » Counts
s 40 |
5 30
« Simulation result § o
_ Easy to operate 3
. Point to line focusing P
- Performance F| 20
Acceptance = 54.5 msr -30F
o 170 180 190 200
Horizontal position[cm]
THE EUROPEAN NEUIRON SOURCE NEUITRUNS

FOR SOCIETY



FIPPS GFM simulation-Mass separation- «s

—— R=137 cm
» Realistic field calculation from ANSYS ore — R=177.cm
- Charge exchange model from previous™ oo el regon
test experiment at Lohengrin - e
(adjusted for 28Y ions) _Good Focus Region

v Ea ‘{ :‘ T e

neutron

« Simulation result

- Easy to operate

- Point to line focusing

_ Performance O il e, St V. i, ..
155 190 195 200

Acceptance = 54.5 msr Position at the focal plane [cm]
Mass Resolution AA=1.3 amu (FWHM) @ A=100 (Z=39) Y/ /

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY
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FIPPS GFM simulatic

- Realistic field calculation from AN&S

- Charge exchange model from prev *°
test experiment at Lohengrin

lane

||\[l\IHIIIHI|\II1[H[I|\I \[Hl\ll I

+—
+—
©

>

(@)]
—
/m
[
L

(adjusted for 8Y ions) = S
=i g il 1 i % i g i "R
980 320 360 400 | 4
Time of Flight [ns]
' "(b?zoo R
neutron ‘ - | | | | | ‘ | :
M Th %1 000 }_ Reconstructed {
_ ] S 800: — Initial energy -
- Simulation result o :
- Easy to operate - .
: . : 400 —
- Point to line focusing - s
200 — —
- Performance ok =
Acceptance = 54.5 msr 80 120
Mass Resolution AA=1.3 amu (FWHM) @ A=100 (Z=39) Energy [MeV]

Initial energy & trajectory reconstruction without trackin EE
gHE EUROPEAN NEUTRON SOURCE Eg#gggg_?

3 3 3



FIPPS GFM simulation-Summary

Central Radius 137 [cm]
Central Bending Angle 80 [deg]
Width good field region 80 [cm]

Maximum magnetic rigidity 1.3 [Tm]

......

1/r Field accuracy 1 [%]
; trajector
Yoke Weight 51 [ton] ISS1on ! Y
fragment
Dispersion 1.8 [cm/%]
Geometrical Acceptance 54.5 [msr] @

/(4
THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



Comparison of GFM with v-E spectrometer

v-E spectrometer FIPPS GFM

SeD Start SeD Stop Axial ionization

i chamber
i 'R .v \‘ A *
| ) !

MWPC detector Emissive foil

Mass resolution (10) ~2.0 amu 1.3 (for single Z) amu
Acceptance 50 msr (1 arm) 54.5 msr
detectors SeD, MWPC, BRAGG IC Diamond, MWPC, IC

(many ch needed)

Cannot place FIPPS Ge close

/(4
THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SOCIETY



Separation meth :GFM VS V- E spectrometer
S0 :

CKE=(y-1)Mc? Wk

N
o

Atomic number
N
T

w
9]

30 L Y Loy B E| N LT 0
80 85 90 95 100 105 110
C L : Mass number
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- Different way of selection -> Effect in purity b
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Separation power:GFM vs v-E spectrometer
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Separation power:GFM vs v-E spectrometer

FJPPS GFM e V-E spectrometer
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Impact on gamma-ray selection 28Y

FIPPS GEM v-E spectrometer
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(Only light fission fragment is simulated without effect of Ge-response) '.ll



