First high-resolution in-beam y-ray
spectroscopy of fast-neutron induced (n,xn)
reactions with the EXOGAM array
at Neutrons For Science (NFS)

Focus on: Nuclear data & cross-sections
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Nuclear Data: Cross-section measurements

DD

> Neutron-induced cross sections are interesting!

> Pb is important for nuclear reactors, accelerator &
spallation facilities.

Benchmarking
Codes

> Benchmarking Codes.

> Neutron-induced cross sections are difficult,
especially (n, xn); where n>2!

6\ GEuANT4 >  Way to overcome — (n, xny) gamma cross-sections:
I > = . . .
% EMPIRE & Nuclear moo.|e| validation . .
Soniens Trastation: Niofidi G * Nuclear heating / dose rate in structural materials
» Decay heat, shielding design, Fusion neutronics (ITER)

vorvaton I




Deformations Precision shapes

eee discrete peaks (D)

Nuclear Structure Reaction Mechanism : Particke Spectra
Discrete levels Masses = it |
Level schemes Level densities rigion [P | Emon N
Lifetimes Resonances ]
Spin & Parities  Fission barrier P E
Branching ratios ~ Thermal XS Pty =
Abundancies  Microscopic LD . | [Faeiap)

The correlation is obvious,
but combining nuclear structure properties and the reaction mechanism itself into
a single framework is experimentally challenging and interesting...
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TALYS-2.1

Nuclear Physics Tool Nuclear Data
Reaction Mechanism Code Prediction capabilities

Continuing to develop... widely used in many fields.

In general, an exact implementation of many of the latest nuclear models for direct, compound,
pre-equilibrium and fission reactions.

Reliable cross-section generator for well-established reactions
TALYS combines optical model, compound, pre-equilibrium, and fission reaction theory into one
predictive framework, spanning 0.001-200 MeV and A > 12, drawing structure inputs (masses,

levels, level densities...) automatically from the IAEA Reference Input Parameter Library.

A transparent source program.
* Input/output communication that is easy to use and understand.

MOTIVATION _rian Koning, Stephane Hilaire, Stephane Goriely



TALYS

Input:

* Keywords, eg:

projectile n
element fe
mass 56

energy 14.

Optional loops
* Incident
energies

* Natural
isotopes

Optical Model:
* Phenomenology
local / global

Nucl. Structure:
* Abundancies

* Discrete levels

* Deformations

* Masses

* Level density par.
* Resonance par.

* Fission barrier par.

* Thermal XS
* Microscopic LD
* Prescission shapes

Direct reaction:
* Spherical OM

* DWBA

* Rotational CC

* Vibrational CC
* Giant resonances

* Weak—coupling

Preequilibrium:
* Exciton model
— 2—component
* p—h LD phenom.
— surface effects
* Kalbach systematics
— angular distribution
— cluster emission
* y—ray emission

Output:
*File "output’
defined by
keywords
*Dedicated
files with

spectra, ...

\/

A

\J
A

A
v

Compound:

* Width fluctuations
— Moldauer
— GOE triple integr.
— HRTW

* Hauser—Feshbach

* Fission competition
— isotopic yields

* ¥ —ray emission

* GC+ Ignatyuk

Multiple emission:

* Exciton (any order)

* Hauser—Feshbach

* Fission competition
— isotopic yields

* vy —ray cascade

* All flux depleted

* Exclusive channels

* Recoils

ENDF:
* transport libs
* activation libs

MOTIVATION




TALYS-2.1

Nuclear Physics Tool
Reaction Mechanism Code

Continuing to develop.. widely used in many fields.

In general, an exact implementation of many of the latest nuclear models for direct, compound,

pre-equilibrium and fission reactions.

Nuclear Data
Prediction capabilities

Reliable cross-section generator for well-established reactions

TALYS combines optical model, compound, pre-equilibrium, and fission reaction theory into one
predictive framework, spanning 0.001-200 MeV and A > 12, drawing structure inputs (masses,
levels, level densities..) automatically from the IAEA Reference Input Parameter Library.

A transparent source program.

* Input/output communication that is easy to use and understand.
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B . "
Beta - decay

Heavy-ion L

reactions 7
» ,,4///‘
Charged ? /%/
2

| :
{ NxN — fast neutrons J particles

CollectiveModel

Excitation Energy [keV]

charged particles

Angular Momentum

heavy-ion fusion-evap \

Goal : providing experimental insight using high resolution gamma ray spectroscopy of the
populated states

1.  How do (n, xn) reactions differ from the conventional probes used to date?

2.  Can this mechanism reveal aspects of nuclear structure that conventional probes leave untouched?
Yrast / spin aspect Compound vs direct reaction aspect Single particle vs collective states

3. How accurately do nuclear reaction models decompose the contribution of nuclear structure,
so as to arrive at a complete anatomy of the cross section?

MOTIVATION




Highest neutron flux beyond 10 MeV world-widel!
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Courtesy: Xavier LEDOUX

Plus: Low gamma-flash background at NFS

FACILITY

— NFS (0-40 MeV)

n_TOF (CERN, EARI), Switzerland
n_TOF (CERN, EAR?2), Switzerland
GELINA (Belgium)
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High Resolution Measurement: EXOGAM

Prompt gamma-ray in-beam spectrometry

12*4 detectors at radius of 145 cm
A 31% of the solid angle

1 6% abs. efficiency at 1332 keV
Addback to improve P/T ratio

Neutron are damaging to HPGe detectors
(expensive semiconductor devices)

How feasible it is to perform such experiments
with EXOGAM at NFS?

Damage study and quantification performed.

' \:\ 4C#1 Bhield//
il 3 V)%

N/

EXOGAM@NFS campaign continues...
§/-/ |\ ‘ | Second experiment in July (J. Wilson)
/ QBGO}{ieId | / N\! Another at the end of the year (C. Paxman)
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Results with the Pb data

NatPh target (60% 2°°Pb, 20% 2°Pb, 20% 2°°Pb)

1000 A ]
—— 206pp (n,n) 206pp |

—— 207pp (n,2n) 2%pp |
—— 208pp (n,3n) 206Pb |

800

206Pb(n, n/)QOSPb 207Pb(n, 27’1,)206Pb 208Pb(n, 3n)206Pb

600

400

Total reaction c-s [mb]

200

> Multi-isotopic natural target

0 5 10 15 20 25 30 35 40 45

Neutron energy [MeV] > Different channels, same isotope.
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L.C. Mihailescu et al. / Nuclear Physics A 811 (2008)

G, (barn)
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Earlier measurements exist with an enriched ?°°Pb target (GELINA) until 20

MeV.
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206pp: 2+ 50" (803 keV)

(898 keV)
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207pp ;
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natpp(n, xn)2°6pp x L. C. Mihailescu et al. GELINA
— 4 Measurement NFS
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Earlier measurements exist with an enriched 2°®Pb target (GELINA) until 20 MeV.

Comparison with that highlights the contamination from the (n,2n) and (n,n’) channel

With NFS we can extend these measurements upto 44 MeVs
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Anatomy of gamma cross-section

208ph(n, n')2°%Pb > Measured cross-section matches
previous data below 20 MeV

10 — > Extended measurement beyond
— A valuate
" — TENDL 2019 previous limit, up to 44 MeV
o x L. C. Mihailescu et al. GELINA
%‘ % 4+ Measurement NFS
~ 50
§§ > TENDL (red) and TALYS (orange)
n
e predictions for the same gamma line
T "2tPb(n, xn)***Pb overlaid
s
TR > Both models agree well with the

R measured data

—— O e e’

10 15 20 2 30 35 40 a5
Incident neutron energy [MeV] > Demonstrates model reliability

specifically for the (n,n') channel
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> 297Pb produced via two channels:

208pp(n, 2n)27Pb
(n,n') on 2°7Pb itself, and (n,2n) on

—— TALYS 2.0 [Evaluated] 208 P b
—— TENDL 2019
x L. C. Mihailescu et al. GELINA
+ Measurement NFS

~

o

> Good agreement with previous
(GELINA) data in the

overlapping energy range

natpp(n, xn)2°’Ph

=~ (1770 keV)
~ (2093 keV)
w
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> New measurement extends the

M+—*—+—+——+—+‘+‘+++++ dataset to higher energy

10 15 20 2 3 3 4 s > Beyond this, TALYS/TENDL

Incident neutron energy [MeV] predictions start to diverge from

the measured cross-sections

207pp
207pp .
~N

-

o
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208ph(n, 3n)2°¢Pb

> 206ph. measured cross-sections for

50 S ———— gamma lines not previously
—— TENDL 2019
4 Measurement NFS exp I o red
40
NE e 206 > These correspond mainly to the
alS 304 — Pb(n, xn)<"°Pb ( ) h |
| n,3n) channe
N \
’T 4:r 20 / \.' /
M <] \ . N .
s || Vs e > Discrepancies with model
\ Y = e
104/, \ / o —+ e predictions are even larger here
o 0 e than for 207Pb
" 15 20 25 30 35 40 a5
Incident neutron energy [MeV] >  Better tuning is needed at higher

energies
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Another interesting observation from Ni data..

1: 3Ni(n, 2n)*’Ni
» it SN 2N

’ —— TENDL 2019

—— TALYS 2.0
4 Measurement NFS

gk
w
o

-3~ (768 keV)

4% 2% (1004 keV)
=
N
v

1.00
wiofty 0,75 768
S |=
5 |5 0.50
0.25 768
0.00 T T T T T T T T 57Ni
10 15 20 25 30 35 40 45

Incident neutron energy [MeV]

> Measured cross-section (cs) for 5/2° — 3/2 in *’Ni.
> The measured cs is larger that the TENDL evaluation.
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2.00 — By default TALYS
s | takes 30 level
—— TALYS 2.0 (upto 5 MeV @ °>Ni)

> E, 1.50 1 7 ¢ — TALYS 2.1
iv4 < \
g S 1.25 1 _+_ —— TALYS 2.1 + upto 220 levels
- 2
Sl 1.00 - TALYS 2.1 + upto 220 levels
T"“ ‘? _+_ + new level @ 3301
wwilt 075
bl b - TALYS 2.1 + upto 220 levels
= 2 - — + new level @ 3301
5 |& 0.50 1 — 2 + correct JT=3* for level @ 3701 keV

0.25 A / 4 Measurement NFS

768
| o
0.00 L} T T T T T T T
10 15 20 25 30 35 40 45 768
Incident neutron energy [MeV] ‘ 0
57Ni

> Better agreement until 25 MeV when including higher levels not used by default
TALYS and TENDL libraries, still not the best at higher energies

NICKEL



SD1 and SD

bands only seen in

288ij(328, 2p1n)
D. Rudolph et al, F
Rev. Lett. 82, 3763
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NICKEL

We are not seeing states seen
exclusively in particle transfer
reactions

Overall (n,2n) seems to be
quite like the heavy ion fusion
evaporation

Alignment seen for the first
time after angular studies.

BUT..

it is not a subset, we

have new states from (n,2n)
for this very well characterized
nuclei.
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We are not seeing states seen
exclusively in particle transfer
reactions

Overall (n,2n) seems to be
quite like the heavy ion fusion
evaporation

Alignment seen for the first
time after angular studies.

BUT... it is not a subset, we
have new states from (n,2n)
for this very well characterized

nuclei.




Another interesting observation from Ni
3301
—— TENDL 2019 2533 3230
0.10 1 ~—— TALYS 2.1 + upto 220 levels (new) 2461
__ TALYS 2.1 + upto 220 levels W
% % vos + new level @ 3301 keV Y 768
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2 [= 6.064 38Ni(n, 2n)>"Ni s 768
J”N +o 4 Measurement NFS \ 0
F L 57N
k[N 0,04
Z|z 5
0.021 +_+_+++_+_ > Better for gammas without significant
feeding from new and higher levels
il g g
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Incident neutron energy [MeV]

> More accurate spectroscopy on the decay of these states is needed, branching
ratios could explain this.. better modelling could help as well.
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Summary

> EXOGAM at NFS validated for gamma cross-section measurements, extending Pb/Ni data to 44
MeV (vs 20 MeV prior GELINA measurements) providing first benchmarks at high energies.

> TALYS seems to agree well for simple (n,n') but diverge more with complex multi-nucleon emission

channels

> Detailed gamma cross-section (Pb/Ni/Co) decomposition for TALYS validation

> New intruder multiple structure seen for ’Ni in the (n, 2n) reaction

> Cross-sections predictions and nuclear structure physics go hand in hand.
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Thanksl!
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Back-up
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> Two mass regions, both anchored on a doubly-magic nucleus

> N =Z=28(Ni/Co/Fe) and Z = 82, N = 126 (Pb/TI/Hg) it

23 MeV
2 MeV

> Closed shells — already well established nuclei

.
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E MOTIVATION
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o . .
Scarce existing data for (n,3n) cross-section.

Why NxN is so difficult?

NxN reactions: high energy thresholds, low c-s
= need large flux at high neutron energies.
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Highest neutron flux beyond 10 MeV world-wide!

~——NFS5m
1E+7 4 = = NFS20m
~==n-TOF 1

—1— NFS (0-40 MeV)

e
W e n_-TOF (CERN, EAR1), Switzerland
} n_TOF (CERN, EAR2), Switzerland

GELINA (Belgium)

1E+3 4
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0,001 0,01 01 1 10 100

Energy (MeV)

Courtesy: Xavier LEDOUX

Plus: Low gamma-flash background at NFS
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High Resolution Measurement: EXOGAM

Prompt gaamma-ray in-beam spectrometry

12*4 detectors at radius of 14.5 cm
31% of the solid angle

6% abs. efficiency at 1332 keV
Addback to improve P/T ratio

Neutron are damaging to HPGe detectors
(expensive semiconductor devices)

How feasible it is to perform such experiments

with EXOGAM at NFS?




> Only 12 out of 16 available clovers used to avoid the large forward secondary neutron flux (red)

] T .
EXOGAM 900 ] At Eincident = 20 MeV
—e— All neutron emitting reactions
135° ring @ 14.5 cm
90° ring @ 14.5 cm
0 135°ring @ 44.5 cm
[0 90°ring @ 44.5 cm

103 .

o [mb/sr]

180° Target
Neutron beam

» 0°

\/”\

102 4 e

0 25 50 75 100 125 150 175
Scattering angle [deg]

Two different detector configurations are indicated (dark and light shaded area), corresponding to
detector radii of 14.5 cm and 44.5 cm from the target.




) . . . . Effective beam time [days]
Full in-situ dosimetry simulation

o (o] (o]
performed using double differential . JEEEIIERE S S
cross-sections from TALYS,
&t | P V.Borrel

accounting for changes

¥ Damage observed
in experimental conditions.

----- Observed Trend Line

| 30 fit uncertainty
Using a reference gammas from ﬁ
*’Ni and ?°’Pb quantitative damage

study is performed.

N S
o o
e
N e —
1
\
——
\
\ X
\
X \

(FWHM-FWHMp)/FWHMq [%]

O B
————————— xx
The measured degradation rate is in "
good agreement with previous
systematic study by V.Borrel et al. ; - : :
(extrapolation based on 2 points and Neutron dose [108 n/cm?]

single-crystal, closed-end coaxial n-type detector)

First neutron-damage characterization of a segmented clover type To be published
detector.




>  Similarly mean-shift was studied and corrected later run by run

Effective beam time [days]
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%?g;?f;?éiiﬁ%:ﬁ%em > Annealing was performed and was

Blue: Post-Annealing shown to recover the performance

S
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Can you run a modern Compton-suppressed
clover array (like EXOGAM) for nuclear
structure spectroscopy inside an intense
white fast-neutron beam at a facility like
NFS, and recover it by annealing ?
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EXOGAM@NFS campaign continues..
_________ Second experiment in July (). Wilson)

N kT Another at the end of the year (C. Paxman)
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DAQ challenge: Data stored with a cut on neutron energy

(10 - 40 MeV)

Distinguish the y-flash region and the gammas coming from
the interaction of neutrons on the Ni target.

Event by event neutron tof measurement.



Incident neutron flux [/sr/uC/MeV]
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DAQ challenge: Data stored with a cut on neutron energy

(10 - 40 MeV)

Distinguish the y-flash region and the gammas coming from
the interaction of neutrons on the Ni target.

Event by event neutron tof measurement.



TOOLS: GammaSPY

10'° yy coincidences (within a time window of 100ns) recorded after addback
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We are opening up many channels Software tool development: GammaSPY
No veto detectors |

= Mony iSOfOpGS! ‘ Neutron Flux Spectrum

= We populate extensively! | Target properties (mass, A)

= Many projected y in each gatel! [Reaction Rate Calculation J-_F Parameters (Beam I, distance)

Partial cross-sections (TALYS) ]4—

Odd mass nuclei: high density of states.

Y

Expected Yields Efficiency, Run-time

In total we could be producing 2500+
different transitions in our experiment! Expecied GaimaSpecirum =

Verifying them all is a huge task. s eciope st

New gammas can only be identified | ]
after verifying.
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Level Scheme

Gammas in coincidence
(infinite order)

Nuclear Databases
(ENSDF/XUNDL)

Level Scheme

Y

——{ Expected Projected Gamma Spectrum

Branching Intensities
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OUTPUTS

GammaSPY

> Zoomed GammaSPY output,
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58Ni(n,2n)>’Ni

SD1 and SD2
bands only seen in
288j(328, 2p1n)°'Ni

D. Rudolph et al, Phys.
Rev. Lett. 82, 3763 (1999)
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>  We are not seeing states seen exclusively in particle transfer reactions

> Overdll (n,2n) seems to be quite like the heavy ion fusion evaporation
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But NOT just a subset..




Evidence for new levels: the 2533 keV transition
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Multi-step verification with a series of independent control measurement
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Despite extensive studies by other
methods, spectroscopy with fast
neutrons identifies new levels in 57N.i.




58Ni(n,2n)>’Ni

Two more new transitions observed
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Three new levels for *’Ni




Do fast neutrons align the nucleus?

2.00 527::% Gate: Al =2
Ni:H
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’ 1+ . e g
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@ R 111 I — .o.i ................................
Q
Q L {
oC 1.001
0.75 7R 1 T e
0.50- { f Sensitive to assigning multipolarities to
- unknown and new transitions
000% 500 1000 1500 2000 2500

Energy (keV) = can infer spin and parity of new levels.
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Do fast neutrons align the nucleus? 35359_

Uy, T LIRS
pfg shell 9‘:' OB T:g:.&m \52-2830 j/smsl(ﬂ 2)&42455
A 3701 keV state in Ni was first o ERS T
identified as (5/2) in pick-up reaction e “ﬁ‘f‘”f4’g
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first observation of single particle % 15! i S
. . . NI 4 i
excitation into the g, £ >’Ni Stretched B1 ,”  Siretched E2
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The intruder multiplet and the N = 28 shell

>’Ni is the closest odd-mass nucleus to the doubly-magic *®Ni core

gap

Promoting one neutron from the pf shell across the N = 28 gap into the g, orbital creates a v
(pmc)'l(gg/Q ) particle-hole configuration

The neutron-hole can occupy the 2p,,, (hole spin 3/27 ) or 1f, , (hole spin 5/27 ) orbitals, while

the particle occupies the g, (spin 9/2%).
= Coupling these positive-parity states spanning spins from 3/2* to 15/2*

Conclusion: tentative spin-parity assignment of 3/2* or 7/2* for the new 3301 keV

Together with the known 9/2" at 3701 keV it maps the v(pf)~'g,, multiplet structure
and provides a new experimental constraint on the cross-shell particle-hole interaction near the

Z = N = 28 doubly-magic core.

Until now no existing shell-model interaction predicts the v(pf)~'g, . intruder multiplet in >’Ni
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Gamma cross-section measurement: NUCIGCII‘ Data Librqries qnd

—— TENDL 2019
—— TALYS 2.0

4 Measurement NFS

768

768

>’Ni

> Verified the measured cross-section (cs) for 5/27 in >Ni.
> Beyond 21 MeV the measured cs is larger that the TENDL evaluation.

> Cross-section data is only as complete as the structure data behind it.
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—— TENDL 2019 By default TALYS

takes 30 level
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> Better agreement until 25 MeV when including higher levels not used by default
TALYS and TENDL libraries, still not the best at higher energies
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> More accurate spectroscopy on the decay of these states is needed, branching
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> Better for gammas without significant
feeding from new and higher levels

ratios could explain this.. better modelling could help as well.




Characterizing (n, 2n) reaction on the yrast

! > Overall (n,2n) behavior
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Incident neutron flux [/sr/uC/MeV]
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Two states at low spin is however
observed

Improved sensitivity is needed
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>  Much lower thresholds and relatively higher c-s for 2°®Pb(n,3n)?°°Pb

> Also, the acceptance and beam intensity changed effectively reducing the
statistics for lead.
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NatPh target (60% 2°%Pb, 20% 2°7Pb, 20% 2°°Pb)
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Characterizing (n, 3n) reaction on the yrast
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Comparison with that highlights the contamination from the (n,2n) and (n,n’) channel

With NFS we can extend these measurements upto 44 MeVs
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Cross-section (Anatomy)

We also decompose this down further by

measuring new gamma-ray cross sections that
feed into the 803 keV line.

These give tuning benchmarks for TALYS

calculations at higher neutron energies.

A future measurement using enriched 2°Pb will

let us isolate the (n,3n) reaction.

We also extended the gamma-ray cross
sections for 227Pb and 2°®Pb to higher neutron

energies than GELINA covered, and added

new measurements.
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> Note: We measure a specific gamma-ray transition cross-section

> TALYS overestimates the cs of this transition
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> Modified TALYS source-code for obtaining reaction specific level cs
> TALYS says 3.2 MeV state is directly populated via (n, n'p) — likely incorrect.



2] oo ve ) [

(n,n’p) can not directly produce this level

= this is a single-particle state




At 8.6 m from converter
Assuming Otime -ge = 7.4 NS




