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* Neutron cross section measurements (Part 1)
* Data reduction and uncertainties (Part 2)

* Neutron induced capture cross section measurements (Part 3)
— Basic principles
— Spectroscopic measurements (Ge-detectors)
— Total energy principle with Pulse Height Weighting Technique
— Normalization + special aspects

— Applications

(Unfortunately no reporting of other facilities (see part 1))
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JRC Experimental observables -/117:”1/1/1
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Reaction Transmission
C.
_ _ In . A—NOC
Cr =g Y Arop T = C =€ e
out
* ¢, Neutron fluence rate * Incoming flux cancels
* ¢ Detection efficiency * Detection efficiency cancels
* A, Effective area e  Good geometry !

* Y_ Reaction Yield

Beam fraction undergoing (n,r)

= Complex relation between C, and Y, — Direct relation between T and o,

Y, related to o,




JRC o(n,f), o(n,cp) - measurements «117/’”14/1

EUROPEAN COMMISSION Institute for Reference

Workshop on Nuclear Reaction Data for Advanced Reactor Technologies — Trieste, 19 — 30 May, 2008, P. Schillebeeckx

i i * Flux C(P zs(pn(PG(PA(P(p(p
iy (| * Fission C; =efnsosAsQs
Neutron bea> | PI-foil
g T Grid |
end " Back to back target A = A;
L o lonisation chamber &=100%
Anode Cathode Anode

_ G

= ——O
C(pnf

Gf ®




JRC Requirements for Capture Detectors -/117/'”171
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* General
(1) ¢.independent of gamma cascade: energy spectrum and multiplicity

(2) Good Timing Characteristics | s +E,
v_ 11
(3) Low Neutron Sensitivity v i="+
Li25 AN

A+Z1X

* Specific applications

(4) Low sensitivity to radioactive decay

(5) Distinction between (n,y) and (n,f) (see N. Colonna)




JRC Capture detectors for o(n,y)
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* Total absorption detectors (N. Colonna)
4n & &, ~ 100%

BaF, FzK, DANCE, nTOF
Nal RPI

* Total energy detection systems
e, =KE,and g <<1

CsDs GELINA, ORELA, nTOF, KURRI

* High resolution Ge- detectors

a(n,y) only if spectrum is well known

Special applications




Measurement Stations 111:}1/2”
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= Direct spectrum
= Moderated spectrum

B b T e e et
- N - o

n. L Y

(n,y)
B (n,tot)
B (n,f) and (n,cp)
B (n,n%)

NIM A, 577, 626 (2007)
NP A 773, 173 (2006)
NSE 156, 211 (2007)
NP A 786, 1 (2007)

Ge-detectors (L = 10 m)

Spin and parity PR C 61, 054616 (2000)
Partial cross sections & branching ratio
Isotope identification

C¢D; detectors (L = 10, 30 and 60 m)

Parameterisation of (n,y)
NRCA (Ancient Charm)
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* Partial capture cross sections and branching ratio

* |sotope identification

* Spin and parity assignment (PR C 61, 054616 (2000) )

* For o(n,y) in resonance region
Only if level-scheme is well-known
- Neutron sensitivity of Ge-detectors
- Time resolution




JRC Spectroscopic measurements "l%’,in
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) Neutron
Coaxial Planar

Detector Beam Detector

Planar
Detector




s JRC 209Bj(n,y)- branching ratio at L = 10 m "l}jnm
EUROPEAN COMMISSION with Ge-detectors s Ly
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> = 21OBi*
209Bj+n

210Po a-decay

210mBj ¢-decay ,
important for

important for 271 keV 6 fot
waste disposal 9- operation sately
B~ (5d)
* m“V 210B; 1\
2067 0 T 0*
p-(4.2m) / (138d)
0+

206pPp

Important for any system using Bi as
coolant, moderator or target (ADS)

Borella et al., JRNC 265, 267 (2005) + ND2007
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432 keV

320 keV




JRC Measurements at GELINA -/117:”74/1
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HPGe detectors
— 1 Coaxial (E, up to 8 MeV), 2 Planar (E, from 100 keV to 1.5 MeV)

e Sample
— Metallic Bi 99.99%, & 80 mm, thickness 1.26 mm (4.38 x 10-3 at/b)

TOF selection = y -ray spectra for a given energy region

2x10° 0.01 -
)
C . _
O >
g (U
-~ —  1E-34
(e
o = ]
O 0O
(&) J
1x10* A Ty e E— S
T T T ] T T T 1E-4 T T T T T T T T T T T T T T 1 1
700 750 800 850 900 100 150 200 250 300 350 400 450 500

Neutron Energy / eV E /keV



JRC Measurements at GELINA -/117:”74/1
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* Difficulties \
=
— Very low cross section Q 4-
)
(Cgm ~ 40 mb at Ey) =
S
O 31
— Very high scattering to capture ratio ~
(~10°) O
C
8_ 2
—°LiNH, shieldi
— Neutron sensitivity of Ge detectors 8 CII—I Sf]iselc':n;ng
o 1 No 2shielding
e Choice of a short FP 600 650 700 750 800 850 900
— Limits energy range to 20 keV En [ eV




JRC Preliminary results
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Hf resonance
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JRC In-elastic scattering at 30 m and 200 m "irm
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2001-2006 : 2 — 4 HPGe 100 %
56N, 52Cr, 209Bj, 206, 207, 208P}

2006 — 2007 : 8 HPGe (100 %)

56F e, 285
Mihailescu et al., NIM A578, 298 (2007)
Mihailescu et al., NP A786, 1 (2007)
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* Basic principles

* Spectroscopic measurements

Total energy principle with PHWT

Normalization + special aspects

Applications




JRC Total energy detection principle -1'm
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Detection efficiency: ¢ <<1

| Sn
80=1—H(1—8y’i) - :
| ' :
with ¢ <<1 ]
E, : Eo
E, = zg%i A 4 :

Detection efficiency: ¢ =k E,

— sczZsy,iszE%izk(SnJrEn,c)

independent of cascade

Moxon and Rae, Nucl. Instr. & Meth. 24 (1963) 445




JRC Total energy detection with C.,D,
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Institute for Reference

2.0 = g <<1
8 CeDs !
X
w>-
1.0F
_ - 87 ?(EY
OOJ L L L 1 L L L 1 L
0 2 4 6 8 10

EY [ MeV

s—:y?!Ey — Pulse Height Weighting Technique (PHWT)
(Maier — Leibnitz)

Macklin and Gibbons, Phys. Rev. 159 (1967) 1007



1 JRC Total energy detection with C,D, "117:’7/2”
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Pulse Height Weighting Technique (PHWT)

| RE,.E,) WF (E,) dE, =KE,

R(E4.E,) is response function of detector, with I R(Eq.E,)dEq4 =¢,

For each event we record:
- time-of-flight T,

- energy deposited in detector E

= Cw(Tn)=[Ce(Tn,Eq) WF(Eq) dEq




EUROPEAN COMMISSION Insiute for Reference

Workshop on Nuclear Reaction Data for Advanced Reactor Technologies — Trieste, 19 — 30 May, 2008, P. Schillebeeckx

Careful description of the geometry:

* Detectors (C,Dy)

Aluminium canning

Quartz window (boron free)

Photomultipliers + glass envelope (Si)

Electromagnetic insulation (1 - metal)

« Expansion tube (TEFLON)

For o(n,y) measurements: + sample




JRC C¢Ds; Response by MCNP -/117/’”74/1
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E, =061 keV E, = 6740 keV
12000
® Exp. e Exp. 6740 keV _Eg =64 keV
MCNP 104-
o 8000
0
C
O
Q
3 3
g 10°
4000 F
O 2 1 2 1 2 1 102 2 1 2 1 2 1 .
0 200 400 600 800 0 2000 4000 6000 8000

E,/ keV E,/ keV



JRC WF — gamma transport in sample + detector 117/'”17/1
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Workshop on Nuclear Reaction Data for Advanced Reactor Technologies — Trieste, 19 — 30 May, 2008, P. Schillebeeckx
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JRC

EUROPEAN COMMISSION

Point source (WF,)

— Pb sample 1 mm (WF )

10

Examples of WF

Weighting function

Institute for

Reference
Materials and Measurements

Point source

02 04 06 08 1.0

(WF,)
— Pb sample 1 mm (WF))

O 1 " 1
0 2 4 6 8
E_/ MeV
KE, = [R(E,,E,) W(E,,) dE,,

EpL

Cw = [C.(E,) W(E,)dE,
EpL
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JRC Capture cross section measurements at GELINA
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L=10m, 30 mand 60 m
Total energy detection

* C¢Dg¢ liquid scintillators

— 12 50 S : 15 “‘;’ : {-‘k
— PHWT = ﬁ | i-= .

* Flux measurements (IC) N T |

— 10B(n,a)
— 235(n,f)

WEF : from MC simulations
Cu(To) = [Co(Tn,Eq) WF(Eq) dE,




JRC o(n,y) measurements e.g. '%Rh(n,y) -/117/’”14/1
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Flux measurement
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JRC Capture experiments -/117/'”17/1
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Basic principles

Spectroscopic measurements

Total energy principle with PHWT

Normalization + special aspects

Applications
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e Standard cross sections

— oy,
— 97Au(n, y) for E, > 200 keV

* Well - known resonance
(with T, <<T’, = Y, « gI';, and gI', from transmission)
— %8Fe(n,y) E, = 1.15 keV

_ —Noty ¥
* Saturated resonance Ye=(1-e ™) o
t
- no>>1 =Y.~(c,/0c)
- I',<<I', =Y.~ 1almostindependent of resonance parameters

e.d. 197Au(n,y) at 4.9 eV and '99Ag(n,y) at 5.2 eV




JRC Normalization: saturated resonance 117:]1/2’1
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I = 15.2 meV +/- 10% atlb
r,=122.5 meV — 10° 197Au(n,y) : E, =4.9 eV
10k — 10

Cc

Forno,>>1and I, <<T,

= Y, ~ 1

O
o

Reduction of systematic effects due to:

Capture Yield, Y

 target thickness of reference sample

 nuclear data

CW _Bw

C@_B@

0.0

Yexp =No

¢

Neutron Energy / eV

o, : only the relative energy dependence is required
=10B(n,a) which behaves ~ 1/v
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°Fe(n,y) T, for E.=1.15keV
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iy

stitute for Referenc
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Sample Fe X %) WF, WF,
g/cm? mm I'n/ meV I'n/ meV
Fe1 0.105 60 53.3 (1.1) 62.6 (1.3) 0.15 ——
Fe2 0.394 60 58.0 (1.0) 62.5 (1.1) —— REFIT
Fe3 0.905 60 57.9 (1.0) 60.2 (1.0)
Fe2%pp * 0.394 1.213 60 62.4 (1.0) 63.1 (1.1) _ %
FePb* 0.422 1.103 60 63.1 (1.1) 62.6 (1.1) @
FePb* 0.422 2.725 60 59.2 (1.1) 62.6 (1.1) 7 08l
Fed 0.202 80 55.4 (1.0) 61.2 (1.1)
Fe5 0.795 80 60.6 (1.1) 60.3 (1.1) 000 |
Feb 0.998 80 61.2 (1.1) 61.2 (1.1) 1140 1150
FeAu 1.708 0.118 80 62.9 (1.1) 61.3 (1.1) Neutron Energy / eV
Fe,05 1.404 0.603 80 55.8 (1.0) 59.1 (1.0)
Mean 59.1 61.5 [, =574 meV
Std 3.3 1.3
Std (%) 5.6 2.1

* Sandwich

Uncertainties of 2% can be reached

Reference value
(transmission)
[, =61.7 (0.9) meV

1160



WEF : systematic bias effects
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Count losses due to discriminator level

Imperfect weighting due to internal conversion process
Detection of coincident events

Deviations from linearity (e, = kE,)

Incorrect energy calibration

Wilson et al. : NIM A511 (2003) 388
NTOF collaboration : NIM A521 (2004) 454

The impact of these effects can be reduced (avoided) by:

= normalizing at a reference o, with a similar y - ray cascade

= + internal normalization: identical experimental conditions

— Resonance with I', <<T, : saturated or transmission + capture

Borella et al. Nucl. Instr. Meth. A577, (2007) 626



JRC Internal normalization : 193Rh(n,y) «117/’”17/1
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100_-—..E)(.p.e;'i.n.’].elnt ——rrrrr—— _
— - REFIT ]
Z REFIT
&
% RP+N |
o) 5
£ = .
o
2
=3
O 107
g :
% \.1 Aﬁ"‘ﬂ‘
ENERGY/eV 10-3 AP |

0.01 0.1 T 10
Neutron Energy / eV

E = 1.260eV
= 0.464 meV c(n,y) at 25.3 meV
156.0 meV
= 3/4 WF : 142.0(1.5) b
1.0 % normalization
0.5 % uncorrelated
Counts : 143.3b

>

Q = =
=<
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Impact of the resolution function on RP
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0.04
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0.02F
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Transmission Factor

o_p_@__JLﬁu_r .
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BEzud

0.0
94

95

L 9% .

90

100

Neutron Energy / eV

110

120

Resolution Function Eo=95.7 eV
(RF) I/ meV

Capture

Analytical (REFIT) 2.47 (5)

MCNP 2.42 (5)

RPI (fit MCNP RF) 2.50 (5)
Transmission

Analytical (REFIT) 2.40 (5)

MCNP 2.42 (5)

RPI (fit MCNP RF) 2.40 (5)

= RF has an impact on RP deduced from RSA

= Transmission less sensitive to RF than capture

Kopecky et al., WONDER 2006



JRC Self-shielding + multiple scattering for *Fe(n,y) 117:’/1m
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ng, = 1.075 102 at/b, t = 1.3 mm

10 B— | | | | , , , , .
10" 90° scattering —
© 180° scatterin
g
()
- Ll i
> 10 o
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JRC Capture experiments -/117/'”1/1/1
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Basic principles

Spectroscopic measurements

Total energy principle with PHWT

Normalization

Applications
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206pp + n :results
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100

x 107

0.2

50+

Yield

0
3.34

This work, Exp.
This work, REFIT
ENDF/B-VI.8

0.1

3.35

3.36 3.37

Neutron Energy / keV

x 107

This work, Exp.
This work, REFIT

ENDF/B-VI.8 g

a s
*

0.0 3
320

340 350
Neutron Energy / keV

Borella et al., Phys. Rev. C 76 (2007) 014605

360
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* Resonance parameter file (matching thermal values)

— 304 resonances up to 620 keV (221 in ENDF/B-VI.8)
— R'=9.54 (2) fm
— E, >80 keV: I', from ORELA, (Horen et al., PR C20, 478 (1979))

* Photon strength functions from C;D, spectra

— fz1 <225 (5) 10° MeV-3
— fyy, follows systematics (no M1 enhancement)
— B(E2)J

Borella et al., Phys. Rev. C 76 (2007) 014605
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JRC Transmutation of LLFP (**Tc and 129I) 117:}/1
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129] + n —» 130] — 130Xe (stable)

4 h

1.6 107 y
1209 124 h

\_ <
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JRc lodine sample preparation & characterisation 17:1/1
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* Sample preparation group at IRMM extracted: Weight %
~ 150 g lodine (powder) from 210 liter reprocessed waste ™ 16.5
(1.3 g/l lodine and 40 MBg/I) il 3.4

2 4.9
oy Pb 59.5

* Sample characterisation: (Pbl, + PbO) powder sample - T

by mass spectrometry , (N)AA and NRTA o : 4:5
N 1.2

—Pbl, (~43.2%)
—PbO (~ 56.8%)

G. Noguerre, PhD 2003 and PRC, 2007
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JRC Resonance Parameters for 1291 + n 117:}/1

EUROPEAN COMMISSION nstitute for

Reference
Materials and Measurements

Workshop on Nuclear Reaction Data for Advanced Reactor Technologies — Trieste, 19 — 30 May, 2008, P. Schillebeeckx

Overlap with 127] +n resonances and Pb potential scattering
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— Additional measurements on 1271 + n
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1291 and 1?7] : in RRR
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Data 127) 129,
Enx(®RRR) N Enx(RRR) N

BROND 2.2 2.1 keV 66

ENDF/B-VI 1.0 keV 93 0.2 keV 5

JEFF 3.0 2.0 keV 188 3.0 keV 126

JENDL 3.3 4.2 keV 374 3.0 keV 127

IRMM 10.0 keV 719 10.0 keV 400
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JRC IAEA CRP: Thorium — Uranium Fuel Cycle  “1]?

Workshop on Nuclear Reaction Data for Advanced Reactor Technologies — Trieste, 19 — 30 May, 2008, P. Schillebeeckx

Nuclide Reaction Accuracy

(%)

v 232Th total 3

. (n!Y) 1-2
r 233pg (n,f) 20
231Th 234U (n f) 3

| 230Th |e & Zsopa 236U (n f) 5

1) 2 % uncertainty on o, for 22Th(n,y) in URR = uncertainty on 233U production rate

2) 10 % uncertainty on o, for 22Th(n,y) = 30% uncertainty on proton current to
operate ADS with a k4~ 0.97

1) E.T. Cheng and R.D. Mathews, ND1979, p. 834
2) M. Salvatores, ND1997, Part |, p. 3
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22Thn )
t=0.5mm 1.02F A
-1 —— Normalization A
10 —URR
a bP‘ .@EP O - A o
x Ol
>° 107 ~_1.00F “, 2 4 - 0
o by x x X ¥ X
[ WF DL
1 0-3 S, Monte Carlo 150 keV
0.98} O Unweighted 150 keV |
X Corvi et al. 150 keV
A A Monte Carlo 700 keV
10‘ M P E 7 BN ) PR : 1 :
20 22 24 10000 100000 0 100 200
Neutron Energy/ eV Neutron Energy / keV
Ref. E=218ev  E=235eV ~ N/0339 Overall uncertainty : 1.7 %
I/ meV I'y/meV TI'z/meV I,/meV . .
Olsen et al. 208 253 382 269 1.000 normalization : 1.5 %
Kobyashi et al. 2.09 25.2 3.88 26.1 1.000 ) 0
Chrien et al. 2.10 24.0 3.70 26.0 0.994 uncorrelated : 0.2 %
+ : ah :
Borella et al., Nucl. Sci. Eng. 152 (2006) 1-14 dead time, self-shielding
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GELINA

0 7/

10 n n 232Th(n,y)
t=0.5mm
1()'1 — Normalization
v — URR
>" 107

10° ‘
107 L Z

20 22 24 10000 100000
Neutron Energy / eV

Borella et al., NSE 152, 1 (2006)

L
nTOF

0 7F

10 232Th(n,y)
t=1.3 mm
1(')'1 — Normalization
—— URR
3 1072

107 3
10'4 1 1 1 1 1 ,Ill el 1 1 el

20 22 24 0000 100000

Neutron Energy / eV

Aerts et al., PR C73, 054610 (2006)
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25 . T T . 100 :
-  CRP-evaluation CRP-evaluation
A |wasakiet al. Borella et al.
¢ Poenitzetal. — Aerts et al.
¥ Uttley et al. S Kobayshi et al.
I 20 » Vertebnyj et al. - % Macklin et al.
—~ B Kobyashi et al. o
‘91 - Gregoriev et al. | —
S o
© L
=
£
©
—(
. 1 . 1 . 60 prd . 1 . 1 .
0 50 100 150 0 50 100 150
Neutron Energy / keV Neutron Energy / keV

Sirakov et al., Annals of Nuclear Energy, 2008d0i:10.1016/j.anucene.2007.12.008,
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