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Determination of caWWsections I
high-flux cold neutron beams

(n,y) measurements in high-flux cold neutron beams
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The cold neutron source

Liquid deuterium moderator

Volume moderator vessel 25 liters
Volume of liquid D, ~ 13 liters
Temperature 25 K

3 beam tubes
for cold neutron experiments

1 vertical beam tube is not in use

Cooling power total ~ 6 kKW
in liquid D, 2.7 kW

E. Gutsmiedl, Pathe, Chr. Muller, A. Scheuer
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Cold neutron spectral Flux at 20 MW
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A. Réhrmoser, K. Zeitelhack
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eutronenquelle Heinz Maier-Leibnitz
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3) Neutron guides

* NI or supermirror
guides

* relatively small
losses

* low background



http://www.mirrotron.hu/images/iBig/mandiGuides_Big.jpg
http://www.mirrotron.hu/index.html
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Facilities

Guided cold beam: ~5meV
Thermal beam: 25meV

Hot beam: ~250meV

Fast beam: fission spectrum
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Graphite moderator of hot source (250meV)

2 vessels (Zircaloy 4)

noize thermormeter

A4 ——mi— graphite cylinder

r "r__
et

36 thermocouples i?"_."- E S .

ol - _ : I _ _
SRR 7 mnsulation of carbon fiber
T

E. Gutsmiedl, Chr. Muller, A. Scheuer
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Fast neutron channel
For (n,n’)?

Reactor pool

Beam tube SR10
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Beam quality: Fast neutron spectrum

Thermal neutrons (without Unfolded spectrum

converter) —
Beam area: 23x18 cm? 0 | Neutron spectrum at NECTAR — -

@y, : 3.9 x10° s'lcm2 o | v 171

Fast neutrons (with converter) *’gws T | :
Beam area up to 30x20 cm W 408 = !
(multi leaf collimator) W |
@;: 3.2 x108 s'tcm-? B e [ |
Very small thermal neutron 10° | L1
fraction ] |
Filters for adjustment of the nfy- 19 [ : : - : |
fraction 108 10°® 107 1072 10° 10?

Energy [MeV]

— \Watt spectrum plus intermediate neutrons

F.M. Wagner, B. Loeper-Kabasakal, H. Breitkreutz, Th. Bucherl, S. Garni
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Prompt Gamma Activation Analysis
and
Garching PGAA facility
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(n,y) reaction
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(n,y) reaction with cold neutrons

* De-excitation almost exactly from the
binding energy

 Kinetic energy of neutrons <0.02eV
 All nuclides follow 1/v law

— All cold beams excite the same way




Technische Universitat Minchen m

2) Cross section
(probability of intraction)

1.E+05

neutron capture
Cross section 1E+03 I

atlow E: 1/vilaw | £*°%
— highest reaction rate for cold § 1.E+01
neutrons ;
neutrons must be || ¢
moderated g
o 1.E-02
resonance

neutrons

— RNCA (IRMM, Gel, Postma et al.)
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Activation of non 1/v nuclides
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Radiative neutron capture

 Kinetic energy of neutron (<eV) is negligible compared to
binding energy (S,~MeV), or the detector resolution (~keV)

« Prompt de-excitation from capture state

— Is the de-excitation independent of the beam energy?

— Mostly yes, but close-lying resonance(s) can also be excited, from which de-excitation
can be be different

« Emission probabilities (mainly below S,) may differ in different beams
— 1985m, 1%7Gd, 151Eu, 10—20% deviations in thermal/cold beam
— but not 13Cd
— Epithermal neutrons may cause further deviations (collimated beams)

30
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\ —— Gd-155 thermal
| - |
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Heedong Choi, Zsolt Revay
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Spectrum types
Type 1 type 2
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Simplified detector response function of collimated HPGe
detectors

A B=0.001A

| B

» Slope ~ peak density \

 The missing peak areas can be estimated
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Properties of PGAA

* Almost unattenuated penetration through

material

— Neutrons
— Gammas

* Insensitive to detalls (surface, internal
structure)

* Very linear signal: A=n® g,

(activity = number of atoms x flux x cross-sec)
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Active and passive
shielding
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Counts/Channel
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Budapest PGAA facility

¢« 108 cm=2 s1

* Cold beam

« Curved neutron guide
» At the end of the hall
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PGAA facility at Garching

HPGe

Sample chamber Detector

Removable shielding (half) - 1
F

Elliptical nose

_.|| |

o l 'il-ll/

From L. Canella et al. NIM 636 (2010) 108
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Latest reconstruction




‘ Technische Universitat Minchen TI-".I

Focusing

* 5.8 m elliptical guide
« 1.1 m elliptical extension (removeable)

110x50 62x28 18x8
D e s Do e
< >< ~ »>
800 1100
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Focusing guide interchangeable with a collimator

By Harald Turck
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Shielding arrangements
Best arrangement: separate chambers

C

o)

llimator / guide Sample Beam stop

Detector
Active shielding: BGO
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Characteristics

« Highest flux: 4x101° cm= s

— Earlier background ~7 000cps (max rate 10,000cps then) 50,000
— New background 400 cps

« Working flux:2x10° cm= st

— Earlier background: 200 cps 7000
— New background: 11 cps

— Signal/background ratio: best in the world 500

200

20
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Counting characteristics
* Flux: 4x10%° cm=? st
« Sample-to-detector distance: 33cm
» Counting efficiency: 10-4— 10
« Beam background: 400 cps
— With sample holder and packing about 800cps
 Max. count rate: 50,000 cps

* Typical meas. time: 1000—100,000 s
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Sample characteristics

* Min. sample mass: around 0.1mg
* Lowest cross section: 1ub

Radioactive samples:
* Max. activity: 10MBq
* Min. half-life: 100 years
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Coincidence measurements

« Copton-suppressed detector with the
efficiency of 104

 Normal detector close to sample
(efficiency ~ 0.01)

* The reaction rate Is enought to have
enough coinc. events

* No random (much less) random coinc.
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Determination of Nuclear Data in Cold
Neutron Beams
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Capture-related cross sections

 Probability of neutron capture

— Neutron capture cross-section: ¢
— Normally given for thermal energy (25meV): o,

 Probability for the emission of a given-energy
gamma photon after neutron capture

— Partial gamma-ray production cross-section: o,
0, = Py 0 o
(emission probability x i1sotopic abundance x cross-section)
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Radiative neutron capture
(n,y) reaction

H,D SLi, "L, 1°C
160

1) O :Z Ey /Sn Gy 2) Sum of all primary transitions

3) Sum of all ground-state transitions

S, — bindig energy of neutron 4) From decay of ground state
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Spectroscopy data

« Partial gamma-ray production cross-section

— Emission probabillity (relative intensity)
— Proportional to the mass of the nuclide

« Characteristic energy
— ldentifies the emitter nuclide

* Other important data

— Neutron capture cross-section
— Half-life
— Wescott g factor
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Absolute method

* Activation equation: A=n® g, ¢t
* Unknown: A, n (mass), ®, or ¢

:At{%mj@o (0,0P )

— Peak area, efficiency, time

— Mass, molar weight, (Avogadro constant)

— Thermal equivalent flux

— Partial gamma-ray production cross-section
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Relative method

* |If we know nothing of the beam...
* |In case of homogeneous sample
* Activation: A=n® o et

Ale Ny Oy

Ale, n, O,

— Peak-area ratio

— Efficiency ratio

— Molar ratio (mass ratio)

— Partial cross-section ratio
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Comparator methods

* Activation equation: A=n® o, ¢t
* Metal foll measurements

* Flux monitoring

» Before, during, after measurement
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PGAA spectroscopy library

1. Elemental spectra: to obtain ...

—  Relative positions
—  Relative intensities

2. Energy calibration: to absolutize energy
scale

— 2 energies det-d for the 2-point E-calibration
— Non-linearity

3. Standardization: to absolutize intensity
scale

—  efficiency ratios
—  compounds or mixtures
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1. Elemental spectra

 Elements

— Metals

 Oxides

— Nonmetals
— Metals

* Other simple compound with low-Xsec
elements

— Carbonates, hydroxides, carbides, nitrates etc.
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2. Energy calibration

* Energy difference method
« Crystal spectrometer data for 3°Cl
* Element measured in presence of Cl

El E2
ECll ECI2 ECI3 ECI4
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3. Standardization

 Stoichimetric compounds

— Chlorides, nitrates

« Homogeneous mixtures

— Water solution
— Water-TiO,-XO suspension
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3. Comparators

- C,N, O, F, S, Cl, Fe (Au)

» Ultimate comparator: H
— 2223.255 keV 0.3326(7) barn

* One-, or two-step standardization

A1/51 _ nl 07,1

Ale, n, 0,5
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Elements measured in Budapest 1997-2000
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PGAA library

Z{EI|A | MW |# E dE c do %
1(H 1 1.01] 1| 2223.259| 0.019 0.3326| 0.2
1(H 2 1.01| 2| 6250.204( 0.098 | 0.000492| 5.0
3(Li 6 6.94| 5 477.586| 0.050 | 0.001399| 5.9
3(Li 7 6.94| 2 980.559( 0.046 | 0.004365| 5.1
3(Li 7 6.94| 3| 1051.817| 0.048 | 0.004364| 5.1
3(Li 7 6.94| 1| 2032.310| 0.070 0.0398| 5.0
3(Li 6 6.94| 6| 6769.633| 0.263 | 0.001354| 6.5
3|Li 6 6.94| 4| 7246.800| 0.275| 0.002106( 8.4
4|Be 9 9.01| 4 853.631( 0.011 | 0.00165] 8.9
4|Be 9 9.01( 3| 2590.014| 0.025| 0.00188| 8.9
4|Be 9 9.01| 2| 3367.484| 0.035| 0.002924| 8.9
4|Be 9 9.01| 5| 3443.421)| 0.036| 0.000993| 8.9
4|Be 9 9.01| 6| 5956.602| 0.092 | 0.000146| 9.1
4|Be 9 9.01| 1| 6809.579| 0.099| 0.006181| 9.0
5(B 10 10.81| 1 477.600( 5.000 712.5( 0.3
6(C 12| 12.01| 2| 1261.708| 0.057| 0.00123| 2.7
6(C 12| 12.01| 3| 3684.016| 0.069| 0.001175| 3.5
6(C 12| 12.01| 1| 4945.302| 0.066 | 0.002699| 2.9
7(N 14| 14.01|22 583.567( 0.031 | 0.000429| 3.3
7(N 14] 14.01|12| 1678.244| 0.029 | 0.006254| 1.5
7(N 14] 14.01|18| 1681.174| 0.043 | 0.001296| 2.7
7(N 14] 14.01|21| 1853.944| 0.052 | 0.000474| 4.5
7(N 14| 14.01| 5| 1884.853| 0.031 0.0145| 1.3
7(N 14| 14.01|24| 1988.532| 0.077 | 0.000294| 5.8
7(N 14] 14.01|15( 1999.693| 0.032 | 0.003208| 1.7
7(N 14| 14.01|13| 2520.446| 0.039 | 0.004246| 1.8
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PGAA spectrum of O (heavy water ice in vacuum)
1 2 3 4 5
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Total counts: 99, 088

-
o

'
S

-
o

-

o

(=}
~
q
[{«
-
(=
-
-
-
N

Energy (MeV)



=

Technische Universitat Minchen m

6

Count/Mass/Fluence x10

0Boron (ca1rbide)

»

TTTTT

T T TTTT

T

2533
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:10::::

418

T T T 71T

470 4TS

480

485

‘Scale decreases

two orders of

magnitude

at 1 MeV.

T

7007

- Mn Fe

AL

8917

Mn

Ccu

Sample:
Holder:
Mass:
Live time:
Beam:
Flux:

Eff. flux:

| Vacuum:

Count rate:

B,C (B)
no
0.12 g (0.094 g)
53,774 s

cold

5x10" cm’s”
1x10° cm’s”
yes

3193 cps

11448

Total counts: 171,686,666
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Compilations (by Rick Firestone)

* Analytical database HANDBOOK OF PROMPT GAMMA

~ Handbook ACTIVATION ANALYSIS
° For nucl phySICS WITH NEUTRON BEAMS

Fdlited by Gabor L. Molnar

— EGAF

 Further measurements
« Re-evaluation
 Publication




Measurement of low-cross-section nuclides

* Initiated by Rick Firestone

« Started in Budapest and NIST (Washington)
» Stable isotopes Z<10

* Some cross sec. data are really poor quality
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Cross-sections of light nuclides

Nuclide | Abu. % Xsec (mb) Nuclide | Abu. % Xsec (mb)
H 99.985 | 332.6+£0.2% 12C 98.89 3.53+2%
2D 0.015 0.52 £1.3% 13C 1.11 1.37x3%
SHe |1.4ppm 0.03+30% 14N 99.634 79.8+£2%

SHe(n,p) 5333 barn 14N(n,p) 1830 barn
“He ]199.9999| O 1SN 0.366 24+33%
6L 7.5 39 + 8% 160 99.762 0.19+10%

SLi(n,a) 940 barn o) 0.038 0.54+17%
L 92.5 45 + 7% 170(n,a) 235 barn
‘Be 100 8.8+ 11% 180 0.2 0.16x/%
10B 19.9 500+40% OF 100 9.6+5%

10B(n,a) 3837 barn

11D
D

(@ 0]
(@)
s
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Experiments at FRM Il

Heavy water (99.98—92%) + comparator
3He — spin filter chamber (planned)

nat. Li, 'LiF

Be(NO;),

H,BO,, 1'B,0,

Urea: ((NH,),CO), Urea-D, Urea-13C N, 13C
Urea-D, Urea-13C 1°N

Water, heavy water, H,180, H,17-180, D,180
Teflon

MO Z20WWC T O
D D
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Earlier results

Elem | literature Budapest Bp-NIST 2004
1999
IH 10.3326(7) standard standard
°’D |0.000519(7) |0.000490(10) |0.000497(13)
12C 10.00351(5) 0.00376(2) 0.00384(7)
14N 10.0795(14) 0.0792
160 |0.000190(19) |0.000180(15) |0.000184(3)

Lincertainties <till too hiah
TUUOUT CCATTTIOT OV JLUTTTy COOV Illvll

A |
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Effects of pollutants

 Systematic error caused by pollutants

— D,0: 100 ppm H,0O — 7.4 % virtual increase
— C: 100 ppm N — 3.8 % virtual increase
— C: 1 ppm Cd — 7.0 % virtual increase
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Applications

« Improved model calculations in reactor and in particle

Better nuclear data
Better PGA analysis

physics
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Plans

 Other low-cross-section elements/nuclides
(new proposal):

Medium-Z elements:
27A| 90-92,94,962r

Heavy elements:
204,206-208pb ZOQBi
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TANDEM project

 Trans-Uranium Actinides’ Nuclear Data —
Evaluation and Measurement

* Collaboration of

— Julich (FZJ)

— Garching (FRM I, TUM)
— Budapest (CER, HAS)
— Berkeley (LBNL)

* To iImprove (n,y) data for trans-U actinides
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Further calculations from the spectroscopy library (EGAF)

 Dicebox calulations

° Capture COrss sections
— K isotopes (Berkeley)

— Pd isotopes (Berkeley, Livermore)
— Cu (Berkeley)
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Present measurements

» Gd

e EU

* Ge Isotopes
— Together with the Oslo group

N calibration standard

— Efficiency and level-scheme fit  at the same time
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