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The PGAAThe PGAA --NIPS facilityNIPS facility
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PGAAPGAA --NIPS facilitiesNIPS facilities



NIPS NIPS neutron beam profile with neutron beam profile with 
Neutron RadiographNeutron Radiograph
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Wavelength spectra of thermal and cold beams
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Rate distribution for Am-241 in cold beam

1E+2

1E+3

1E+4

1E+5

1E+6

1E+7

1E+8

1E+9

1E+10

0.0001 0.001 0.01 0.1 1

En (eV)

R
a

te
 /m

g
/d

E

1E+2

1E+3

1E+4

1E+5

N
o

rm
a

lis
e

d
 fl

u
x

C
ro

ss
 s

e
ct

io
n

 (
b

) 

Flux (cm-2 s-1 dE-1)

Rate /mg/dE

Cross section (b)

thermal energy

>99.96% <0.04%



Eg [keV]
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Partial gggg-ray production cross section
• Ag - number of counts for a given gamma energy:
• Ag = N sg F e f t
• N - number of atoms (~ mass of component)
• F - neutron flux
• e, f - detector efficiency and self absorption corr.
• t - measuring time
• sg - partial gamma-ray production cross section
• sg =s q Pg

– ssss – isotopic cross section, qqqq isotope ratio, Pg - gamma-ray 
production probability

• Comparator method for prompt activation and decay:
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Total neutron capture cross section
Method Equation Notes 
1 

g

g

q

s
s

Pth =  
Pg must be known, for example from 
beta decay if the captured nucleus is 
unstable. 

2 
)1()1(

1

1
f

n

f
ffCth PCC++= �

-

=
® ass g

 

The sum of all primary transitions from 
the capture state can be used for nuclei 
with relatively simple decay scheme. 

3 
�
=

® ++=
n

i
iisgith PCC

2
.. )1)(1( ass g  

The sum of all ground state transitions 
can be used for nuclei with relatively 
simple decay scheme. Conversion 
coefficients a must be known. 

4 � ++=
i

niiiith BPCCE /)1)(1( ass g  The energy weighted sum can be used 
for any nuclei with resolved gamma-
transitions. Ei is the energy of the 
transition, Bn is the binding energy and 
PCC is the pair conversion. 

 

1 129I,99Tc (IRMM and Prof. Qaim)

2,3 or CIS 209Bi,204,206,207Pb (IRMM)

4 209Bi (IRMM)

For ADS and
transmutation



Xsection of 129I from chopped beam 
experiments 

Simplified decay scheme of 130I from literature

T1/2=8.8 m

T1/2=12.4 h
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127,129I chopped beam (n, gggg) spectra
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Year Author Method s th (b)

1956 Purkayastha et al. Activation reactor 35
1958 Roy et al. Activation reactor 26.7(20)
1963 Pattenden et al. TOF 28(2)
1969 Block et al. TOF 31(4)
1983 Friedmann et al. Activation reactor 33.9(19)
1996 Nakamura et al. Activation reactor 30.3(12)
2007 Belgya et al. Chopped cycl. act. 30.6(11)

Ref. Xsec: T. Belgya, et al. ND2007 conference
Chopper: L. Szenetmiklósi, et al. NIM A 564 (2006) 655–661



241Am(n, gggg) thermal cross section problem
From Olivier Bouland CEA



Editor: G. L. Molnár †

1. Principles of the PGAA method
(Zs. Révay, T. Belgya)

2. Beams and Facilities           
(R.M. Lindstrom, Zs. Révay)

3. Samples and Standards      
(R.M. Lindstrom, Ch. Yonezawa)

4. Gamma-Ray Spectrometry     
(T. Belgya, Zs. Révay)

5. Quantitative Analysis                
(Ch. Yonezawa)

6. Applications of PGAA with 
Neutron Beams                        
(D.L. Anderson, Zs. Kasztovszky)

7. Appendices Reference Data
(R.B. Firestone, G.L. Molnár, Zs. 
Révay)

+ CD supplement

General precision 1-5% for 
sg
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Chapter 5

THERMAL NEUTRON 
CAPTURE CROSS-

SECTIONS AND
NEUTRON SEPARATION 

ENERGIES
R.B. Firestone, S.F. 

Mughabghab, G.L. Molnár
(2007)



Conclusions

• The PGAA-NIPS facilities provide excellent means 
for determination of s and sg

– Well determined geometry
– Good background conditions
– Chopped neutron beam option
– Firmly established methods

• More precise decay gamma-ray probabilities are 
needed

• 241Am g.s. thermal cross section is feasible, but 
difficult
– Needs better X-ray absolute intensity for Pu

• 241Am metastable cross section with present flux 
(1.1´ 108) is not feasible



Thank you for your attention!
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Available 241Am samples
Planed experiment
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241Am(n, gggg) with ribbon sample 
containing Au and Ag

In-beam rates
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237Np(n,gggg) with 10 mg sample 
In-beam rates (3% branching unc.)
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Geometry of the IRMM 241Am samples
In-beam geometry
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Precision of data necessary for the evaluation

Name reaction value unc. rel. unc unit source
T1/2 241Am(a)237Np 432.7 0.5 0.12% year TRS 261 (1986)
T1/2 242Amm(IT)242Amg 141 2 1.42% year TRS 261 (1986)
T1/2 242Amg 16.02 0.02 0.12% hour Table of Isotopes
T1/2 242Cm 162.94 0.06 0.04% day TRS 261 (1986)
Deacy probability 241Am(a)237Np 59.54 keV gamma 3.59E-01 4.00E-03 1.11% TRS 261 (1986)
Deacy probability 241Am(a)237Np 98.54 keV gamma 2.00E-04 1.00E-05 5.00% TRS 261 (1986)
Deacy probability 241Am(a)237Np 102.97 keV gamma 1.96E-04 1.00E-05 5.10% TRS 261 (1986)
Deacy probability 242Amm(IT)242Amg 48.63 keV gamma 9.95E-01 1.20E-04 0.01% Table of Isotopes
Deacy probability 242Amg(b-)242Cm 8.27E-01 3.00E-03 0.36% Table of Isotopes
Deacy probability 242Amg(EC)242Pu 1.73E-01 3.00E-03 1.73% Table of Isotopes
Deacy probability 242Amg(EC)242Pu 99.55 keV X-ray 3.69E-02 3.69E-03 10.00% jef22
Deacy probability 242Amg(EC)242Pu 103.76 keV X-ray 5.91E-02 5.91E-03 10.00% jef22
Deacy probability 242Amg(EC)242Pu 117.26 keV X-ray 1.31E-02 1.31E-03 10.00% jef22
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241Am spectra with 0.37 MBq calibration source

Effect of Er shielding on the 60 keV gamma ray
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T. Belgya, Phys. Rev. C 74, 024603 (2006).
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206Pb(n,gggg) spectrum
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New neutron capture decay scheme of 207Pb
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Isotope This work Mugabgab Comment
(mb) (mb)

204Pb 482(20) 661(70) preliminary

206Pb 28.7(7) 26.6(12) Increase is due to the N source

207Pb 649(14) 625(30) increase is due to the N source
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Total neutron capture cross section
another way

• Total energy detector concept, e=Egor inverse Q
value;

– i= all transitions, (no decay scheme is needed)
– Good identification is necessary, eg. 209Bi, 206Pb, 27Al, etc. 
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Total neutron capture cross section
another way

• From decay gamma rays:

– Continuous beam activation (traditional)
– Chopped beam activation (new)
– Absolute decay probability Pg is needed, 238,235U, 232Th, 

129I, 99Tc, 27Al, Te isotopes etc., 
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Peak area of 536 and 668 keV 130I(bbbb-)130Xe 
decay gamma rays during activation and decay

F=71%, Rm=36%, lll l m=1.279E-3,cccc2=1.25 proposed new
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New fit results and uncertainties

-1.390.0120.832b668g

-6.100.00130.0218deadt_corr

fixed3.390.0340.987bm

fixed1.580.0160.997bg

0.83(3) a)1.260.0090.709F

fixed1.492.3E-071.558E-05l g

1.316E-3(3E-6) b)1.271.6E-051.279E-3l m

0.60(9) a)2.140.0080.355Rm

-1.558.0516.9d

LiteratureRel. U.Unc.Present work

a) P.K. Hopke, A.G.Jones, W.B. Walters, A. Prindle, R.A. Meyer, PRC 2 (1973) 745

b) S. Nakamura, H. Harada, T. Katoh, Z. Ogata, J. Nucl. Sci. Techn. 33 (1996) 283
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Uncertainty budget 
ISO Guide to the expression of Uncertainty in Measuremen t (GUM)

• Advantages of the relative internal calibration method
– Absolute flux, inhomogeneity of sample and flux, multiple scattering (build 

up effect), dead time, energy distribution of flux, sample weight cancel out

• Uncertainty components for partial gamma ray cross sections

– Uncertainty (1s, dA) of the are A is obtained from peak fitting with Hypermet
PC

– Uncertainty efficiency ratio can be obtained from the correlation matrix of the 
efficiency fit. Relative uncertainty of the efficiency is about 0,5-1% in the 0.1-
10 MeV range.

– Gamma and neutron self absorption is calculated with numerical integration 
over simple shape of samples. For thin samples they are close to 1 and the 
estimated uncertainty is 5% of the difference from 1 
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A nice summary: Zs. Révay, Nucl. Instr. & Methods A 564 (4-6), 688-697 (2006)



Uncertainty calculation example
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Continuous beam

•Without correlation we get overestimate of the uncertainty
•For sum of partial cross sections the uncertainty calculus must be 
used, if we use simple re-normalization than the correlation is 
neglected
•For calculus of decay partial gamma-ray cross sections and 
uncertainties related to chopper methodology please see
Szentmiklósi, L., Z. Révay and T. Belgya (2006). Measurement of partial gamma-ray
production cross-sections and k0 factors for radionuclides with chopped-beam PGAA, 
Nucl. Instr. and Methods A 564: 655-661.



Selected recent publications
Handbook of PGAA with neutron beams (Eds. G.L. Molnár, Kluwer Academic Publisher), 2004
99Tc(n,g):
G.L. Molnár et al., Radiochim. Acta 90 (2002) 479-482, T. Belgya et al.,Porc. of the enlargement workshop on Neutron 
Measurements and Evaluations for Applications (Eds.  A.J.M. Plompen), 5-8 Nov. 2003, Budapest, Hungary, EUR Report 
21100 EN, Luxembourg, ISBN 92-894-6041-5, 2004, 2004, pp. 159-163.
127,129I(n, g):
Belgya, T., G. L. Molnár, Z. Révay and J. Weil (2005). Determination of thermal neutron capture cross sections using cold
neutron beams, 10th International Conference on Nuclear Data for Science and Technology, September 26 - October 1, 
2004, Santa Fe, New Mexico, AIP 769, pp. 744-747
238U(n, g):
G.L. Molnár, Zs. Révay and T. Belgya, Nucl. Instr. Methods B 213, 389 (2004)
209Bi(n, g)
Borella, A., A. Moens, P. Schillebeeckx, R. Van Bijlen, G. L. Molnár, et al. (2005). Determination of the 209Bi(n,g) capture
cross section at a cold neutron beam, Journal of Radioanalytical and Nuclear Chemistry 265(2): 267-271.

Te isotopes:
I. Tomandl et al., Phys. Rev. C 68 (2003) 067602

Pb in progress
15N, 208Pb, 27Al:
Belgya, T. (2006). Improved accuracy of gamma-ray intensities from basic principles for the calibration reaction

14N(n,g)15N, Physical Review C 74: 024603; Belgya, T. (2007). New gamma-ray intensities for the 14N(n,g )15N high energy
standard and its influence on PGAA and on nuclear quantities, Journal of Radioanalytical and Nuclear Chemistry: accepted

Pd:
Firestone, R. B., M. Kritcka, D. P. McNabb, B. W. Sleaford, U. Agvaanluvsan, et al. (2005). Thermal neutron capture cross section of
the palladium isotopes, 12nd international Conference on Capture Gamma-Ray Spectroscopy and Related Topics, September 4-9, 2005 
University of Notre Dame, Indiana, USA, API, pp. 



Absolute FEP efficiency
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Gate on 299 keV
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Partial gggg-ray production cross sections of 
capture and decay lines for a 99Tc target

Eg

(keV)

Origin Pg

(g/100 captures

or decays)

� g 
a

(b)

Sensitivity

(cps/mg)

172.1 99Tc(n,g) 67±6 16.61±0.15 3.0

223.4 99Tc(n,g) 6.1±0.6 1.472±0.013 0.24

263.5 99Tc(n,g) 5.9±0.5 1.425±0.012 0.21

539.5 100Tc � -
6.6±0.5 b 1.604±0.014 0.14

590.7 100Tc � -
5.3±0.5 1.296±0.011 0.10

89.5 99Tc � -
(6.5±1.5)́ 10-4 c 4.3́ 10-3

G.L. Molnár, T. Belgya, Zs. Révay and S.M.Qaim, Radiochim. Acta 90, 479-482 (2002)



Inferred total thermal-neutron capture 
cross section of 99Tc

H. Pomerance 1975 19±2 b pile oscillator
R.B. Tattersall 1960 16 ±7 b pile oscillator
N.J. Pattenden 1958 25 ±2 b transmission
M. Lucas 1977 20 ±2 b mass spectrometer
V.V. Ovechkin 1973 24 ±4 b activation
H. Harada 1995 22.9 ±2.6 b activation
Mughabgab 2003 20 ±1 evaluation INDC(NDS)-440

Literature: EXFOR database

Method Basis s (b) Comment
100Tc(b-)100Ru 539 g 24.7±2.3 with PgFurutaka et al.

591 g 23.9 ±1.8

Average 24.3 ±2.2 unweighted average

99Tc(n,g)100Tc � sg g.s. 21.21±0.17 lower limit



• Neutron beam cross section: 2.5´ 2.5 cm2

• Thermal-equivalent flux at target: »3´ 107×cm-2s-1

• Vacuum in target chamber (optional): »1 mbar
• Form of target at room temperature: Solid, powder, liquid, gas in 

pressure container

• Largest target dimensions: 1.5´ 1.5´ 3.5 cm3

• g-ray detector No.1 n-type coax. HPGe
• Relative efficiency: 13% at 1332 keV 
• FWHM: 1.8 keV at 1332 keV 

• g-ray detector No 2. n-type coax. HPGe
• Relative efficiency: 30% at 1332 keV 
• FWHM: 1.9 keV at 1332 keV 

• g-ray detector No 3. Planar HPGe
• FWHM: 0.6 keV at 122 keV

Parameters of the NIPS station
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What’s NIPS?
• Neutron Induced Prompt gamma-ray 

Spectroscopy 
• Intent: To build a multipurpose 

experimental station
– Close detector geometry (2.5 cm)

– Place for more detectors (³ 3)
– Good shielding (6Li-poly)

– Multiparameter data acquisition 



Publications
•P.P. Ember, T. Belgya, G.L. Molnár, Improvement of 
capabilities of PGAA by coincidence techniques, Appl. Radiat. 
Isot. 56 (2002) 535
•P.P. Ember, T. Belgya, J.L. Weil, G.L. Molnár, Coincidence 
measurement setup for PGAA and nuclear sructure studies, Appl. 
Radiat. Isot. (2002) In print
•T. Belgya, Zs. Révay, L. Szentmiklósi, M. Lakatos, J.L. Weil, 
The application of a digital specrometer in PGAA, IRRMA-V 
(2002)
•T. Belgya, G.L. Molnár, Accurate relative gamma-ray intensities 
from neutron capture on natural chromium, IRRMA-V (2002)
•G.L. Molnár, T. Belgya, Zs. Révay, S.M. Qaim, Partial and 
total neutron capture cross section for non-destructive assay and 
transmutation monitoring of  99Tc,Radiochemia Acta, submitted 



The 99Tc 
• One of the most important LLFF
• 99Tc  half-life: 210 000 years
• cumulative fission yield in reactor: 6.1%

• The (n,g) reaction can efficiently destroy the Tc waste
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99Tc transmutation

• TARC experiments at CERN to measure 
transmutation rates

• A. Abanades et al., Nucl. Instr. and Methods A 478 (2002) 577–730

 

C
Carlo Rubbia's TARC
(Transmutation by Adiabatic
Resonance Crossing) experiment at
CERN. Accelerator-driven
transmutation has emerged as a
potentially complementary
technology for radioactive waste
handling by transmuting the longest-
lived radioactive isotopes into short-
lived or stable ones.



Scheme of transmuting 99Tc 

99Tc

99Ru
stable

100Ru
stable

100Tc
90 keV

1.6 x 10-3%
2.11 x 105 y

15.8 s100% b-

539 keV

591 keV

99Tc+n
transmutation path

0.6%

93%

5.7%

} ±10% major source
of uncertainty in

TARC experiments



99Tc measurements at our PGAA & 
NIPS facilities

� NH4TcO4 PGAA (partial cross section)

� 99Tc(n,g) PGAA (rel. g intensities)
� 99Tc(n,g) Chopped beam PGAA

(100Tc b- decay rel. g intensities)
Evaluation is in progress:

• 99Tc(n,g g) Coincidence (decay scheme)
• 99Tc(d,p)100Tc High resolution proton spectrum

(level scheme)
measured at , TU Munich



100Tc levels observed in (d,p) spectrum



•Partial gamma-ray cross sections
on-line transmutation yield measurement
non-destructive assay of waste by PGAA

•Decay gamma-ray partial cross sections
on- and off-line transmutation yield measurement

•Thermal neutron capture cross sections
transmutation yield calculations
normalization point for differential cross section experiments (e.g. 
GELINA, Geel, Belgium, n-TOF, CERN)

Our goal is to measure these quantities with high 
precision

Quantities we can measure and their role 
in nuclear waste transmutation
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Why to measure nuclear waste, structural 
material capture cross sections?

• Waste is generated by power production

• Safe disposal ® transmutation by ADS
• Problematic wastes are the Long-Lived Fission Fragments or 

LLFFs (99Tc, 129I,…) and minor actinides
• Structural materials are parts of ADS (Bi, Pb, ...)
• For optimization of transmutation yields, control of 

transmutation and detection of various isotopes in waste: 

Accurate g-ray yields and thermal neutron cross 
sections are needed



Objectives

PGAA

(n,gggg) reactions

Cross sections Nuclear Physics

Research
• Xsections for ADS

• LLFF 
•99Tc, 129I (IRMM)

• Fuel 
•238,235U,232Th

• Structural mat.
•209Bi, 204,206,207Pb (IRMM)

Methodology
• Internal comparator
• Chopped beam

Research
• Archaeology (IAEA)

• Geology 

• Catalyst
• Material sciences

• In-beam Mössbauer

• Safeguard

Methodology
• PGAA library (IAEA, LBL)
• Chopped beam PGAA

• Standards (IAEA)

Research
• Decay schemes

•204,206,207Pb (IRMM)

•99Tc

• Strength functions  
•57Fe (Oslo, Frank L.)

•Mo, Yb, Gd

• Modeling Decay s.
•99Tc

Methodology
• (n,g), (n,gg)
• Monte Carlo
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Ideal target for the comparator method
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It can be deduced from the activation formula below 

• Contains only two isotopes (comparator and unknown) qC ,qX =1

• Both of them are 1/n nuclei 	
•Flux energy distribution cancels

• Thin (transparent), similar gamma energies 	
•Efficiencies and self absorptions canlell out or easy to calculate

• Homgeneous mixture or chemical compound 	
•Spatial distribution of the flux does not count

• Similar partial gamma-ray cross sections (good for accuracy)

• Precise (well known) transition probabilities (best Pg » 1)
• Fits the beamsize and does not overload the counting system



(
	�/�	

Eg (keV)

100 1000 10000

E
ffi

ci
en

cy

10-5

10-4

10-3

Radioactive sources
Spline fit
Hypermet fit with Jurney intensities

Z
-s

co
re

-3
-2
-1
0
1
2
3

0.960

0.970

0.980

0.990

1.000

1.010

1.020

1.030

1.040

0 5 10 15 20

Crossing line number

P
ro

b
ab

ili
ty

This work
Jurney et al.

0.900

0.920

0.940

0.960

0.980

1.000

1.020

1.040

1.060

0 2000 4000 6000 8000 10000

Eg (keV)
In

te
n

si
ty

 r
a

tio


