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History and theoretical basics

György Hevesy

Hilde Levi

1936 first application of elemental analysis with neutrons, 
Neutron Activation Analysis (NAA) 
G. Hevesy, H. Levi: quantitative analysis of REE 
using a Ra-Be(α,n) source.

1932 Discovery of neutron (nobel prize 1935)
J. Chadwick: correct interpretation of highly penetrating radiation
"The Existence of a Neutron" Proceedings of the Royal Society A: Mathematical, 
Physical and Engineering Sciences 136 (830): 692 (1932).

1960s Prompt Gamma Activation Analysis (PGAA) 
1934 D.E. Lea: radiative neutron capture; reaction 1H(n,γ)2H Nature 133, 24-24 (1934)

1960s Development and first applications of PGAA Isenhour, T.L., Morrison, G.H., 1966, Anal. 

Chem., 38, 162. / R. Henkelmann, H.J. Born, Angew. Chem. 81. 1969 (22) 921

Further milestones: discovery of nuclear fission ( → high flux sources (reactors), 
HPGe detectors, electronics, …
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PGAA = Prompt Gamma Activation Analysis
irradiation and measurement in parallel
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Decay gamma
radiation

NAA

gamma radiation

NAA

sometimes

NAA = Neutronen Activation Analysis 
first irradiation, then measurement
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In-beam NAA: DL in g / INAA: DL in mg (ppt/ppq level possible!)

INAA = Instrumental Neutron Activation Analysis (no chem. treatment)

Sensitivity of INAA (typical geological material)

History and theoretical basics
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Complementary Methods!

Sensitivity of PGAA (typical geological material)

History and theoretical basics
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Chemical analysis with neutrons such as NAA enables a unique 
combination of advantages: 

✓ Panoramic analsyis with very low DLs for many elements.

✓ No (or not much) sample preparation / non- or low-destructive.

✓ High grade of matrix independency. 

✓ High dynamic range. 

✓ Real bulk method.

✓ NAA can be a so-called primary method of measurement (CCQM).
→ Its results can be deduced to fundamental constants using SI 
units (high traceability), also high reliability, high precision. 

Disadvantages: reactor / strong neutron source necessary, cannot 
analyze isotopic, residual activity, spatial resolution limited …

History and theoretical basics
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MLZ is a cooperation between:

Research Neutron Source Heinz 
Maier-Leibnitz (FRM II)

PGAA, NDP, PGAI-
NT, ibLSC, ibNAA, 
ibCNAA

FaNGaS
(FZJ) 

NAA (only irrad.)



NL4b

PGAA-Bunker

Elementanalyse am MLZ: PGAA
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PGAA-Instrument am MLZ

Elementanalyse am MLZ: PGAA
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Elementanalyse am MLZ: PGAA
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The methods – PGAA and INAA
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Radiochemistry Munich (RCM)

FRM II: 
Flux for NAA 
up to ~1014 cm-2s-1

Picture: Eckert / Heddergott, TUM

Counting stations

in the RCM

Repackaging
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irradiation (S):

Pic: MURR

transport + decay / 
waiting time (D)

short + long irradiation

A few activation products are present in more than one measurement→ „intrinsic control“!

measurement (C):

CDS

The methods – PGAA and INAA
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Energy
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Energy of gamma peaks
 qualitative ananlysis

Peak area (number of counts) 
 quantitative analysis

Sodium

→Peaklist with energies and counts.

For calc. of concentrations: Peak list, detector 

calibration data, data from spectroscopic library, 

and corrections such as background, self 

attenuation, summation, inteferences.
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Two options: 

Compare with a standard
reference material.

Calculate directly using the
physical parameters (k0 method).

Spectrum: N22HAM1.MCA Peak list: N22HAM1.pkl Uncertainty calculation: statistical

Live time: 39126.63 s Neutron Flux: 1.50E+8 ±2 %, temp 35 K,       BKG: 13 vac08jan Conc. format: ppm / %
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%
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%
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1 H 1.008 6.82E-4 0.6 1.15E-5 2.0 6.70E-4 1 5.99E-3 0.6  4.02  1.9  0.187 1.5  0.093 0.9  0.83  1.8

6 C 12.01 0.080 3.8  0.0 0.08 4 0.29 3.8 40     2.5 22     3.2 11.1   3.4 41     2.4

9 F 19 4.89E-2 5. 2.06E-4 20. 4.87E-2 -1 4.87E-2 5. 16     4. 14     4.  6.8   5.  6.8   5.

12 Mg 24.31 1.08E-2 5.  0.0 1.08E-2 2 1.79E-2 5.  2.7   5.  3.0   5.  1.5   5.  2.5   5.

13 Al 26.98 1.06E-2 1.6 1.73E-3 3.0 8.84E-3 3 1.67E-2 2.0  1.98  2.7  2.47  2.4  1.23  2.1  2.32  2.6

14 Si 28.09 0.064 2.1  0.0 0.06 4 0.14 2.1 13.7   2.5 17.8   2.2  8.8   2.1 18.9   2.4

15 p 30.97 7.23E-3 5.  0.0 7.23E-3 5 1.66E-2 5.  1.4   6.  2.0   6.  1.0   5.  2.3   6.

17 Cl 35.45 7.99E-4 39.  0.0 7.99E-4 -1 7.99E-4 39.  0.1   39.  0.2   39.  0.11  39.  0.11  39.

19 K 39.1 3.78E-2 2.4  0.0 3.78E-2 1 4.56E-2 2.4  5.9   2.9 10.6   2.5  5.3   2.4  6.3   2.8

20 Ca 40.08 0.092 2.4  0.0 0.09 2 0.13 2.4 13.9   2.7 26     2.1 12.8   2.2 18.0   2.6

22 Ti 47.87 8.30E-4 2.4  0.0 8.30E-4 4 1.39E-3 2.4  0.105 3.0  0.23  2.7  0.115 2.5  0.193 2.9

24 Cr 52 1.21E-5 49.  0.0 1.21E-5 3 1.77E-5 49.  10    ppm 49.  30    ppm 49.  20    ppm 49.  20    ppm 49.

25 Mn 54.94 2.35E-3 3.8 3.18E-6 10. 2.35E-3 3 3.37E-3 3.8  0.26  4.  0.65  4.0  0.33  3.8  0.47  4.

27 Co 58.93 1.08E-5 15.  0.0 1.08E-5 2 1.38E-5 15.  11    ppm 15.  30    ppm 15.  15    ppm 15.  19    ppm 15.

28 Ni 58.69 3.35E-5 11.  0.0 3.35E-5 2 4.27E-5 11.  35    ppm 11.  90    ppm 11.  50    ppm 11.  60    ppm 11.

34 Se 78.96 2.59E-4 8.  0.0 2.59E-4 4 3.64E-4 8. 200    ppm 9.  0.07  8. 360    ppm 8.  0.051 8.

38 Sr 87.62 9.19E-4 5.  0.0 9.19E-4 2 1.09E-3 5.  0.063 5.  0.26  5.  0.13  5.  0.15  5.

48 Cd 112.4 1.07E-6 1.9  0.0 1.07E-6 2 1.22E-6 1.9   0.58 ppm 2.6   3.0  ppm 2.3   1.49 ppm 2.0   1.70 ppm 2.6

49 In 114.8 3.63E-6 8.  0.0 3.63E-6 3 4.39E-6 8.   1.9  ppm 8.  10    ppm 8.   5.0  ppm 8.   6.1  ppm 8.

50 Sn 118.7 3.13E-3 6.  0.0 3.13E-3 2 3.55E-3 6.  0.16  6.  0.87  6.  0.43  6.  0.49  6.

60 Nd 144.2 1.13E-5 8.  0.0 1.13E-5 3 1.32E-5 8.   4.7  ppm 9.  31    ppm 8.  16    ppm 8.  18    ppm 9.

62 Sm 150.4 6.74E-7 1.6  0.0 6.74E-7 3 7.82E-7 1.6   0.271ppm 2.4   1.88 ppm 2.1   0.94 ppm 1.8   1.09 ppm 2.4

64 Gd 157.3 9.60E-7 19.  0.0 9.60E-7 3 1.11E-6 19.   0.4  ppm 19.   3    ppm 19.   1.3  ppm 19.   1.5  ppm 19.

0

0

0

0.35818 2.6 0.71964 1.3 100.31 100.36 49.78 100.43

Quantification limit for 50 % - O calculated 0.36146 50 % O/ total

mass without O 0.35818

self-abs.: no (recalc.: Ctrl+Shift+S) thickness (mm) : 1 density: 2.7 oxide: yes

version: 3.2.2 (2008.04.21)

PGAA: 
We see all main
components and can
normalize (relative 
approach).



Sample preparation

• Very easy, no chemical treatment!

• Large samples possible.

• Avoid H containing packaging, better: Teflon foil, FEP wire. 

The methods – PGAA and INAA
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Sample preparation: 

• Very sensitive to
contaminations!

• Precise weighing
necessary (typical sample 
mass in mg or µg range).

The methods – PGAA and INAA
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BELGIUM

GERMANY

LUX.

NL

FRANCE

Lorsch

Rom. Bridge

Aduatuca Tungrorum

Rom. Villa

Provenance Analysis
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Results: Tongeren very likely from Norroy quarry.

Fine separation of deposits possible
(here < 10km).

Micro facies (microscopic fossils) fits.

→ Romans appreciated high quality materials – even if very long
transport routes necessary.

A simplified 2D representation of a machine learning 
decision (Support Vector Machines).

Probably here: 
40 km by land 

+ 400 km river Maas 
+ 20 km by land

Graphic: Gallo-Romeins Museum Tongeren

Provenance Analysis
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1. Radiography to find spots of interest.

2. Collimation (n and γ).

3. Acquire prompt gamma spectra.

4. NT for visualization.

Time-consuming!

Eschly Kluge

The PGAA instrument and additional setups: PGAI / NT
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Example: 

Coin weight: 
PGAA: Pb + Cu 
Counterfeit?

NT + bulk PGAA

lead bronze
(Cu68/Pb28/Sn8)

Fe+rust

soil (Al, Si, Ca…)

Example: 

Amulett capsule

+ In-core NAA: search for remaining traces?

NT + single-spots PGAI

The PGAA instrument and additional setups: PGAI / NT
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Transfer time: min. 0.2s
Irradiation: 10-1 – few s
Counting: 10-1 – few s
Repetition: several times up to thousands

The PGAA instrument and additional setups: cyclic ibNAA
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Prototype already complete

⚫ F 11s SRMs

⚫ Sc 19s

⚫ Ge 47s+53s

⚫ Pd 21s

⚫ Ag 25s      Archeometry

⚫ Ir 1.4min

⚫ Pb 0.8s Archeometry

⚫ O(?) 27s

Prototype ready

for testing!

The PGAA instrument and additional setups: cyclic ibNAA
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Thank you for listening !



Shows chemical conditions during rock 
formation.

+
possible weathering/recrystallization

effects!

Cerium Anomaly

Provenance Analysis
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Lognormal distribution

conc. conc.
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Many factors (grain size, 
clay mineral content, 
precipitation, etc.) 
influence the final 
distribution of individual 
element concentrations. 
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α or p

neutron depth profiling (NDP)

liquid scintillation counting (LSC)

(n, ɣ) most relevant reaction
(n,p), (n. α) etc. in special cases, e.g. N in PGAA, Ni in NAA
(n,n‘) FaNGaS

History and theoretical basics
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