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ωDiscovery of neutron 
ÅJ. Chadwick, "The Existence of a Neutron" Proceedings of the Royal Society 

A: Mathematical, Physical and Engineering Sciences 136 (830): 692 (1932).

ωNeutron ActivationAnalysis(NAA)
ÅThe applicationof neutron-inducedradioactivityfor elementanalysis

ÅDȅǀǊƎȅ IŜǾŜǎȅ1936 (Hf, radioactivetracing, Nobel prize1943)Hevesy, Gy., 
Levi, H., 1936, Danske Videnskap.  Selskab. MatematiskFysiskeMedd., 14, 
5.

ωPrompt Gamma ActivationAnalysis(PGAA)
ÅThe application of radiative neutron capture ((n,ɹ ) reaction) for chemical 

analysis

Åfirst observed in 1934: 1H(n,ɹ )2H D.E. Lea, "Combinationof proton and 
neutron", Nature 133, 24-24 (1934)

ÅFirstPGAA implementations
ÅIsenhour, T.L., Morrison, G.H., 1966, Anal. Chem., 38, 162.

ÅR. Henkelmann, H.J. Born, Angew. Chem. 81. 1969 (22) 921

http://upload.wikimedia.org/wikipedia/commons/b/b4/George_de_Hevesy.jpg
http://upload.wikimedia.org/wikipedia/commons/b/b4/George_de_Hevesy.jpg
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IAEA Isotope Browser App

A(b,c)D  =  A + b Ҧc + D ( + Q )

A ςtarget nucleus

D ςfinal nucleus

b - projectile

c ςemitted particle

Qςreaction energy (+ exotherm, - endotherm)
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Neutrons interact with the condensed matter:

ÅInduce nuclear reactions (capture, fission)

ÅScattering (elastic, inelastic)
ÅReflection

ÅUnaffected neutrons pass through the sample
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NAA

Å15 keV to 2.8 MeV gamma energy range

ÅSimpler spectrum with a few (dozen) well separated, 
Gauss-like peaks

ÅBaseline increasing towards low energies

ÅNon-Poisson statistics when measuring at changing 
count rate

ÅPeak positions -> identifying the elements

ÅPeak areas, half lives -> determining quantities

PGAA

Å45 keV to 12 MeV gamma energy range

ÅComplicated spectrum with hundreds of Gauss-like peaks

ÅBaseline increasing towards low energies

ÅPoisson statistics

ÅPeak positions -> identifying the elements

ÅPeak areas-> determining quantities
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The neutron capture cross section of an isotope of a 
chemical element is the apparent cross-sectional area 
that an atom of that isotope presents to absorption and 
is a measure of the probability of neutron capture. 

It is usually measured in barns, i.e. 10-24 cm2 or 10ī28m2

Capture cross section is highly dependent on neutron 
energy 

In general, the likelihood of absorption is proportional to 
the time the neutron is in the vicinity of the nucleus. The 
time spent in the vicinity of the nucleus is inversely 
proportional to the relative velocity between the neutron 
and nucleus. This is the 1/v law.

One expect the highest reaction rate per atom for cold 
neutrons

Neutrons shouldbe moderatedor cooledto maximize 
the analytical sensitivity of PGAA
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1/v law Resonances
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ÅSample
ÅSample preparation
ÅIrradiation
ÅDetection

ÅSpectrum
ÅResult turnover time
ÅDetection limits
ÅCooling time after irrad.

100 mg - 1 g
None/ PTFE bag, vial
Guided beam of neutrons
On-line, during the irradiation

100-5000 peaks, 12 MeV
Few hours
>ppm, %
1-2 days

10 mg
Drying, glass
Reactorcore
Separatedin time and space

10-100 peaks, 3 MeV
weeks
ppm-ppb
Severalmonths

Multielementmethods
Negligiblematrixeffect,
Good reproducibility,
Reliableuncertaintybudget
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NAA - No light elements!PGAA ïmajor and minor elements

Source: Zs. wŞǾŀȅ, C. StieghorstŀƴŘ wΦ aǸƭƭŜǊΣ ¢¦a
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Gamma (prompt and decay) radiation is characteristic
Åenergy     ­ elements (isotopes)
Åintensity  ­ quantity

Peak position Peak area

Energy Partial gamma-ray production cross section

Nucl. E (keV) cross-sec half-life

1H 2223.249 keV 0.3326 b -

Χ 
23Na 1368.6 keV 0.500 b 14.96 h

Χ
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l= ln(2)/T1/2, decay constant
Peak area has to be corrected for saturation: AΩ Ґ A/SDC

In case of complex 
activation-decay chain:
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R - number of captured neutron per sec

s- capture cross section (cm2), 

F- flux cm-2 s-1 eVï1

N - number of target nuclides (~ mass)

1/nbehavior cancels for slow neutrons:

Reaction Rateςgeneral equation
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m : Mass of the element

S: Sensitivity of the analytical peak (cps / mg)

t : measurement time (s)

Ag: Peak area

NA : Avogadro-number

M : Molar weight

q: Isotopic abundance

s0 : Neutron capture cross-section

Pg: Gamma-yield per neutron capture

f: Neutron flux

e(Eg) : Detector efficiency

f(Eg) : Matrix effect correction (neutron self shielding, gamma self absorption)
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Fit from the PGAA spectrum
From spectroscopic library

Å We measure concentrations, i.e. ratios of 
element masses to the cumulative mass of 
all detected elements.

Å No need to know the exact weight of the 
sample

Å No problem if not the entire object is 
irradiated

From detector calibration
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PGAA
1 mg H together with 1 g Cl
(10 mg water in 1 g CCl4)

1 mg Cl together with 1 g H
(1 mg Cl in 10 g water)

NAA 
it can be increased with repeated 

counting after cooling, contact 
counting etc.

1 000 000

100

count

s
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PGAI-NT:

ÅTypical spatial resolution for element analysis > 2 
mm

ÅTypical detection limit approx. 0.1%

ÅBulk (other methods: near-surface or solution)

ÅNon-destructive

ÅRepresentative

ÅHigh metrological quality

Spatialresolutionsvs. detectionlimits in elementalanalysis

Originalfiguretakenfrom https://myscope.training/legacy/analysis/introduction/
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instrumentÅNeutron source
Åspallation neutron source
Ånuclear reactor
Åneutron generator
Åisotopic neutron source (252Cf, Pu-Be, ...)
Åcompact accelerator-driven neutron source

ÅModerator (H containing material)

ÅShielding against ...
ÅNeutrons(PGAA)
ÅGammas

ÅPneumatictransfer(a.k.arabbit) system (only in NAA)
ÅAutomatic sample changer

ÅDetectors
Åhigh-purity germanium (HPGe)
Åscintillator (NaI, ...)
ÅLow-background counting chamber (NAA)
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Å10 MW thermal power

ÅTanktype, Water-cooled, Water-moderated

Å60+ years of operation

ÅMax. thermal flux in the core: 2Ҏ1014 cm-2 s-1
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Neutron Centre

400 cm3, 20 K liquid H2
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ÅHigher flux (neutron guides 
higher throughput)

Åevery nuclide behaves regularly 
Å(follows the 1/v-law)

Åevery nuclide has higher cross 
section

a higher reaction rate
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ÅNi or supermirror guides

Årelatively small losses

Ålow background
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22

Neutron source -> neutron guide -> PGAA 
facility

Neutrons to the sample
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Oak Ridge National Laboratory

Sample to the neutrons
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24

Reactor neutron spectrum
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Å

Measured isotopes: 

24Na, 27Mg , 28Al,38Cl, 49Ca, 51Ti,
52V, 56Mn, 66Cu, 80Br, 87mSr, 
123mSn, 125mSn, 128I, 139Ba

Pneumatic rabbit system

ʌth = 4.45Ā1013 n/cm2s

ʌepi = 1.28Ā1012 n/cm2s

f = Fth/Fepi = 34.8, a= 0.029
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20 elements

Measured isotopes: 
24Na, 42K, 51Cr, 59Fe, 60Co, 

58Co(Ni), 65Zn, 69m Zn, 
72Ga, 76As, 82Br, 86Rb, 
122 Sb, 110m Ag, 124 Sb, 
134 Cs,140 La, 153 Sm, 182 Ta, 
187 W

BRR No. 17 rotating channel, (Å=54 mm)

ʌth=1.76Ā1013 n/cm2s

f = Fth/ Fepi= 47.1

a= 0.0249 

Pneumatic rabbit system
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the photoelectric effect (left), the Compton-scattering (middle), and pair production (right).

Three major types of interactions between gamma radiation and matter: 
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Aim: to reduce the background but not the peak!

i.e. to selectively discard

the events where interaction happened 

in both HPGe and suppressor, 

and keep all the events interacted 

only with HPGe

BETTER 

SIGNAL-TO-NOISE 

RATIO20-40 kg

Bi4GeO12 (BGO)

Also reduces room

background by

more than 2 orders

of magnitude
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system

HPGedetector

BGO Compton suppressor detector

Lead shielding
Detector response function for monenergetic
gamma radiation (c.f. Compton scattering, pair 
production)

Central detector: high-purity Ge, due to best achievable energy resolution
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Unsuppressed vs. Compton-suppressed PGAA spectrum of Urea-D
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ÅPGAA(prompt-gamma activationanalysis
spectrometer)
ÅIncreased productivity
ÅAutomation, reduce manpower
ÅHigher throughput for small samples

ÅNIPS(neutron-inducedprompt gamma 
spectrometer)
ÅSpecialization for bulky samples, position-

sensitiveapplications
ÅCombinationwith imaging system (NORMA)

ÅNAA (instrumental neutron activation 
analysis)
ÅHigh-accuracy trace element analysis of 

homogeneous samples
ÅOften complementary to PGAA in terms of 

amenable elements and DLs

Å5ma9 όlow-levelcountingchamber)
ÅIn-beamactivatedsamples
ÅEnvironmentalsamples
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facilities

PGAA

NIPS 

(NORMA)
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ü 10 mg ς1 g samplemass
ü Powder, solid -> Telfonbag
ü Liquid-> Teflon vial
üGas-> pressurizedcontainer
üRemainsactiveonly for a few hours(days) after irradiation
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