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(I)NAA: (Instrumental) Neutron Activation Analysis
PG(N)AA: Prompt Gamma (Neutron) Activation Analysis

(n, y) most relevant reaction
(n,p), (n. a) etc. in special cases, e.g. N in PGAA, Niin NAA
(n,n) FaNGaS

aorp

o B-particle

Radioactive

neutron depth profiling (NDP)

liguid scintillation counting (LSC)

Decay gamma
radiation
NAA
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in-beam NAA
—> option at instrument PGAA

“classic in-core” NAA = instrument NAA
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/ / \ only parallel cold
thermal, epithermal neutrons
fast neutrons well-thermalized spectrum
* large samples possible (+)
e orders of magnitude higher flux than in-beam e attenuation is easy to
> verylow DLs (+) calculate (+)

* much lower flux (-)
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Neutron energy range used for elemental analysis:

Na+Be(y,n) source

U-235 fission, spallation (unmoderated)
e.g. reactor, spallation source, Oklo
Cf-252 source
DD generator
Am+Be(a,n)
IFMIF (D-Li)
DT generator
lightning

solar eruption (max.)

ultra cold neutron sources
(e.g.ILL, PSI, TRIGA M2Z)

e.g.reactor, spall.,Oklo

NT.NR, INAA, PGAA
Cd filter

moderated sources
neutrons (threshold)

NT/NR, PGAA

with cold beams

Sb+Be(y,n) source

interstellar
extreme cosmic n.(?)

slow neutrons medium neutrons fast neutrons

UCN VCN cold (<0,025eV)Th. epithermal (> 0,025 eV) relativistic (> 20 MeV) ——>
(=2} o« ~ 0w wn =t e N by (=} by N e =t wn 0w I~ W (=2} (=} - o™ o] < wn w M~ 0
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INAA / NAA: instrumental neutron activation analysis incl. cNAA, ib-NAA,...
RNAA: radiochemical NAA

Methods of chemical ENAA: epithermal NAA
analysis with FNAA: fast NAA
neutrons: PGAA / PGNAA: prompt gamma(-ray neutron) activation analysis

PGAI-NT: Prompt Gamma-ray Activation Imaging and neutron tomography
NDP: neutron depth profiling
further methods: NRA, neutron-induced LSC, ...
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Fission Spectrum

Fission spectrum

$(E) = ng.v.x(E) = |/2E/m.ny. 0.453e93¢E sinh (v2.29E)

0.001 eV 0.0l eV 0.1 eV | eV 10 eV

Figure: https://nuclear-power.com

100 eV | keV 10 keV 100 keV | MeV 10 MeV

NEUTRON ENERGY [eV]
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ection (b)

Capture probability /
raction rate is highest for
thermal and esp. cold
neutrons.

Moderation to lower
temperature makes
sense in most cases.

Threshold reactions
b do not occur in PGAA
(with cold / thermal
neutron beams). But
they can disturb
INAA and are used

NAA
1E+06
1E+05 4 —B-10(n,alpha) 1/v law
L —H-1(n,gamma)
2 | —Si-30(n,gamma)
1E+02 -
1E+01 - =
1E+00 -
1E-01 -
1E-02 4
1E-03 A
1E-04 -
1E-05 4
1E-06 T T T T T T
1E-05 1E-03 1E-01 1E+01 1E+03 1E+05 1E+07
E,ineV
- [T3A2 7.0 ENDFIBVIL1]
% Cd filter for ENAA : SRR
Cd-113 z Lol
Na-23 (I, /0,~0.4) | f
Sb-123 (I, /0,=30) 2 /
/
l,: 0.55eV-1 MeV
ds e e e ‘..'.,(iii..if.ip,i};(i(:) drasdeds 0,0 0.025eV ‘fuln(idcn; Nu.i.o...;.%cﬂ,y (cé\lf)-

for FNAA.
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NAA: mostly (n, y) + B-decay +y

15- Nucious €£=100.00% €=100.00% €=100.00% | £=100.00% &= 100.00%
27Al ep=36.80% ep=0.07% ¢£p=1.3E-3%
STABLE E2p 2.16% £a = 8.6E-4%
255i 26Si 27si 295i 308
220 ms 2.2453s 4.15s STABLE STABLE
” 4.685%
14 £=100.00% €£=100.00% € =100.00%
- - £p = 35.00%
23 Y B)
22Al 23Al 24Al1 25A1 26Al
91.1ms 0.47's 2.053s 7.183s 717E+05 y
13 £=100.00% £=100.00% £=100.00% &=100.00% QEEE[IXT =100.00% B =100.00{
Ep=55.00% &p=0.46% €a = 0.04%
1+ €2P = 1.10% €p = 1.6E-3%
N 21Mg 22Mm 23Mg 24mg 25Mg 29Mg
- 122 ms 3.8755 s 1.317s STABLE STABLE STABLE 1.30s
S ., 78. 11.01%
o 2k | €=100.00% = £=100.00% &=100.00% SRR 100.00% B = 100.00f
a o | €p=32.60%
£a < 0.50% E—)
20Na 21Na 25Na 26Na 28Na
447.9 ms 22.49s 59.1s 1.07128 s 301 ms 30.5 ms
"1 | €=100.00% &= 100.00% B =100.00% P =100.00% B =100.00% B =100.00
€a = 20.10% BNn=0.13% Bn-=0.849
19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne 27Ne
17.22s STABLE STABLE STABLE 37.24s 3.38m 602 ms 197 ms 31.5ms
6 90.48% 0.27% 9.25% . . _ _ )
Uk | £=100.00% B =100.00% B =100.00% B =100.00% B =100.00% B =100.00
BNn=0.13% Bn=2.009
B2n?
19F 21F 22F 23F 24F 25F 26F
STARLE 1107s 4158 4230 ms 2230 ms 382 ms 80 ms 82 ms
9 10 11 12 13 14 15 16 17
Neutron (N) #

https://www.nndc.bnl.gov/nudat3/
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Chemical analysis with neutrons such as NAA enables a unique
combination of advantages:

v Panoramic analyis with very low DLs for many elements.

v No (or not much) sample preparation / non- or low-destructive.
v" High grade of matrix independency.

v" High dynamic range.

v" Real bulk method.

v" NAA can be a so-called primary method of measurement (CCQM).
—> Its results can be deduced to fundamental constants using Sl
units (high traceability), also high reliability, high precision.

Christian Stieghorst 9]
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High dynamic range
counts
A
1 000 000
100
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NAA

The HDR can be further increased by an irradiation-measurement plan
adjusted to the half-lives of the activation products.

Parameters:
irradiation time, decay time, counting time, detector-sample distance.

Christian Stieghorst slide by courtesy of L. Szentmiklosi 101
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Sensitivity of INAA (typical geological material)
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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)

Christian Stieghorst 111
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Complementary Methods!
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Lichen checking air pollution (PGAA + ibNAA)

zlal m m unc m unc OX. m unc mol% unc w% unc

meas | % Bkg % net st. oX % % el/el %
1| H|1.008(1.18E-2| 0.4|2.44E-7| 1.7 1.18E-2|] 1 | 0.11 0.448.6 2.2]6.17 4,
5| B [10.81{1.14E-6] 0.4|3.87E-9| 0.9 1.13E-6| 3 | 3.65E-6] 0.4 4.35 ppm | 2.2 5.92 ppm 4,
6| C|12.01] 0.107( 3.1|3.50E-2| 3.0 0.07 4 | 0.26 5.125 4.138 5,
7| N |14.01|2.32E-3| 2.1 0.0 2.32E-3| 5 | 8.95E-3| 2.1 0.69 3.0(1.21 5.
13| Al | 26.98(7.32E-4| 2.1[1.38E-4| 2.0| 5.93E-4| 3 | 1.12E-3| 2.6| 0.091 3.4(0.31 5.
14| Si [ 28.09|1.85E-3| 3.1 0.0 1.85E-3| 4 | 3.95E-3| 3.1 0.27 3.7|0.97 5.
16| S [ 32.07|2.47E-4| 2.6 0.0 2.47E-4| 6 | 6.17E-4| 2.6(320 ppm | 3.3[0.129 5.
17| Cl | 35.45|9.91E-5| 1.7|9.27E-8| 2.4| 9.90E-5| -1 | 9.90E-5| 1.7|116 ppm | 2.7| 0.052 4,
19| K| 39.1|19.92E-4| 1.7 0.0| 9.92E-4| 1 | 1.20E-3| 1.7] 0.105 2.7] 0.52 4,
22| Ti | 47.87(3.50E-5| 3.0 0.0 3.50E-5| 4 | 5.84E-5| 3.0/30 ppm | 3.7[(180 ppm 5.
25(Mn| 54.94|5.05E-6| 7. 0.0 5.05E-6| 3 | 7.25E-6] 7.| 3.8 ppm 8.126 ppm 9.
48(Cd| 112.4|3.06E-8| 4.0 0.0 3.06E-8| 2 | 3.49E-8] 4.0 0.0113ppn] 5. 0.16 ppm 6.
62(Sm| 150.4|3.73E-8| 2.8 0.0 3.73E-8| 3 | 4.33E-8| 2.8 0.0103ppn] 3.5 0.19 ppm 5.
64|Gd| 157.3(4.45E-8| 6. 0.0 4.45E-8| 3 | 5.13E-8] 6. 0.012ppm 6.| 0.23 ppm 7.
8| O 16] 0.096( 7. 0.0 0.10 -2 7.125 6. |50 4,
11|Na| 22.99|5.22E-5| 0.7 0.0 5.22E-5| 1 | 7.08E-5| 0.7(94 ppm | 2.3[273 ppm 4,
17| Cl | 35.45|1.02E-4| 3.0 2.4| 1.02E-4| -1 | 1.02E-4| 3.0|120 ppm | 3.7[0.053 5.
20|Ca| 40.08(5.54E-3| 13. 0.0 5.54E-3| 2 | 7.75E-3| 13.[ 0.6 13.]1 2.9 13.
21|Sc| 44.96(3.36E-8| 4. 0.0 3.36E-8| 3 | 5.15E-8] 4. 0.031ppm 5.1 0.18 ppm 6.
23| V | 50.94(6.64E-7| 23. 0.0 6.64E-7| 5 | 1.19E-6] 23.| 0.5 ppm | 23.| 3 ppm 23.
25|Mn| 54.94(5.06E-6| 2.2 0.0 5.06E-6| 3 | 7.28E-6] 2.2| 3.8 ppm | 3.1[26 ppm 5.
26|Fe | 55.85(1.00E-4| 15. 8.| 1.00E-4| 3 | 1.43E-4| 15.|70 ppm | 15.] 0.05 15.
27|Co| 58.93(1.25E-7| 12. 0.0 1.25E-7| 2 | 1.59E-7| 12.| 0.09 ppm | 13.| 0.7 ppm 13.
35[Br| 79.9|2.00E-6[ 8. 0.0| 2.00E-6| -1 | 2.00E-6] 8.| 1.0 ppm 9.110 ppm 9.
38| Sr| 87.62|1.09E-5| 8. 0.0 1.09E-5| 2 | 1.29E-5|] 8.| 5.2 ppm 8.157 ppm 9.
63(Eu| 152|7.21E-9| 8. 0.0 7.21E-9| 3 | 8.35E-9] 8. 0.0020ppn] 9. 0.038ppm 9.

—PGAA

NAA

Christian Stieghorst

user: Nuno Canha
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irradiation (S):

transport + decay /
cooling time (D)

measurement (C):

| gamma counting

1 : stations @ RCM

0.9

0.8
i© 0.7
S
£ 06 :
© H
‘E?D 0.5 o 100000 Sample ID = CPA1260
c E Irad. time f 5;'
go 0.4 10000 ng.arxi:?:me;f:m
= E MR Na
g 0.3 . " 1000

: E Na
0.2 - S 1m0 ca
_ -t S
0.1 Ai(ts) = enoienNi(1 — e™5) SSseellL wol
0 : Pic: MURR .
0 1 2 3 | 5 6 8 0 800 1600 2400 3200
A . E ki
Zeit in Halbwertszeiten neray (ke
short + long irradiation
— _ﬂ*tact St
= 1 —e A few activation products are present
in more than one measurement 2>
peak area A’ = A/SDC ,intrinsic control“!
30.04.2021 Christian Stieghorst
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’ Spectrum peak evaluator - Cs135 kisérlelek,n' és Cd-os besugarzas [CdCs2_10.CNF] . - ‘E' ™ 28

File Edit View Calibrations Fit Options Nuclideldent. Help

d9 ~ 0~ |Q @ Ja|Q Ja|Xscleckev v [Yscale 5 ~| R~ %~ 4~

Spectium | Peak details | Messages | Nuciide Id |

[5]
10 000] = NG
90004 - # Pos (keV) Area brea ...
8000|
== 815,651 1575 89%
6000, 817.958 1959 26.4%
818770 273 163%
Ay > 827,773 138 104%
4000] 831654 60 X8%
899,229 1516 95%
3 000] 911124 10011 135%
925123 53 42
942,281 23 468%
2.000f 945197 26 473%
968,884 2o, 28
“ 1038615 52139 05% |
8 1044.069 1044 83% |
- 1048.037 N¥ 32 |
1 0004

1076.922 519738 01%
1080.267 169 468%
1120530 3871 3.0%
1168.088 87471 0.4%

82Br

K- 1067.1(1.3)
O ealua! 0 [u] nnn,.,Du,., o oo 0 &
o (m) o]

el T B N R N A e e B T PUI

n
"oA o0 o o 0o 5P o e e nong 173656 10199 13%
3] 1189.089 187 4%
028 1030 103z 1034 103 1038 1040 1082 1044 1046 1048 1050 1052 1054 10%6 113,057 85 B57x
1221.768 M 04%
1230715 183 279%
1235394 671 89Z
1237.948 5 121%
1265.291 51 128%
1281269 7 54
L 1284266 0 1000%
1 1717 470 11na A 0%

Evaluation step 1: Peak fitting with Hyperlab!

Christian Stieghorst slide by courtesy of L. Szentmiklosi 16
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for PGAA for NAA

Pic: L. Szentmiklosi
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Acq. mode: 0

Number of Channels: 16384

Integral: 12389847

Maximum Count: 240773

Counts

500 1000 150f
1114

Rate: 94 881 cps

|||||||||||||||||||||||||||||||||||||||

Energy (keV)

Live Time: 130582.94 sec
True Time: 131418.52 sec
Dead Time: 0.64 %

7500 8000 8500 9000 9500 10000 10500 11000 11500
1y 1 LLLL Ly

1ES5 o

m
i

m
iy

IR TIT

m
N
In

Countsg

1000
L L
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1500 2000
L L L L

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 100

00 10500 11000 11500

2500
L L

3000
L

1E3

m
[N
}

[

m
o
m

1500
Energy (keV)

PGAA

* Gamma energy range up to 12 MeV

* Complicated spectrum with up to 103 peaks
* Peak shape Gauss-like

* Baseline decreasing towards high energies
* Poisson statistics

* Peak positions -> identifying the elements

* Peak areas-> determining quantities

NAA

* Gamma energy range up to 2 (4) MeV

* Spectrum with up to 102 peaks

* Peak shape Gauss-like

* Baseline decreasing towards high energies

* Non-Poisson statistics (if changing count rate)
* Peak positions -> identifying the elements

* Peak areas, half lives -> determining quantities

Christian Stieghorst
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comperator

k,: universal nuclear constant
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Calculat

Evaluation step 2

epitermal shape factor

a
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Corrections for calculating the concentration:

* background (only special cases, e.g. Co-60)
e blank (if not re-packaged)

 gamma absorption (large samples)
* neutron self-absorption (large samples)
* burn-up (only long-time with high flux)

e dead-time
* true-coincidence correction (if sample is close to the detector)

* inteferences
* threshold reactions (at FRM Il mostly not relavant)
e fission

Evaluation step 2: Calculations with Kayzero!

Christian Stieghorst
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FRM II:
Flux for NAA
up to ~10% cm=2st

| Counting stations
| inthe RCM

Radiochemistry Munich (RCM)

Christian Stieghorst
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NAA is now an instrument and is fully integrated into
the user system.

> Irradiation

e using rabbit system (transfer to RCM few mins in total):
5x1012— 7x1012 cm2s1

e capsule irradiation
e f=very high

» Acquisition of gamma-ray spectra

e 3 HPGe detectors with digital spectrometers
(Lynx, Canberra)

» Evaluation: Hyperlab + Kayzero (using k, method)

» New standard protocol for a complete analysis:

. Short irradiation (few mins)
2 countings within 30 mins

. Long irradiation (~1h)
2 countings 3 and 10 days later

» Throughput: 2-4 samples/day (only weekdays)

gamma counting
stations @ RCM

TN T

Close cooperation with reactor operation (V. Hutanu).
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)

Position d=n(1/Cm3s) o (1/CMmME5) g«(1/cm2s) fthiepi)
RPA1 3. 6E+13 6,7/ E+09 2,0E+09 5300
RPAZ 1.5E+13 2. 26+09 4 1E+08 4300
RPA3 4 BE+12 f6E+08 7. 2E+07 6400
RPA4 f 3E+13 2A4E+10 5,6E+11 2000
RPAS 3.9E+13 12E+10 5,0E+09 3400
RPAG fAE+12 1,2E+09 1,5E+08 5700
KBA1-1 1.23E+14 26E+11 3.9E+11 500
KBA1-2 9 3E+13 99E+10 2,0E+11 940
KBA2-1 1,1E+14 fHE+10 2, 1E+11 1500
KBAZ2-2 f TE+13 39E+10 1,0E+11 2000
= DA 1.2E+13 1,0E+09 1,5E+10 12000
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o , At focal point: Recent situation
5.8 m elliptical guide 10 o 1
o . 6x101% cm?s (no cold source
1.1 m elliptical extension (removeable) )
available): Factor
110%50 62x28 188 of 20 less
o | E—
9800 Elliptical Taper 1100 Area:
1.5x 1 cm?

Other facilities
~108 cm2st
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. HPGe detector

. Scintillator annulus (Compton and cosmic muon
suppression) was Nal, now BGO

. 5mm boron rubber (40% B,C)
. 5cm boron plastic (20% H;BO,)

Christian Stieghorst
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Concentration profile of 3d-transition metals in Si-Ingot:

c(Co) in ppm,,

'@ @ Diffusion
0.0006 [
0.0005 -
0.0004f
0.0003f

Scheilequation

0.0002 [ C=Cyxkx(1—f) (k-1)
0.0001 [

e s o5 75 Ingotheightin %
£ i
: g0 U«CECPUBET WL -
) - - o v - =
o

Si-Ingot G2 irradiated at BR2

Karches, B., Welter, K., Stieghorst, C. et al. Instrumental determination of phosphorus in silicon for photovoltaics by 8
spectroscopy: a new approach. J Radioanal Nucl Chem 311, 541-548 (2017). https://doi.org/10.1007/s10967-016-5051-7
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Thank you for your attention!

Many thanks to the colleagues at BNC, Budapest and TRIGA Mainz!




