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@1\\Vhat is Activation Analysis (AA) by neutrons?

e Discovery of neutron
 J. Chadwick, "The Existence of a Neutron" Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sciences 136 (830): 692 (1932)
e Neutron Activation Analysis (NAA)
* The application of neutron-induced radioactivity for element analysis

* @Gyor
Levi, H., 1936, Danske Videnskap. Selskab. Matematisk Fysiske Medd., 14,

e Prompt Gamma Activation Analysis (PGAA)

* The application of radiative neutron capture ((n,y) reaction) for chemical
analysis

* first observed in 1934: 'H(n,y)?H D.E. Lea, "Combination of proton and
neutron”, Nature 133, 24-24 (1934)

* First PGAA implementations
* |senhour, T.L., Morrison, G.H., 1966, Anal. Chem., 38, 162.
* R. Henkelmann, H.J. Born, Angew. Chem. 81. 1969 (22) 921

y Hevesy 1936 (Hf, radioactive tracing, Nobel prize 1943) Hevesy, Gy.,
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an energy of sbout 100 ekv.
cloctron does not allow of very nceurate evaluation,
but it is sure to approach some 1200 e. The
cnergy balance i thus sen to bo correot :

A
(After collision, the kinetie enorgy is carriod only

by ane of the two nogative electrons which take part

mpact, the impulse of the primary
particle 12 wholly passed on to the nuclons and the
latter acquires sufficient energy to produce several
ionisations, At
thare i to be seen a distinet thickening due, perhaps,
ta the ‘resoil’ of the nuclous,

Among my remaining_photogrmphs, I have ono
very similar to that of Fig. 1, but it is loss to be

The energy of the primary |

the intersection of the three tracks |

NATURE

relizd upon, sinee, on it, the electronie track lies on |

the boundary of the illuminated region.

‘The total length of the electronic tracks T have
hitherto examined smounts to several hundreds of
metres. ‘The probability of the effect is thun seen
10 be rather high; in any event, it is much above
the correspanding theoretical value found by Farry
and Carlson

Assuming the above interpretation and Dirac’s
coneeption of the positron o be correct, an infense
‘snnihilstion radiation’ should be expectad to taks

place from fhe anticathode under the action of an |

electronic beam if the velacity of the electrons
exceeds 1000 elev.

SEORBLTEVN.

Leningrs
N

Combination of Proton and Neutron

Sow time ugo,xperimentawero made, inollabors,
tion with Dr.
strons by

, with the

ious materials was detec

nitrogon’, The resulis wera on the whole compatiblo
‘with the view that the ul)&‘nm ionisation was due
to neutrons scattered in all directions by elnstic
and various experimenters have
easurements made with paraflin
hydrogen (the latter kindly ['mnd d
by Dr. P. Kapitza) showed, however, the surprising
result that radiation was frecly cmitted at angles of
120°-180° to the direction of the incident neutrons,
It s clearly impossible for neutrons to bo seattered
at angles greater than a right anglo by singlo elastic
collisions with protons, ond calculation shows that
multiple scattering cannot explain the observed
effacts.
Recently the experiments bave been resumed, and
the scattering in tho buckvwnrd dircotion from paraflin
ionisation pro-
ambers filled with
argon and hy A given intensity of gamma.
radintion produces an jonjsstion current twelve
times greater in orgon then in hydrogen, while for
neutrons the ratio is rather less than Accord-

n 3
aid of & high-pressure jonisation chamber containing |

. H. Gray, in which the scattering of |
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for the carbon, proseat in the pecaffn (by obsorva
of tho scattering from graphite) the results showed
that the radistion seaitersd from hydrogen was
entirely ion.

extended up to a thie st ot 4 oo et thiont
that the scattersd gamma.radiation was hetero.
gencous and of mean quantum enerzy of two to
million volts.

No mechanism is known to account for the bask-
ward scattering by hydrogen of the hard gamma-

» tndintion from the source of
polonium phus beryllium, and_experiments with
s failod to show an
undor mimilar. sonditions
of explaining the results is
of the collisions between
the particlee combino 1o fon
hydrogen. The combination will result in t
emission of enrgy in the form of gamma-radiation,
and assuming that momentum i conserved, the
amount of radiation will be roughly equal to half
tho kinetic enorgy of the neutron phus the mass
defect of tha H® nuck million volts,
tuking the mass of the neutron as 1-0067). The
encegy  deduced exporimentally for the gamma
radiation would agree with a neutron energy of two
to six million volis. This
the majority of the n
polonium have cnorgies betwesn two and four
million volts, and some have more.

Tt is to be expectad thar H? nuclei produced in
this way sould be observed in the expansion chamber
na short tracks confinod to directions within a few
dogroes of the direction of the neutrons. 1t is possible
from the present date to make only a very rough
calvulation of the number of such tracks compared
with the numbar of recoil protons, but it is estimated
that the proportion may be as high as ono quarter.

These experiments have been mads with the active
support_of J. Chadwick, to whom | am much
indebted. T w /'to thank him for pre-
paring the polenium soures, and for suggesting the
interprotation of the experiments.
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D. E. Lea.
Cavondish Laboratory,

Cambridge.
Deo. 22.

Chadwick, Prue. c. A, 19, 7
[y i oI AR ———
Ben,, 48, 107} 1930,

Cosmic Ultra-radiation and Aurore Boreales

Recorps of the ionisation in & closod veasel,
ceused mainly by the cosmio ultra-radiation, have
been obtained at Abisko in northern Swoden (lat.
857 21" K.) during two periods : Ostober 1
1080 and September 1832 July 19331, D
first period, & Kolhorster apparatus, pl:\n(ul within
an iron shield 6-11 em, in thickness (free opening
; during (o sooond period,
Steinke apparatus, plas in & load sl
in thicknae in all divections, “a. used,
fartnight the Stainke apparatus recorded, however,
with the shield open upwards, The results of both
perioda have wred with  simultaneous
observations of the aurors boreales and also, for the
firat period, with the simultaneous megnatio records

B o

ingly it was ;ms.:mn
in the twe

o ish between gamma.
radintion nd meatrons.

When allowance was made

of the tory of Abi
The ionisation found during aurorie of different
| types and of different extension over the sy of the

@ 1334 Nature Publishing Group


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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A(b,c)D = A+b—>c+D(+Q)

A A+1 A+2 Figure 6.10 Summary of
e different options to produce a A —_— ta rget NU Cl eus
nuclide with Z atomic
A1 o number and A mass number. f- I |
It includes the formation of D — TINal huclieus
- the nuclide by radioactive
e nd sy decays as well 1 1
241 sk | m L b - projectile
T — c — emitted particle
N
V4 d,p z n,2n
S N Q — reaction energy (+ exotherm, - endotherm)
ao,p Y N 2
71 o,d Bl
d,2n
Ga68
3.2612d 67.629 m
o,n 0+ 3/2-
Z-2

N-2 N-1 N N+1 N+2
' ! TS
IAEA Isotope Browser App - ik

52714y
st




@ The radiative neutron capture -

Neutrons interact with the condensed matter:

 Induce nuclear reactions (capture, fission)

 Scattering (elastic, inelastic)
* Reflection

Gamma
radiation
(PGAA)

Incident
neutron
beam

Scattered neutrons
(Diffraction, SANS)

Neutron-
induced fission

neutron o

Target

¢

Neutron
capture

(n,y) reaction

Energy

Compound
nucleus
. Prompt
A+1X gamma A+1X
A .. VA
radiation
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@ Level schemes - PGAA and NAA
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@I PGAA and NAA spectra

PGAA NAA
e 45 keV to 12 MeV gamma energy range e 15 keV to 2.8 MeV gamma energy range

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

e Complicated spectrum with hundreds of Gauss-like peaks

* Baseline increasing towards low energies

« Poisson statistics Baseline increasing towards low energies

Non-Poisson statistics when measuring at changing

* Peak positions -> identifying the elements
count rate

* Peak areas-> determining quantities

Peak positions -> identifying the elements

Peak areas, half lives -> determining quantities

10000 —

1000 o
E 1000

100 o
E 100 —

Counts
Counts

10 o

i whl

T | | i .
0 2000 4000 6000 8000 10000 0 500 1000 1500 2000 2500 3000 3500
Energy (keV) Energy (keV)




ke [@Capture of neutrons — the cross-section
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1/v law Resonances
The neutron capture cross section of an isotope of a
chemical element is the apparent cross-sectional area Vo
that an atom of that isotope presents to absorption and —— 0 =0p—

is @ measure of the probability of neutron capture.

It is usually measured in barns, i.e. 10-2* cm?2 or 10728 m?2

Incident neutron data / ENDFIB-VII.1 | Au197 /| Cross section

Capture cross section is highly dependent on neutron
energy v

In general, the likelihood of absorption is proportional to B
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.

Cross-section (b)

One expect the highest reaction rate per atom for cold
neutrons

Incident energy (MeV)

Neutrons should be moderated or cooled to maximize
the analytical sensitivity of PGAA



s [BINAA vs. PGAA

Multielement methods
Negligible matrix effect,
Good reproducibility,
Reliable uncertainty budget

*Sample

eSample preparation
*|rradiation
*Detection

*Spectrum

*Result turnover time
*Detection limits
*Cooling time after irrad.

NAA

10 mg

Drying, glass

Reactor core

Separated in time and space

10-100 peaks, 3 MeV
weeks

ppm-ppb
Several months

Budapest
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PGAA

100mg-1g

None/ PTFE bag, vial

Guided beam of neutrons
On-line, during the irradiation

100-5000 peaks, 12 MeV
Few hours

>ppm, %

1-2 days



@ Periodic Table for PGAA and NAA
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PGAA — major and minor elements NAA - No light elements!
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Gamma (prompt and decay) radiation is characteristic

* energy —> elements (isotopes)
* intensity — quantity

Peak position Peak area

Energy Partial gamma-ray production cross section
Nucl. E (keV) Cross-sec half-life

H 2223.249 keV 0.3326 b -

>3Na 1368.6 keV 0.500 b 14.96 h
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In case of complex

@ Decay correction for NAA

A activation-decay chain:

saturation decay counting %T_.bﬂlﬁ“

%' d:‘“"l(’]“"hwz
dN, .

~__ ?z_ﬂﬁ—:""k—lt"]“ﬂiﬁk
. ¢ A=A+dg
tact h td o tc 1 Ve_ i’[c i " i x f
—At —At o N (t)= N ] exp|—
Sl eMa Do o O-THprE L oean).
At

A =In(2)/T,,,, decay constant
Peak area has to be corrected for saturation: A’ = A/SDC



@ Reaction Rate — general equation

0.0)

R= f ®(E,) - o(E,) dE, =f

0
En=0
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co

o) @' (W)dv + f o(E) ¢'(E)E = Gen®en0o + Gobelo(a)

Eca

Vcd

1/v behavior cancels for slow neutrons:

R= [, _ P(En) 0(E)dEy = [, _(v-n(Ey) =0 dE, =

Op fEO:L=O Vg - n(En) dEn = Oy qjo

R - number of captured neutron per sec
o - capture cross section (cm?),

@ - fluxcm? st eVl

N - number of target nuclides (~ mass)
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@ Determination of chemical composition

™~ From detector calibration
From spectroscopic library

Fit from the PGAA spectrum

m : Mass of the element

5 : Sensitivity of the analytical peak (cps / me) * We measure concentrations, i.e. ratios of

t : measurement time (s) element masses to the cumulative mass of
Ay: Peak area all detected elements.

N, : Avogadro-number

M : Molar weight * No need to know the exact weight of the

. sample
0 : Isotopic abundance
G, : Neutron capture cross-section  No problem if not the entire object is
P, : Gamma-yield per neutron capture irradiated

¢ : Neutron flux
g(E,) : Detector efficiency
f(EY) : Matrix effect correction (neutron self shielding, gamma self absorption)
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@ Dynamic range of gamma spectra for any nuclide pairs: 10—

PGAA count

1 mg H together with 1 g Cl
(10 mg water in 1 g CCl,) 1 000 000
1OOA

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

NAA

it can be increased with repeated
counting after cooling, contact
counting etc.



@ Spatial resolutions vs. detection limits in elemental analysis
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100%
10% TEM AES SEM Raman XPS XRD
1% | - PGAI-NT:
FTIR
0.1%
— SIMS WDS W-PIXE p-XRF XRF * Typical spatial resolution for element analysis > 2
mm
10 ppm
TOF-SIMS . .
1 ppm | * Typical detection limit approx. 0.1%
ICP-MS/
SIMS = LA-ICP-MS * Bulk (other methods: near-surface or solution)
10 ppd APT
1 ppb :
* Non-destructive
100 ppt '
Nano Micro Bulk _
10 ppt * Representative
0.1 nm 1nm 10 nm 100 nm 1 um 10 ym 100 pm 1mm icm

* High metrological quality

Elemental composition

Structural information

Surface and thin film analysis

SEM and TEM host multiple techniques

Original figure taken from https://myscope.training/legacy/analysis/introduction/
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@ Components of the activation analysis

* Neutron source
* spallation neutron source
* nuclear reactor
* neutron generator
* isotopic neutron source (*>2Cf, Pu-Be, ...)
* compact accelerator-driven neutron source

Budapest
Neutron Centre

Moderator (H containing material)

Shielding against ...
* Neutrons (PGAA)
* Gammas

Pneumatic transfer (a.k.a rabbit) system (only in NAA)
Automatic sample changer

Detectors
* high-purity germanium (HPGe)
» scintillator (Nal, ...)
* Low-background counting chamber (NAA)
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e 10 MW thermal power

Budapest Research Reactor

* Tank type, Water-cooled, Water-moderated

* 60+ years of operation

Max. thermal flux in the core: 2x10 cm2s1

Reactor type:

Tank-type with beryllium reflector, cooled and moderated with
light water

Vessel:

Al-alloy (height: 5685 mm; J2300 mm)

Core geometry:

Hexagonal (length: 600 mm; 1000 mm)

Fuel:

LEU VVR-M2 (19,75 %)

Equilibrium core

190 fuel elements (5x38 age-group FAs)

Control:

18 control rods = 3 safety rods (B,C); 14 shim rods (B,C);
1 automatic control rod (SS - Stainless Steel)

Thermal power:

10 MW

Mean power density:

61.2 kW/litre (in the core)

Neutron flux density in the core:

2,2*10%* n/cm?s (thermal in flux traps) En<0.625 eV
1*10% n/cm?s (in fast channels) En>0.5 MeV

Cooling systems:

Two closed loops (primary and secondary loops)

Pr.cooling water:

O~nominaI: 1650 mg/h; Tinlet: 45 OC; Toutlet: 50°C

Budapest
Neutron Centre




ks [@ICold neutron source at the Budapest

gyors neutron
csatorna

TN

e . ionizacios

tangentiai
beam tube
tervezett

hideg neutron -
forras

fuggoleges
besugarzo
csatornak

nehez beton
arnyekolas

o \_\
jl. |
| 3 \\\ neutron vezetok

He BLANKET

HYDROGEN
BUFFER
VOLUME

g

He CRYOGENIC

VACUUM SYSTEM

MODERATOR CELL

—

|

[

COOLING He GAS

-

=

(N

VACUUM CONTAINMENT \

IN-PIl F PART

T—
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iiies [@IAdvantages of cold neutron beams

e Higher flux (neutron guides
higher throughput)

* every nuclide behaves regularly
* (follows the 1/v-law)

* every nuclide has higher cross
section

S NS RN S RN S IR

’;5‘“'.1"":"?&_5;&;1 :‘“?:;v“”‘:g"'ﬁ" :.‘3}:‘#

a higher reaction rate ’
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s [@INeUtron guides

single mirror multilayer supermirror
Mwm) V v
n (material) - s o]

n, G

e ]

o T s

= refractive indexn < 1

e R

= total external reflection
e.g. Nig,=01°A

A=2ndsinf

increasing d

105 10 ¢
09]
08
%'0.7
06
o
@U.S
04
03
02
0.1]
oolA=5A 0 ) 0
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
6[°] orl 6[7]
Q, [nm™]
0.000 0.109 0.217 0.326 0.434 0.543 0.651 0.760
1.2
‘ ‘
14 | ime of total refl regime of supermirror ‘
: A 1.0 ! 1 !
‘ . 2 - v - A,‘ ‘
B gaa N Ry & :
Nl Y AT 4k
b 08 —
ot \ /£
207 + N\ 2 .
2
06 —
° ° ° % [=————
*Ni or supermirror guides ¥
o —_— |
; ] d, > d, > d,
0.3 1
° S —
°relat|vely small losses
N\ y "
0.0
0.0 0.5 1.0 15 2.0 25 3.0 35

*Jow background A v



s [@INeutron source -> neutron guide -> PGAA

tervezett

forras

hideg neutron

gyors neutron
csatorna

ionizacios

beam tube

fuggoleges
besugarzo
csatornak

nehez beton
arnyekolas

-~ \\\_ neutron vezetok
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Neutrons to the sample

22
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NAA Pneumatic transfer (rabbit) system

Isometric illustration of the HFIR pneumatic facility in VXF-7

r— - LB

-
A It

Oak Ridge National Laboratory

ﬁ_\.

LEGEMD

(7)) REACTOR VESSEL

(Z) GRATING

(3) PERMANENT BERYLLILM

(@) IN REACTOR STATION “Z*

(5 HOLE V-7 IN PERMANENT BERYLLIUM
(5) FLOW RESTRICTOR

(7)) ACCESS HOLE VH-4

INTERMEDIATE HOLD-UP STATION =Y
FLIGHT TUBE

PENETRATION NO. 116

(A1) OVERHEAD SHIELDING

() LOADING STATION "X

SAFETY VALVE ASSEMBLY

4) HOT CELL

(45) EXPERIMENTAL AREA ELEV. 333'-0"
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Sample to the neutrons

RENSSELAER POLYTECHNIC INSTITUTE ::




it [@Reactor neutron spectrum

neutron flux per unit energy

‘(arbitrary units)

— P

10°

1072

1074

108

10719

o
\~“
*.

thermal

approximation
¢ (E) o< 1/E1*%
slope — (1 + o)

neutrons [
i . H epithermal
- 1
(M-B distribution) ! nettrons
s fast
neutrons
at 300 K: 2
0.0253 eV > ¥es
2200 ms' o N
0.55 eV = N
2 | 1 L )| = L i ] ! L { |
1T meV 1 keV 1 MeV

1 eV
 ——= neutron energy
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@ Short irradiations at BNC

Pneumatic rabbit system

O = 4.4510° nfcm?s Measured isotopes:
Pepi = 1.28:1012 n/cm?s PES.
f = Dy/Depi = 34.8, a. = 0.029 24Na, 27Mg , 28Al,38Cl, %°Ca, 51Ti,

52V 56Mn 66Cu SOBr 87er’
123mSn 125mSn 128| 1398a
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@JLong irradiations at BNC

BRR No. 17 rotating channel, (&=54 mm)
d1h=1.76-1013 n/cm?3s
f = Ow/ (Depi: 47.1 %________————______

o = 0.0249

20 elements

Measured isotopes:

24Na, 42K, 51Cr, 59Fe, 60Co,
>8Co(Ni), 62Zn, °mZn,
72Ga, 76As, 82Br, 8Rb,
122GhH 110mAg, 124Gh,
134CS’140La, 153Sm’182Ta,
187\\/ Pneumatic rabbit system
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ke [@Gamma-ray interactions with the matter

Three major types of interactions between gamma radiation and matter:

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

FEP
LTR: Lower threshold energy /

RTG:  X-ray peaks

BRS: Bremstrahlung

BS: Backscattering peak
ANN:  Annihilation peak
GTR:  Ge triangles

CP: Compton-plateau
DE: Double escape peak
SE: Single escape peak
CE: Compton-edge

MC: Multiple Compton-scattering region
Full-energy peak

Intensity
M
m
_'_U N

v

CP

0 Energy



@ Detectors - Compton suppression

Aim: to reduce the background but not the peak!
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l.e. to selectively discard
the events where interaction happened
In both HPGe and suppressor,
and keep all the events interacted
only Witi], HPGe
BETTER
SIGNAL-TO-NOISE

20-40 kg
Bi,GeO,, (BGO)

Also reduces room
background by
more than 2 orders
of magnitude
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Central detector: high-purity Ge, due to best achievable energy resolution

s [@Compton-suppressed gamma detector

2 ] 1 l l 2 ] I l l

- 10 o 10
5 ; —— Unsuppressed 5 ; —— Unsuppressed
o 10 |- Suppressed o 10 |- Suppressed —
2 2
g 10 S 10° —
(] 7]
e A o A _ B
- 10 - 10
o b
2 10° 3 107 b -
S 3 5 .3

10 | T | | “ 10 T | | |

0 500 1000 1500 2000 0 500 1000 1500 2000
Energy (keV) Energy (keV)

7 | | | | o 20 | | | |
< o' o[ — Measured | ® 15
e e Simulated I c 10 d
c el
2 2 57
£ 10 “ . . o 0-
® - | S 20— 5 5
g 3 | ,_,,___“u__;_____.,_......--v-—--'-"';""""'"""""'" .._..‘: c:’; 15 _| e é f
g 0 £100 5 10 L
3 - - i
] 5 | c 1 : § > “f—"""".w A
o 10 I I | I § 0 | T I T

0 500 1000 1500 2000 0 500 1000 1500 2000
Energy (keV) Energy (keV)

HPGe detector

BGO Compton suppressor detector : .
f o Detector response function for monenergetic

Lead shielding gamma radiation (c.f. Compton scattering, pair
production)
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it [@ITwo superimposed detector response

100 )
—— Normal 1
—— Compton suppressed
10 O 6
m 9
o 4
) 10, 6 6 4
&) 13
9 1 1 - _..!"*-.____L__._ I = | - Iy 3
g | | e TN
rf:""""‘—s_i b 1‘1';. i
0.1 ~L T e
\“__#_.-_5-—-‘—"‘ --“""h.,
001 | | | | | 1
0 500 1000 1500 2000 2500 3000

Energy (keV)
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ke @1 .. and in PGAA energy range

Unsuppressed vs. Compton-suppressed PGAA spectrum of Urea-D

1E+2
1E+1

1E+0

il ()

=
M
N

Count rate (cps)

1E-3

1E-4

1E-5
0 2000 4000 6000 8000 10000 12000

Energy (keV)



Budapest

s [@Gamma-spectroscopy for NAA 2N weoncere




@ Experimental stations for element analysis at the BNC

Facilities in Reactor Hall

TQF

DMNR

SNR
BIO

MTEST

TAS
PSD

...................................................

- e — :|
Shielding tunhal [:l HJ s |
ifior 3 NGs) i

I CNS Measuring Hall =—r=—
IH;i:‘L 1 '_- IBMS aﬁr_q_!__ =g
=
- 2
TASG
: r— s
"E: o 0 1 o & q HH-r[

Facilities in CNS Measuring Hall (with 3 NGs)

Time-of-flight spectrometer, § REFL  Reflectometer

{under construction)
Dynamic neutron
radiography
Static neutron radiography

Port used for bioclogical
experiments

Material testing
diffractometer

Triple axis spectrometer |

TASC  Triple axis spectrometer on CNS

SANS  Small-angle scattering spectrometer

In-beam M&ssbauer spectrometer junder
construction)

Powder neutron
diffractometer

Budapest
Neutron Centre

PGAA (prompt-gamma activation analysis
spectrometer)

* Increased productivity

e Automation, reduce manpower

e Higher throughput for small samples

NIPS (neutron-induced prompt gamma
spectrometer)

* Specialization for bulky samples, position-
sensitive applications

e Combination with imaging system (NORMA)

NAA (instrumental neutron activation
analysis)
* High-accuracy trace element analysis of
homogeneous samples

e Often complementary to PGAA in terms of
amenable elements and DLs

DOME (low-level counting chamber)
* In-beam activated samples
* Environmental samples



e |@Present layout of the PGAA-NIPS CY o

TRADITIONAL NEUTRON INSTRUMENTS:
RAD: DYNAMIC NIGAMMA & STATIC RADIOGRAPHY
BIO: PORT USED FOR BIOLOGICAL IRRADIATION
MTEST: MATERIAL TESTING DIFFRACTOMETER
TAST: TRIPLE AXIS SPECTROMETER ON THERMAL BEAM
PSD: POWDER DIFFRACTOMETER

TOF: TIME-OF-FLIGHT DIFFRACTOMETER

COLDNEUTRON INSTRUMENTS:
GINA: POLARIZED NEUTRON REFLECTOMETER

IMBS: IN-BEAM MOSSBAUER SPECTROMETER

SANS: SMALL ANGEL SCATTERING SPECTROMETER

PGAA: PROMPT GAMMA ACTIVATION ANALYSIS

NIPS: NEUTRON INDUCED PROMPT GAMMA SPECTROMETER
REF: REFLECTOMETER

NIPS
(NORMA)
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@ PGAA sample handling

| it WA e by W -
W | 11
5 ERN " ]
1 e T T -
B i - 1
N b et
| 4 ® ’:‘:—
| 2
|
I a
.’. ;
.’f._
@
@-
- o e
¢ I T e
T 18 2
Ny ,': 2 '/V)

oy

» 10 mg—1 g sample mass

> Powder, solid -> Telfon bag
> Liquid -> Teflon vial

» @Gas -> pressurized container

Solid

powdering,

Powder Liquid

homogenizing ‘

l

‘\./’
FEP Pressurized
bag container

J § dissolving R
/4 —? Teflon or
drying quartz vial
FEP bag
» FEP bag

Back to the owner

A4

Sample holder

v

MEASUREMENT

A

r

Cooling until becomes inactive

A 4

> Remains active only for a few hours (days) after irradiation

Storing in the lab

v

Discarding

Budapest
o Neutron Centre

Gaseous
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Methodology

Calibration
Spectroscopy data
Data evaluation
Validation
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Optimum peak shape Distorted peak shape

l Detector
High

Voltage

1

A/D
Converter MCA

==
Detector 5
Fast Digital

ANALOG

L

Signal s T 3
Preamp Conditioning Dligz&ng Prgg‘saslor M
High » ) 4

Voltage




@ Range of calibration sources

o + N-15
T — - Cr-51.53 54
| ima sk s om « Ti-48
Cl-36
Ga-66
T e » Co-56
Ra-226
100 1,000 10,000 100,000

Energy (keV)

Budapest
Neutron Centre
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it [@dEfficiency and nonlinearity calibration

4 4
2 . ‘ 24 " o - 7
= t W : Al ¥ = ‘e MRS
5 0 " o~y P .t — 5 0_..3‘”:-& :;.- f = .
5 .. LATS R 2 % . ¥ b
4 4
2 2.0
+ 152Eu
2D7Bi 15
SUCO
13383
. 226Ra
§ Cl(n,y) —
2 v N(ny) S
g 7 ——Efficiency >
$ - - - Confidence band =
T i e e e s s s s s s e ' £
2 7 _5
2 o z
5 *
4] ' < Cl(n,y)
2] : . |——Nonlinearity : s .
5 P \ i
ey S . 2.0 | | |
100 1000 10000 0 2000 4000 6000 8000 10000 12000 14000
Energy (keV) Channel number

Nonlinearity is to compensate for a small, but
systematic bias in the linear energy-channel
correspondence

Efficiency = detected events / emitted gamma photons
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aien [@IPGAA spectroscopic 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
5B 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

Collection of energies, relative emission probabilities and partial gamma-ray production cross-sections for each element



@ PGAA analysis program ProSpeRo in EXCEL

_ Peak list from Hypermet PC (up to 1200 lines)

PGAA library-25 (~1800 lines)

PGAA library-1% (~6200 lines)

Element data (Molar weights, Oxidation number,
v & n self-absorption)

BKG in equivalent mass

Efficiency

Auxiliary data (Beam temperature, flux, density,
thickness)

INPUT MODUL

DATA EVAULATION _ _
MODUL lteractive edit of the

data by the analyst

l Zs. Révay, Determining Elemental Composition Using Prompt-gamma
Activation Analysis.

OUTPUT MODUL Analytical Chemistry 81 (2009) 6851-6859
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@iExample of a PGAA analysis report

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 vacO8jan Conc. format: ppm /%
2 el M m unc m unc m 0X. m unc c% unc c% unc c% unc c% unc

meas % Bkg % net st. 0oX % atom % ellel % el/ox % ox/0x %
1l 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 3.8 140 2.5|22 3.2(11.1 3.4 141 2.4
9| F 19| 4.89E-2| 5.|2.06E-4| 20.| 4.87E-2| -1 | 4.87E-2| 5.|16 4. |14 4.16.8 5.16.8 5.
12|Mg| 24.31] 1.08E-2| 5. 0.0] 1.08E-2] 2 | 1.79E-2] 5.|2.7 5.13.0 5115 5.125 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 2.411.23 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.|14 6.]2.0 6.]11.0 5.12.3 6.
17| Cl| 35.45| 7.99E-4| 39. 0.0| 7.99E-4]| -1 | 7.99E-4| 39.]0.1 39.10.2 39.(0.11 39.10.11 39.
191 K| 39.1] 3.78E-2| 2.4 0.0| 3.78E-2] 1 | 4.56E-2| 2.4]5.9 2.9110.6 25]5.3 2.416.3 2.8
20| Ca| 40.08 0.092| 2.4 0.0] 0.09 2] 0.13 2.4113.9 2.7126 2.1112.8 2.2118.0 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]10.115 2.5]0.193 2.9
24| Cr 52| 1.21E-5| 49. 0.0| 1.21E-5] 3 | 1.77E-5] 49.]110 ppm 49.130 ppm 49.120 ppm 49.120 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 4.10.65 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 15.130 ppm 15.115 ppm 15.119 ppm 15.
28[ Ni| 58.69] 3.35E-5| 11. 0.0| 3.35E-5] 2 | 4.27E-5] 11.|135 ppm 11.190 ppm 11.150 ppm 11.160 ppm 11.
34| Se| 78.96] 2.59E-4 8. 0.0 2.59E-4| 4 | 3.64E-4] 8.]200 ppm 9.1 0.07 8.1360 ppm 8.1 0.051 8.
38[ Sr| 87.62| 9.19E-4| 5. 0.0] 9.19E-4] 2 [ 1.09E-3] 5.[0.063 5.10.26 5.10.13 5.10.15 5.
48|Cd| 112.4] 1.07E-6f 1.9 0.0 1.07E-6] 2 | 1.22E-6] 1.9]| 0.58 ppm 26| 3.0 ppm 23| 1.49ppm | 2.0] 1.70 ppm 2.6
49] In| 114.8] 3.63E-6f 8. 0.0| 3.63E-6] 3 | 4.39E-6] 8.| 1.9 ppm 8.1]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 6.1 0.87 6.]0.43 6.1 0.49 6.
60(Nd| 144.2] 1.13E-5| 8. 0.0f 1.13E-5] 3 | 1.32E-5] 8.| 4.7 ppm 9./31 ppm 8.116 ppm 8.118 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 19.1 3 ppm 19.{ 1.3 ppm 19.] 1.5 ppm 19.

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 T0.35818
self-abs.: no  (recalc.: Ctrl+Shift+S) thickness (mm): 1 density: 2.7 oxide: yes

version: 3.2.2 (2008.04.21)
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s J@AHYperlab for peak fitting

B spectrum peak evaluator - CI47_pureMo_2 - X
Eile Edit View Calibrations Fit Options Nuclide ldent. Help
|9 -0 - | @ ® P | e | Kool kev v |vocae: =~ K~ %~ 4~

Spectium  Peak detals Meszages Nuclide Id

LT B
B51.5-734.1 kel RX50=21 A~
THRSTIA2 ke RR50=1.2
T67.0-815 4 ke¥, AR50=1.3

1 H14.9-960.4 kev, AX50=1.1

1

oo 057.2:941.9 ke, AXS0=1.2
100 000 93639581 ke, AXSQ=1.3
90 0004

950.8-1039.0 ke, RX50+1.8

80 0004 103231153 B keV. FX50-1.3
70 00 1151.2-12491 keV, RX¢50=1.2
60 00

12437112627 keV, RXS0=1.2
50000 1276813141 keV, RXS0=1.2
1311.1-1330.8 keV, RS
132651367 2keV. RXS0=1.3
136271450 4 keV. F¥50=1.5
1446 91562 3 ke, AXSH=13
157651634 4 ke, AHSH=1.3
1628317199 ke, AHS0=1.2
1716218003 keV, R50-1.5
1796 41910.2 ke, RX50=1.3
1506, 3-2023.0 ke, RS
201942163 2keV, RXS0=1.2
2159521909 keW, RKSU=1.7
2182522197 keV, RXS0=1.4
2211.1-2369.5 keV, RXSH
2357.8-2433.0 ke, RX50=1.3
2487.8-2634.9keV. FM501.2
26258-2743 9 keV. AMS0=1.1
274002772 0 ke, RHSO=1.0

40 0004

30 000

20 000

10 000

B Spectrum peak evaluator - CJ47_pureMo_2_16k.mca - X
File Edit View Calibrations Fit Qptions Nuclide dent. Help
W9 ~0 | Q@ e | Xcale kv v |vsca: S| B~Y- -
Spectum  Peak detals Messages Nuclide |d
N
~
- £ Poskev] fiea  Aea
7 2009339 £3% 2%
EILENE) 2500 8 2012681 10074 17%
f mal o . A — L 2400] 3 201805 2836 4%
- " 1 2055347 719 199%
\ £ 2 2028080 @ 158%
———s 3 203259 1567 102%
- = 2200 4 20824 821 184%
G G 1] 5 2% 120 8%
787 768 789 T70 TT1 772 V73 774 775 776 V7T T8 779 780 781 VB2 VB3 TB4 785 786 787 788 789 790 7 792 793 794 795 796 797 798 799 BOO 801 802 &0 2100 6 2044051 1822 2%
b 7 2048297 1088 100%
20000 8 2085762 8% 122%
9 2062725 am 132%
1900 1. 2088180 2677 4.6%
1. 2074821 761 134%
1800 1. 2079485 1506 2%
1. 2083648 o2 4%
1700 1 2eEEs2 B9 157%
1. 2082136 6%  155%
1. 2097.282 1588 6.8%
» e 1. 2108216 508 187%
1. 2112919 5741 27
“ 1500] 1 2nE7E0 53 215%
7 2 2119806 58 209%
2 225641 2365 49%
1406 H 2 2137 1308 eIx
v 2 2140406 Ee<) 178%
V. 2 2143186 Ex) 359%
00 & 2 2143676 647 158%
2 2182821 1962 59%
55 2 2157686 509 203%
f 20&? 1 2186833 2634 1%
2 2170843 1212 s
5 a 3 27993 1872 7.8%
° o 4 2181297 232 10z
1100y 5 2184183 1091 194%
1 2134153 23 5%
2 2200857 9 106%
el r 1 1 1 1 1 ° 3 2209185 o7 1n2%
1000 OE BE BE E@ [ 5] [mm] 0 G2 O3] G [ [ 07 [ Gelf=] (=] [z EEE [FE = (= O] Y m e ok
2020 2025 2030 2035 2080 2045 2050 2055 2080 2085 2070 2075 2080 2085 2080 2085 2100 2105 2110 M5 2120 2125 2130 2135 2140 2145 2150 2155 2180 2165 1 2234956 1261 118%
2 2723 3 141%
3 2242773 1638 T4x
4 2247517 1475 78%
§ 2252082 1067 104%
& 22657102 568 188%
7 2ma7ar 89 135%
B 2264593 87 127%
8 2288175 605 168% «

Ready.
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6 P 1.
e H g LFC-spectrurmn 257404, SPE
; 273.40 2623 101061 17.36 ¢ 1.01% spectrurn plot : DEMO, 1B, SCKM2
! 275 94 7973 97147 563 { 1.013 . :
! 320.00 E426 63363 £.74 { 1.013
; 328 80 1120 59909 a1 25 ( 1.01)
; 34669 418 £a220 76,79 ( 1.01)
. | 365,00 457 49757 6968 ( 1.01)
kO' Compound nuclear constant ! 373.09 14610 19388 2.32 ( 1.01)
| 404.04 1067 42047 27 684 { 1.01) . .
: 438.47 1535110 33490 0.08 ¢ 1.013 | ;
5 461.07 309 23365 70.58 ( 1.01)  @3099.57583 §---oomoeoe | T
47938 5194 22828 2.85 { 1.01} ! ! !
: 486.70 1056 22638 7.24 f 1.013 e ! !
N : 496 16 35828 22391 0.80  1.013 5 ! :
[ DX ] ! 510.83 102802 22911 0.38 ¢ 1.01) § O 5 5
! Without BS: 103113 22811 0.35 | ;
__ ltm-S-D-CW 1 f+Qo,Au (Q) €p,Au 6 ! 554.16 112624 20346 0.35 ( 1.01) : :
Cx(ppm) = A . . . N oL . ‘10 ! 55g. 4t 3166 20199 £.63 ( 1.01) : :
: 563,90 95463 20045 0.39 ¢ 1.01) ! :
sp,Au 0,Au () f QO,x( ) €px 5 5EE. 03 805 13057 24.69 ( 1.01) ; ;
- £00.67 1002 17979 19.31 ¢ 1.01) : -
£02.50 2858 17954 £.93 { 1.01) WI \ ;
£06.05 1240 17405 15 63 ( 1.01) ! M
: £15.92 61831 17802 0.51 ¢ 1.013 ! :
| 629.80 £313 16960 3.75 ( 1.013 13099575 - ! : o
; £56.61 552 14754 31.63 ( 1.01) T oo ©
Dip Iy IR 933 1306 206 ¢ 101) 5 5 =
f _ I} QO _ _, Aspx _ px/tm * S * D * C ° W | 692 .50 3379 13614 5.21 (¢ 1.01) E.;Elntler in ke‘i’sn
(I)e Oth ’ ’ | 695.14 32871 13525 0,75 ¢ 1.013% ay
| 726.54 0 12948 0.00  1.013
747 68 0 12784 0.00 ¢ 1.013
| 77626 100811 13694 0.36 I: lﬂl)v Kayzero for Findows
. o < i | b
o, : epitermal shape factor |

48
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0.7 T T T T T T A T 6 T T T T |& 500 . T . : 70 > = : - -
H 0,
- Ti (wt%) . 5| Fe(wt%) | o Cl (ug/g) : eol  Sc(ug/g) :
i i 2 - 1
0.6 50— A =
s A i 41 4
- 300} - a0l -
< 05} - <3t 4 < <
< < O
g | - 5 Q 200} _ O 30 A@ _
A 21 ] A 20t & -
04} . 100 - 4
1+ . o 1o U .
A - e ;
1 L 1 1 ! I 1 L | N | N 0 1 1 ! L 0 1 1 ! I | 1
0-% 5 04 05 e 07 0 0 - 2 5 : = 5 0 100 200 300 400 500 0 10 20 30 40 50 60 70
’ ' K AA i ' KA NAA NAA
020 7 T 1 T T T T
6L Ca (Wto/o) i 70 T T T T DI T 9 T T T T T T T T
6o Nd(ng/9) ] - Sm(ug/9) 0 A
5k . L i
0.15 & 501 O |
4L A il § 0y g 6 .
O 40 . o L 4
3 33| . : Fs, |l
o o 30+ - 1 1
0.10 2 | A 4
20} ] o
all | L )
10} . I |
0'05 0 - S L : L : 0 E 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
0.05 o 1+ 2 3 N AA" 5 6 7 0 10 20 30 40 50 60 70 0 3 6 9
NAA NAA
4 1 T 1 T I 1 1 5 T T T T T T T T T 6 T T T T T
L Na (Wt%) O | - K (Wt%) il - | Gd (uglg) |
3 4+ N . &
i - i _ O _
O = 3 °r A A 1
= E] -1 3 = -1 O
O o
< of | 5 | I - -
O o)
o N i o 2+ - 4 _
Y K A
1 1 - . A
1L i ! _
i ) il 7 3 1 | | | |
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 3 4 5 6
0 1 2 3 4 0 1 2 3 4 5 NAA
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@ Validation — geological standards

GSP-2
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Position-sensitive measurements by scanning
Radiography-driven PGAA
In-situ PGAA
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ks [@dPosition-sensitive PGAA:
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* Tomographic principle (PGI, PGA-CT, NT)

* Detecting integrated information along the path of the neutrons, repeating this at
several points and angles

e Mathematical reconstruction is needed
* The whole sample has to be measured

* |sovolume approach (PGAI)
e Collimation: the source of analytical information is the so-called isovolume
e Scanning the sample, recording localized data
* Signal vs. position instantly gives the raw result

* Pointwise correction for neutron self shielding and gamma self attenuation is required
(Monte Carlo)

 Measurement of the whole sample is not a must
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is [@The isovolume concept

Neutron slit

(5Li-polymer) Gamma-collimator (Pb)

a) Isovolume geometry: b) Chord geometry:

. B :- 3 e
EOW - & » : =
2 .“: X { .;ﬁ:‘;
o S N Gamma collimator size < Sample thickness Gamma collimator size > Sample thickness
£ . M
Sample support (Al) Isovolume * *




@ Direct elemental imaging with PGAI

Al measured Fe measured Cu measured

[ U
o & A NV o N A o ®

8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6
X X X
Al simulated Fe simulated Cu simulated

Y
L \
o & A N o v A O ®

L P U
© &» A NV o N M O ®
L ;
© & A NV o N M O ®

8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6

O Systematic scanning of the sample

O 2500 s acg. time per point (altogether 5 days!)

Aluminium

N

Iron

Axis of

symmetry

Copper

Z. Kis, T. Belgya and L. Szentmikldsi, Monte Carlo simulations towards semi-quantitative prompt gamma activation imaging,

Nucl. Instruments Methods A., 2011, 638, 143-146.
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e |@ VIeteorite element imaging in 2D eumancen
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Applied Radiation and Isotopes 67 (2009) 2070-2074
Contents lists available at ScienceDirect st tton s 10
Applied Radiation and Isotopes 78
& " £
ELSEVIER journal homepage: www.elsevier.com/locate/apradiso o E
5
PGAA, PGAI and NT with cold neutrons: Test measurement on a 25
meteorite sample
. . . 0
Lea Canella®*, Petra Kudéjova ab Ralf Schulze®, Andreas Tiirler?, Jan Jolie b
? Technische Universitit Mimchen, mstitut fir Radiochemie, Lichtenbergstr. 1, 85748 Garching, Germany
® Universitdt zu Koin, Institut fiir Kernphysik, 50937 Ko, Germany
C
125
10
75
5
25
0

Fig. 4. 2D distribution of the main elements Fe, Si and Mg obtained with PGAL (a)
Radiograply of Allende meteorite. (b) Si 2D distribution. (¢} Fe 2D distribution. (d)
Mg 2D distribution.
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@ 3D Elemental maps of a fibula

Cu H

R. Schulze, L. Szentmikldsi, P. Kudejova, L. Canella, Z. Kis, T. Belgya, J. Jolie, M. Ebert, T. Materna, K. T. Biré and Z. Hajnal, The ANCIENT CHARM
project at FRM Il: Three-dimensional elemental mapping by prompt gamma activation imaging and neutron tomography, J. Anal. At. Spectrom.,
2013, 28, 1508-1512.



@ Radiography/Tomography-driven PGAI (PGAI-NR, PGAI-
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* PGAI (prompt-gamma activation imaging)
* 3D PGAA, pointwise scanning, 2-3 mm resolution at best

* Collimate the neutron beam and the gamma detection,
* Requires high flux, very time consuming

* Neutron Radiography/Tomography
e Good spatial resolution

* Fast

* Needs a beam with low divergence

* Radiography/Tomography-driven PGAI
* Most real objects are made of some distinct, by themself homogeneous parts

. Visu?lize and locate the interesting regions first, prompt-y measurement only where it is needed for the conclusive
result

 Often no need for mm-resolution
e (Can save substantial beam time

* Requires 3D coordinate transfer and good repositioning of the object



Budapest
M == Neutron Centre

@ The operation of a PGAI-NR(NT) setup

Gamma detector

Neutron tomograph
Evnllilneded beam
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@ NORMA —a configuration of NIPS for imaging

NORMA: neutron optics and radiography for material analysis

Sample chamber (A)—Al house lined with °Li-polymer sheets :
AIMgSi0.5 alloy = less neutron activation
inner volume: 20x20x20 cm3 > larger objects

removable side panels 2 easy handling

Sample stage (B)—xyzw movements :
maximum load: 5 kg

travel distance: 200 mm

Imaging system (C)—CCD-based neutron imaging :
100 um thick 6Li/ZnS scintillator (green light)
silver-free quartz mirror

ANDOR iKon-M CCD camera (cooled, 16bit, 1024x1024 px)

Gamma detection (D)—Compton-suppressed HPGe detector :
Canberra GR2318/S HPGe detector + Bismuth Germanate (BGO) scintillator
Canberra DSP—2060 digital signal processor

10-cm lead shielding with exchangeable collimators

Data acquisition—Integrated control software :

sample stage, gamma spectrometer and camera

First permanent PGAI-NT facility in the world !
Startup in 2012



@ Custom-made sample holders

Gentle sample holders (a combination of Al motorized sample stage with
ABS polymer for contact areas off neutron beam) for precious artifacts by
additive manufacturing (a.k.a. 3D printing).

a) Photograph of a bronze casted
spearhead.

b) photorealistic STL digital model.
c) 3D AM copy of the object.

d) CAD concept and the

(e-f) realization of a custom sample
Interlock coupling the sample and the

standard sample stage of the NIPS-
NORMA station at BNC

L. Szentmikldsi et al., Use of 3D mesh geometries and additive manufacturing in neutron beam
experiments, J. Radioanal. Nucl. Chem. (2019) 320:451-457
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ke [@1Visualization of the results

object detached object

neutron radiogram

raw data

after
correction

Note the difference
in spatial resolution

3D element maps and NT data are visualized together
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s [@IScanning the 1°B surface-density profile for

neutron
collimator

10B IRMM sample, 30 pg/cm?
¢ 38mm spot

¢ 50mm SS backing

sample at 30° to beam axis
2.5 x 5 mm? collimation

(5 x 5 mm? projection on sample) ~ Sample support + motorized stage

¥y ¥ ¥y v
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@ Linear scan of a stepper motor

L
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s [@dQuantitative Analysis and Distribution of

Measurement position
~N O
|
N l
|

——
-
F ]
]
BE
N
-
w

4 6 8 40x10°
Cl/Fe mass ratio

The photo (taken from a different viewpoint), the segmented 3D
neutron tomogram (orange: metallic iron, blue: corroded
regions), and the pointwise CI/Fe mass fractions of a corroded
iron nail from PGAI

1cm

Watkinson et al, Archaeometry (56) 2014 841-859
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s [@IScanning of Damaged reactor fuel element

* Hydrogen content profiling in E110G Zr fuel cladding
of VVR-440 nuclear power reactors, following a
simulated LOCA event

* PGAA is a direct way to quantify H, unlike the neutron
imaging used so far: 100-1800 ppm ~B110G_5

100 1.00
0 0.00
400 420 440 460 4 5 520 540 560
distance from the zero level (mm! m the zero level (mm,
- 60.00 700 6.00 2000
1800
— 1600

5000 § g § 1400 §
4000 S E E
° = S 1000 e
3000 z £ a0
2000 ] 00
1000 00 %
00
° 520 % 400 00 00 540
an, (mm) distance from the zero level (mm) el (mm)
Zoltan Kis et al: Lokalis hidrogéntartalom mérése roncsoldasmentes E110G_3 -
neutronos maodszerekkel cirkdnium fltéelemburkolatok 00 000 7o00
hossztengelye mentén, Nukleon 2019. december XII. (2019) 223 (in g™ s £ s
. £ 2000 e a
Hungarian) 3
500
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Boglarka Mardéti, Balint Polonkai, Veronika Szildgyi, Zoltan Kis, Zsolt Kasztovszky,
Laszlo Szentmikldsi, Baldzs Székely:

Segmented, false-colored voxel data Textured surface mesh
Joint application of structured-light optical scanning, neutron tomography and
position-sensitive prompt gamma activation analysis for the non-destructive
structural and compositional characterization of fossil echinoids,

NDT&E International 115 (2020) 102295 DOI: 10.1016/j.ndteint.2020.102295

3D rendered textured mesh model with the

Volumetric mesh, including the Co-visualization of voxel-
a“gned bound|ng box for Characterlstlc description of internal structures based and mesh data
linear dimension analysis Na/CaO

y B/Ca0 cl/ca0 /

. ™ P &

- & L] *
§ SoENE— . . ¢
I T L

L L
1" ® . >
: — . . “
[ L L *
[} » * L]
| L ] & 2
| & » L L
E L » L
[ L [ ] [ ] .
0 0.000005 000001 O0.0600015 0 0.0002 00002 0 0.005 0.01

Element profiling along a radius of the sea urchins

69




k.. [@IPGAI-NR of items in a sealed Pb container

Components of the benchmark sample: e o . T e . e T,

Uranium
oxide
(U308)

Cu balls

Iron
skrew

Aluminum
cylinder

Uranium-

containing
material In
a FEP bag i

...in a Lead § 10
container @ 10"
510'2—
10.3_

| |
4] 2000 4000 E000 8000 10000
Energy (keV)

L. Szentmikldsi et al, Anal. Methods 2015 (7) 3157
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@ What is in the pottery? Herbs for the afterlife

H at 2223 keV

stopper

Cl at 517 keV

Void vol.

.y
-
©L. Gauthier — City of Bordeaux

material e =
Cat 1261 keV
Si at 1273 keV

10x10 mm?

Full beam beam for PGAI a o

THz images

X-ray images: i
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@ Setup for in-situ PGAA BN

Zs. Révay et al., Anal. Chem. 2008, 80, 6066.

“—heam in
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ikes [@IPGAA spectrum of the catalytic reactor
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it [@1T0 reveal reaction mechanisms

Selective hydrogenation on Pd

"Pd metal”
(B-hydride)

\\Pd-cll
surface phase

Budapest
Neutron Centre

Deacon-reaction (recovery of waste HCI -> Cl,)

HCI+O*+*¢>OH*+CI*
OH*+OH*¢>H,0*+0*
H,0*¢>H,0+*
CI*+ClI*>Cl,+2*
0,+2*¢>0,**
0,**¢>20*

On RuO, or CeO, catalyst

(1)
(2)
(3)
(4)
(5)
(6)
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e J@APGAA in space (orbit around planet Mars)
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Monte-Carlo calculations




Budapest
Neutron Centre

@ Monte Carlo simulations — overview

Determination of quantities by computer simulation, using models of the physical processes and random numbers

Inputs:

* Geometry of the HPGe detector, BGO Compton suppressor, sample chamber neutron and gamma shielding
* Engineering drawings, optimization of unspecified dimensions, e.g. the dead layer thickness

* Szentmikldsi, L.; Berlizov, A. N. Characterization of the Budapest Prompt-Gamma Spectrometer by Monte Carlo Simulations. Nucl. Instruments Methods A 2009, 612
(1), 122—-126. DOI 10.1016/j.nima.2009.09.127.

* Szentmikldsi, L.; Kis, Z.; Belgya, T.; Berlizov, A. N. On the Design and Installation of a Compton—Suppressed HPGe Spectrometer at the Budapest Neutron-Induced
Prompt Gamma Spectroscopy (NIPS) Facility. J. Radioanal. Nucl. Chem. 2013, 298 (3), 1605-1611. DOI 10.1007/s10967-013-2555-2.
* Detailed geometry of the sample
* Analytic definition, assembled from elementary planes, objects using inside/outside, union/intersection operations
* Complicated cases - surface optical scanning or volumetric imaging
* Voxelization of the sample geometry, material assignation to unit voxels (inspired by dose simulations in medical physics, e.g. Zubal Phantom)
* Reproduction of the experimental arrangement, sample placement

* Neutron beam properties

* T.Belgya, Z. Kis and L. Szentmikldsi, Neutron Flux Characterization of the Cold Beam PGAA-NIPS Facility at the Budapest Research Reactor, Nucl. Data Sheets, 2014,
119, 419-421, DOI: 10.1016/j.nds.2014.08.118

* Nuclear Data

* Lib80x25: J. Lloyd Conlin, W. Haeck, D. Neudecker, D. Kent Parsons and M. C. White, LA-UR-18-24034: Release of ENDF/B-VIII.0-Based ACE Data Files, Los Alamos,
2018.

Outputs:

* Neutron beam intensity map
* Neutron capture rate map -> Conversion to gamma emission rates

 Gamma self absorption and neutron self shielding factors -> To correct the masses and concentrations
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Engineering drawing -> MCNP input file -> sample -> simulation -> visualization of the results
PGAA

& o S g (b Lister - [d\MCNPWork\NORMA_metal_sandwich\Rot(\ CuZnSn_00.inp] — o *®
2 % 56 ) Fajl Sgerkesztés Bedllitisok Kikodolis Sugé 9% HPG
A | ¢ ISOCENTER in measurements = (@ -27.3 @) A e
bt ¢ ISOCENTER in simulations = (@ -27.3 @)
r 05 0(5 l ¢ detector in measurements: Canberra GR2318/S HPGe + Scionix BGO d t t
{ ___11-5 ¢ detector in simulations: Canberra GR2318/S HPGe + Scionix BGO e eC Or
1. | < c
]l_—-: s s i : [ ¢ THIS INPUT FILE IS TO CALCULATE:
/ l | ’ 18 | 45 ¢ the number of the activated XX or YY atoms in the sample irradiated in a
] — ¢ position shifted and/or rotated around ISOC.
1\ 2 . d a3 —63 ¢ We need only the number of gammas with specific energies reaching the
( ! : =i ¢ entrance surface of the HPGe detector. Moreouer, we need a ratio between
= “ ’ : a e 8 ¢ the number of gammas in the different positions.
v ¢ - C
56 (5| —t— ¢
¢ 78| |/ c
p Vi [ TO ACTUALIZE THE SETUP OHE SHOULD CHANGE OHLY THE FOLLOWING CELLS »
\ v % H [ FOR THE SAMPLE ITSELF: CELL HUMBERS STARTIHG WITH 5XX \L
: : b : c FOR THE AIR ARDUND THE SAWPLE: CELL WITH HUHBER 988
3 % C
_’: ! " [ IRRADIATED DBJECTS SHOULD BE SET
; a & %: 5 USING SAHPLE POSTIDNING
/ oy c
A C
/r " ‘_; C
In (2 ] A0 10“ U E
IV\ (0'2) ; 75 ‘LE ¢ HPGe DETECTOR, always three characters beginning with 1%
g 188 1 -5.32 (-9 1 -3 (9 -2 10 -3 ) & § Ge detector; 1 -5.32 N | PS
imp:n=1 imp:p=1 %
182 @ (7 -2 -8 ) imp:n=1 imp:p=1 % empty core of detector
182 1 -5.32 (9 -7 -18 ): & $ Ge dead layer around core
(-10 8 7 -2 % dimp:n=1 imp:p=1
118 5 -2.782 15 -16 -17 imp:n=1 imp:p=1 $ front Al cap HPGe
111 5 =2.7082 (16 =17 18 =5 ) imp:n=1 imp:p=1 $ side Al cap
11 @ 16 -1 -18 #9098 imp:n=1 imp:p=1 % vacuum in Al {Front)
998 ® -998 imp:n=1 imp:p=1 § to tally photons through det entrance detector
115 B (1 -27 -18 32 )8((1 -36 32 -35 »: & $ vacuum in Al (outside)
(37 -38 32 -35 }:(39 -0 32 -35 )) inp:in=1 impzp=1
C
116 @ (27 -34 18 31 ): & § vacuum in Al {outside back)
= (29 -34 33 -18 ) imp:n=1 inmp:p=1
é Ge 128 5 -2.782 (26 -27 98 -32 }:{27 -28 38 -31 }: & § Catcher holder
(28 -29 -31 33 ) imp:in=1 imp:p=1
121 5 -2.7082 (1 -26 3 -32 ) imp:n=1 imp:p=1 § detector holder Al
BGO 122 B (2 -26 -3 ): & $ vacuum in Al (inside back)
(26 -28 -38 ) imp: imp:p=1
123 8 -8.933 (28 -99 -33 ) imp: imp:p=1 § cold-finger
Al 128 & -2.702 (234 -5 -18 33 ) imp: imp:p=1 § back Al cap
_' 125 5 2,702 (1 -36 32 -35 ) imp: inp:p=1 § mounting bands
126 5 -2.762 (37 -38 32 -35 ) imp: inp:p=1
16 20 40.6 W 127 5 -2.7082 (39 -0 32 -35 ) imp:n=1 imp:p=1
c
Sample -‘ ¢ BGO DETECTOR, always three characters beginning with 2%
2.9 213 6 -7.130 (44 -5 -42 41 -43 -52): & $ cylindrical part of BGOD
Pb (-42 -45 52) imp:n=1 impzp=1 § LLD=0.12
219 & -7.138 (-25 50 28 -43 ): & BGO
Absorber (-15 25 54 -43 ) imp:n=1 inp:p=1 § LLD=0.12
228 5 -2.702 (-43 -45 42 -47 ) imp:zn=1 imp:p=1 $ BGO out cover triang
229 6 -7.130 (15 -44 41 -43 ) imp:n=1 imp:p=1 § LLD=8.12 § BGO Front block v
a9C = =7 AT FhA kT RE LCT % dmnen—4 Tmnen—A4 & 1in-n 40 & OEN el e
10 cm < 2
. o ;. . . . . . .
e L. Szentmikldsi, B. Maréti and Z. Kis, Prompt-gamma activation analysis and neutron imaging of layered metal structures,

Nucl. Instruments Methods A., 2021, 1011, 165589.
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Experimental vs simulated prompt gamma count rates of elements at different angles
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@ Bulky, regularly-shaped homogeneous object @
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Laszl6é Szentmikldsi, Zoltan Kis, Boglarka Mardéti and LaszIé Zoltan Horvath:
Correction for neutron self-shielding and gamma-ray self-absorption in
prompt-gamma activation analysis for large and irregularly shaped samples,
J. Anal. Atomic Spectrom., 2021 DOI: 10.1039/d0ja00364f

3D scan

Pavement stone sample k.
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ke |@3D visualization of the results

NEUTRON INTENSITY MAPS

Neutron field 03
(top view) 02

S
Neutron field Neutron field
N t b . t . t (side view) (beam’s eye view)
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L. Szentmiklési, Z. Kis, B. Mardti and L.Z. Horvath: Correction for neutron self-shielding and gamma-ray self-absorption in prompt-gamma
activation analysis for large and irregularly shaped samples, J. Anal. Atomic Spectrom., 2021,36, 103-110
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Pos 4 Powder Pos4

@ Comparison to results of destructive sampling

myo relfuncys mY6 rel'unc % reI unc % reI unc % Mo eINnGYs myo relluncys mY6 rel'unc % mYo rel'unc %

H 0124 09 0.6l 0141 09 0138 12 0137 12 | 0134 12
B 180ppm 0.8 226ppm 14 ---- 36.7ppm 09 37.1ppm 12 386ppm 11 384ppm 16
C 5.8 5.3 6 16 <3.5 (DL) <3.5 (DL) <3.5 (DL) <3.5 (DL)
o | 499 5 50 5 495 |5 |51 | 5 482 5 53 5 47 5 53 5
Al 213 1.8 0.8 78 | 08 | 20 | 069 | 4 o067 2.1 0.49 2.4 0.56 2.3 049 23
si | 212 1.6 214 205 43 1.1 45 1.3 44 13 45 1.4
Cl <30 ppm (DL) 28 ppm 15 _-- 30 ppm 5. 40 ppm 5. 32 ppm 5. 43 ppm 4
K 0243 22 0.26 26 | 025 0232 19 0.18 22 0207 22 0192 19
Ca 20 2.4 21 2.4 3.8 3.1 0.27 3.1 1.46 2.6 057 26

Ti  280ppm 29 350ppm 3.5 [290ppm| 3.0 [ 310ppm| 32 | 260ppm 2.9 210ppm 3.1 220ppm 3.1  220ppm 2.6
Mn | 0055 24 0053 23 [0051 [ 39 0049 |22 " 90ppm 10. 20ppm 5  180ppm 3.1  24ppm = 9.2
Fe 031 2.2 0.44 61 | 036 | 29 [ 03 | 6 o3 2.6 0.27 2.9 0.30 2.6 0.33 3.3
Sm 0.96 ppm 2.2 1.14 ppm 2.9 ---- 0.62 ppm 2.4 0.54 ppm 2.1 0.55 ppm 2.8 0.38 ppm 2.3
Gd 15ppm 71 15ppm 59 [15ppm| 9 | 14ppm 71 |08ppm 7 06ppm 6  O07ppm 5  O05ppm 18

( VERTICAL CUT

Beam
"~ center

A Laszl6 Szentmikldsi, Zoltan Kis, Boglarka Mardéti and Laszlé Zoltdn Horvath: Correction for neutron

L 30 mm self-shielding and gamma-ray self-absorption in prompt-gamma activation analysis for large and
irregularly shaped samples, J. Anal. Atomic Spectrom., 2021 DOI: 10.1039/d0ja00364f

e, 30 FR

POS 1 POS 2 POS 3 POS 4
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Applications

Rocks and minerals (Geology, Archaeometry)
Metals (Materials Research, Archaeometry)
Nuclear Materials (Safeguards, Transmutation)
Ceramics (Archaeometry)

Glasses (Archaeometry, Industry)

BUDARPEST

RESEARCH
o REACTOR
"~ 60 YEARS
0F RESEARCH
& INNCUATION
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Applicable:
e Bulk composition of any (solid, liquid) sample
® Minimum sample mass ~0,1g
e In principle all chemical elements
Very sensitive: H, B, Cl, Cd, Nd, Sm, Eu, Gd
e Detection Limits 0,1 ppm — 1000 ppm

Advantages:

e Non-destructive

e Minimal sample preparation

e Average for the total irradiated volume

e Parts of large objects can be studied
(beam size: 5 mm? — 2x2 cm?)
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Classification of stone tools made of various
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@ Local elemental composition via radiography-

* Measurement positions
overlaid on the radiogram

e Real-time feedback using
radiography and xyzm
sample stage

* At one position multiple
materials may present

 Decomposition and
correction of signals via
Monte Carlo calculations

L. Szentmiklési, Z. Kis, M. Tanaka, B. Maréti, M.
Hoshino, K. Bajnok: Revealing hidden features of
a Japanese articulated iron lobster via non-
destructive local elemental analysis and 3D
imaging, J. Anal. Atomic Spectrom. DOI
10.1039/d1ja00261a

Counts per second (cps)
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Flints, chipped stones, marbles, gemstones, lapis lazuli, ...
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Nondestructive feature is not so important

Unnecessary sample preparation makes it attractive

Objects:

Volcanic rooks or rock powders

Fast determination of main components

Unique: B, H content, Cl, Sm, Gd

Helps to understand tectonic plate collisions, vulcanism

ﬂ

Fonolit

Trachit
Riolit

Chemical composition

Kémiai osszetétel

/

lAndezit

— Na20O+K20=4,56 <

Si0,
TiO,
ALO;
Fe, 0,
MnO
MgO
CaQ
Na,O
K,0
P,0.

16,22
2,51
15,24
11,03
0,21
7,65
10,46
2,45
2.11
0,73
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Geological applica
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Advantages in geochemistry:

- BULK analysis without sample
preparation! No contamination!

- Non-destructive, same sample can
be measured with other methodes!

- Major element oxides are well
measurable.

- Rear and rearly measured trace
elements are easy to measure, like
H, B, Cl and Gd!

B and Cl content changes
of sea sediments with
dept

Absorption from sea
and disturbance

B and bulk rock
composition of Arc
volcanic rocks

L 4

B content of metamorphic

rocks
| &

Dehydration reactions and
light element transport

Subduction geometry and
magma generation
informations

NoT 1o scale

Outer rise Accretionary

Serpentinization 2

+ sediment dehydraton
m r r-. MAUCTio
Mherm < 400

\ y o « » 4 .
V(] ; 2 o ¢
e
- ; ’
g ’ o a‘*\_\ 2
’ 2 s o
Serpem nization ’ Serpentinzed
&y /% mantle wedge
Serpentinized X <
mantie edge mems e
S gorite
m breakdown

$

for validation

B and CI content of
ocean base serpentinies

L 2

Subduction recycle of materials
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@ Provenance study of lapis lazuli

* A few geological occurances in the World
(Ural, Chile, Afghanistan, Lake Bajkal)

» Main mineral: Lazurit / (Na,Ca), g(Al,Si);,0,,[(SO,)Cl,(OH),]
« AIM: |dentification of raw materials, provenance of art objects
* PGAA: H, Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe, S, Cl

Project leader: Judit Zoldfoldi
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Deep see vents have been found
on the ocean floor near faults

The overheated water dissolves
different minerals

The investigated samples contain
sulfates of Cu and Fe

Counts

Deep see vents on the Pacific ocean floor

ALVIN 917-R4

ALVIN 1457-1R-C

Budapest
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ALVIN 1461-2R

0 459 41(6), 44.9" 45.1
S  20.0(0.2) 0.151 (0.005) 0.16 (0.01)
Ca 11.3(0.2) 7.22(0.11) 7.25(0.13)
Fe 9.28(0.11) 9.65 (0.08) 9.37 (0.09)
Cu 7.67(0.07)
Al 7.10 (0.07) 7.06 (0.12)
Mg 1.8(0.2) 3.98 (0.11) 3.6 (0.2)
Zn 136 (0.05)
P 0.85 (0.18) 1.6 (0.2)
Ni  1.17(0.003) 0.022 (0.002)
o bbbl ic i ,I! Ti 1.097 (0.008) 1.060 (0.010)
) Si  0.55(0.05) 22.6 (0.3) 22.3(0.3)
H  0.368 (0.004) 0.0290 (0.0005) 0.027 (0.001)
K 0.27(0.06) 0.138 (0.004) 0.16 (0.01)
Cl  0.194 (0.002) 0.0566 (0.0005) 0.0188 (0.0005)
Mn - 0.154 (0.002) 0.161 (0.004)
Lottt L J syttt Na 0.140 (0.014) 1.97 (0.04) 1.96 (0.05)
\% 0.042 (0.002) 0.046 (0.003)
Co 0.0066 (0.0011) 0.0045 (0.0003) 0.0058 (0.0009)
Se 0.0039 (0.0002) 0.0058 (0.0005)
. Cd  0.00352 (0.00005) 0.00024 (0.00003)
: -'~—¢LJ._ PE VRS W B 0.00220 (0.00002)  0.000659 (0.000007)  0.000658 (0.000008)
Energy (keV) Dy 0.00099 (0.00008)  0.00111 (0.00014)
Gd  0.000050 (0.000006) 0.000524 (0.000007)  0.000556 (0.000010)
Sm  0.00033 (0.00003)  0.000330 (0.000005)  0.000340 (0.000007)

(Lawrence Berkeley National Laboratory)



Budapest
Neutron Centre

@ Inactive tracing of a glass-melting furnace

Tracer concentrations in vitrit glasses
25
 Homogenization and flow properties of an industrial
melting furnace were investigated LA —— 1998.09/Gd
—=—1999.10/B
* To avoid high level radioactivity, inactive tracers of < T}\
. : & 15
Gd,0, and H;BO; were added in 10 ppm concentration f \'\
i
 Samples were taken regularly at the outlet and = 191
O
measured with PGAA \
=)
* Properties were found to be close to ideal case
0 :.—._-‘—.—“
0 20 40 B0 a0 100 120 140 180
Time (h)




@IFacility access programs

IPERION HS

BNC i'_ EUROPEAN RESEARCH INFRASTRUCTURE

lf 1818 FOR HERITAGE SCIENCE
Budapest Neutron Centte )

eriC Central European
Research Infrastructure
Consortium

ReMade
ARI

a hub for materials research

Feel free to contact us and submit your proposal!
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- PGAA is a versatile method for non-destructive element analysis

- Majc;r and minor components, some trace elements (even more with
NAA

- Best with guided cold neutron beam
- On-line detection of gammas: shielding is crucial
- Gamma spectroscopy in the 11 MeV energy range

- Bulk or local composition, also in combination with
radiography/tomography

- In situ observation of time-dependent processes

- W(ijdespread applications in material science, archaeometry, geology and
iIndustry



Main benefits of PGAA

* Non-destructive
e Bulk (average composition)
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PGAA is the method of choice for

* Expensive and valuable objects
(material science, circular economy & heritage science)
* In-depth composition needs to be measured
(complementary to XRF, PIXE, LIBS, LA-ICP-MS)

* Samples that are difficult to dissolve or

sample preparation would be time consuming
(chemical analysis of geological samples)

* [n-situ monitoring of dynamic processes

(catalysis experiments)
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