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wDiscovery of neutron

A J. ChadwicK'The Existence of a Neutron" Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sciences 136 (830): 692 (1932

wNeutron ActivationAnalysigNAA)
A Theapplicationof neutron-inducedradioactivityfor elementanalysis

ADeé | NHeé 1936 smdigactivetracing Nobelprize 1943)HevesyGy,
Levi, H., 1936, Dansk&denskap SelskabMatematiskFysiskeMedd., 14 .

an energy of about 100ekv. The snergy of the primary | far the carbon, prosent in the paraffin (by obsorval
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by ane of the two nogative electrons which take part | million volts.

No mechanism is known to account for the bask-
mpact, the impulso of the primary | ward scsttering by hydrogen of the hard gamma.
particle 12 wholly passed on to the nuclaus and the | rays prasent in t) intion from the souree of
latter acquires suflicient energy to produce several | polonium plus bes m\mh and experiments with
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ionisations. At tho intorsection of the threo tracks | s failed to show an
thare is to be sean o distinct thickening due, perhaps,
ta the ‘reccil’ of the nuclous,
Among my remaining_photographs, T heve ono
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of explaining the results i
of the collisions between

A The application of radiative neutron captui@@, ) reaction) for chemical
analysis
A first observed in

neutron’, Nature

1934H(n# )2HD.
133, 244 (1934)
AFirstPGAA implementations

Alsenhour T.L., Morrison, G.HL966, Anal. Chem., 38, 162.
A R.HenkelmannH.J. BornrAngew Chem. 81. 1969 (22) 921

E. LedCombinationof proton and

very similar 10 that of Fig. 1 but it Is lem to be | the particles combins o form I,
relicd upon, sinee, on it, the electronic track lies on | of hydrogen. The combination will resait in 1
the boundary of the illuminated region. | emission of enorgy in the form. of gamma-radistion,

‘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.
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Combination of Proton and Neutron

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

ious materials was detected, with the

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 |

5

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,
taking the mass of the neatron as 1-0067). The
encegy  deduced exporimentally for the gamma
radiation would agree with a neutron energy of two
to six million volts. This is of the right order, for
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 chambar
na short tracks confinod to directions within a few
degrocs of the direotion 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.

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
upwards), waa used ; \hlrmg ‘the second 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
periods have boon compared with simultaneous
observations of the aurors boreales and also, for the
firat period, with the simultaneous magnetic records
of the G Observatory of Abisko’.

ingly it was ;ms.:mn
in the tw o di
Tadiation and neatrons. Whon allowance was

ish between gamma.

made | types and of different extension over th

of different
skcy of the

The ionisstion found during auror

@ 1334 Nature Publishing Group
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s [@Nuclear reactions BN

Ab,9D = A+bbc +D (R)
A A+1 A+2 Figure 6.10 Summary of

i different options to produce a A c targ et n u Cle us
nuclide with Z atomic
A-1 o number and A mass number. -
\ It includes the formation of D C fl nal n UCIGUS
D e o the nuclide by radioactive

a5 S g decays as well. b - prOJeCtIIe
N c ¢ emitted particle
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@ Level schemesPGAA and NAA
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@ PGAA and NAA spectra

PGAA

A 45 keV to 12 MeV gamma energy range

A Complicated spectrum with hundreds of Gaiike peaks

A Baseline increasing towards low energies
A Poisson statistics
A Peak positions> identifying the elements
A Peak areas determining quantities
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A 15 keV to 2.8 MeV gamma energy range
A Simpler spectrum with a few (dozen) well separated,

Gausdike peaks

A Baseline increasing towards low energies
A Non-Poisson statistics when measuring at changing

count rate

A Peak positions> identifying the elements
A Peak areas, half lives determining quantities
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1/vlaw Resonances

s [@Capture of neutrong the crosssection

The neutron capture cross section of an isotope of a
chemical element is the apparent cressctional area U

that an atom of that isotope presents to absorption and — —
IS a measure of the probability of neutron capture. U

It is usually measured in barns, il€¥24 cm? or 10" 2 $n2

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 neutroni -
and nucleus. This is tligv law. °

One expect the highest reaction rate per atom for cold
neutrons

Incident energy (MeV)

Neutronsshouldbe moderatedor cooledto maximize
the analytical sensitivity of PGAA



s JRINAA vs. PGAA

Multielementmethods
Negligiblematrix effect,
Goodreproducibility
Reliableuncertaintybudget

ASample

ASample preparation
Arradiation
Metection

ASpectrum

AResult turnover time
MDetection limits
ACooling time after irrad.

NAA

10 mg

Drying glass

Reactorcore

Separatedn time andspace

10-100peaks 3MeV
weeks

ppm-ppb
Severamonths

Budapest
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PGAA

100mg-1g

None/ PTFE bag, vial
Guided beam of neutrons
Ontline, during the irradiation

100-5000 peaks, 12 MeV
Few hours

>ppm, %

1-2 days
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@1Periodic Tabléor PGAAnNnd NAA

PGAAT major and minor elements NAA - No light elements!
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«[@Qualitiative and Quantitativ&nalysis

Gamma(prompt and decayjadiation Is characteristic

Aenergy - elements (isotopes)
Aintensity -  quantity
Peak position Peak area
Energy Partial gammaay production cross section
Nucl. E (keV) crosssec half-life
H 2223.249 keV  0.3326 b -
X
23Na 1368.6 keV 0.500 b 14.96 h

X
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In case of complex

Sliws [@Decay correction for NAA

A activationdecay chain:

saturation decay counting %T_.bﬂlﬂh

%= A N, (1) - AN,

dN,
~_ ?z_ﬂa—tf"k—l{fj AN,
L —L . ¢ A=A+dg
Lact N 4 o te 1 Ve' /tc &-1 k]l k {
-/t - | _ N, (t)= N S 3
S:l -@ ' ract D e d C _/ « (1) g{dfhlglgﬂ.‘ﬂh] P(-Aat) |,
tC

| =1In(2)/T,,, decay constant
Peak area has to be corrected for saturatid@ AISDC



oo e [@] Re@Ction Rate general equation BNC ) ejion cenve

Y 3(0)t,(0) QO , (0) s (DA , (O (OAO O , O OW)

1/n behavior cancels for slow neutrons:

Yk (0)i, (0) A0
. L tE(O)AO , ¢

LtE(O)t—AO

>V

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

F - fluxcm?sleV'!

N - number of target nuclides (~ mass)
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Gt [@1Determination of chemical composition

A, =mCa; S:VA%QO)C(PQ@CE(EQ)G(EQ)
/ e T o
Fit from the PGAA spectrum From detector calibration

From spectroscopic library
m : Mass of the element

S: Sensitivity of the analytical peak (cps / mg) A We measure concentrations, i.e. ratios of

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

N, : Avogadrenumber

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

: sample
g : Isotopic abundance
S, : Neutron capture crossection A No problem if not the entire object is
P, : Gammayield per neutron capture irradiated

f : Neutron flux
&(E) : Detector efficiency
f(E) : Matrix effect correction (neutron self shielding, gamma self absorption)
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Energy Research

Centre for @ Dynamic rangef gamma spectra for any nuclide pail@°r 8

PGAA count

1 mg H together with 1 g ClI

(10 mg water in 1 g C{l / 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.



@ Spatiaresolutionsvs.detectionlimits in elementalanalysis
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100%

10% TEM AES SEM Raman XPS XRD
1% | — PGAINT:
FTIR
0.1%
- Shas WDS p-PIXE  p-XRF XRF A 'Ir;]yrglcal spatial resolution for element analysis > 2
10 ppm
TOF-SIMS . .
1 ppm . A Typical detection limit approx. 0.1%
ICP-MS//
SIMS | LA-ICP-MS A Bulk (other methods: neasurface or solution)
10 ppb APT
1 ppb i
o A Nondestructive
100 ppt
Nano Micro Bulk _
10 ppt A Representative
0.1 nm 1nm 10 nm 100 nm 1 um 10 ym 100 pm 1mm icm

A High metrological quality

Elemental composition

Structural information

Surface and thin film analysis

SEM and TEM host multiple techniques

Originalfiguretakenfrom https://myscope.training/legacy/analysis/introduction/
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s [@Components of the activation analysis

A Neutron source
A spallation neutron source
A nuclear reactor
A neutron generator
A isotopic neutron source?{°Cf, PuBe, ...)
A compact acceleratedriven neutron source

A Moderator (H containing material)

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

A Pneumatidransfer (a.k.arabbit) system (only in NAA)
A Automatic sample changer

A Detecbrs
A high-purity germanium KIPG#
A scintillator (Nal, ...)
A Lowbackground counting chamber (NAA)
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St [@IBudapesResearch Reactor BN

A 10 MW thermal power
A Tanktype, Watercooled, Watermoderated
A 60+ years of operation
A Max. thermal flux in the core:RLO™ cm2s?

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




s [@Cold neutron source dhe Budapest

gyors neutron
csatorna

s . ; ionizacios

tangentiai
beam tube
tervezett

hideg neutron -
forras

fuggoleges
besugarzo
csatornak

nehez beton
arnyekolas

o \_\
Pl
m 3 \\\ neutron vezetok

HYDROGEN
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VOLUME

He BLANKET

<

He CRYOGENIC
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|
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COOLING He GAS
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s [@Advantages of cold neutron beams

AHigher flux(neutron guides
higher throughput)

Aevery nuclide behaves regularly
A(follows the 1i-law)

Aevery nuclide has higher cross

section L e B T

a higher reaction rate ’
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e reseen [WAN @UTron gquides

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

—

10 10 10
09 I
08
%'0.7
06
O
@U.S
04
03
02
0,1-;\ 5A 0 o
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
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Q, [nm™]
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1.2
‘ ‘
5, 1.0 Y ! !
/ = 0.9 :
NS ""{- w% 08 \ / =
207 + N\ 2 .
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0.4 ] d, > d, > d,
. 0.3 —— 1
elatlvely small losses
0.1 / gl
0.0

Aow background
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Neutrons to the sample

s [@INeutron source> neutron guide> PGAA

gyors neutron
csatorna

ionizacios

tangentiai
beam tube
tervezett ,
hideg neutron
forras

fuggoleges
besugarzo
csatornak

\\_ nehez beton
arnyekolas

-~ \\\_ neutron vezetok

22
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s [@N N AAPNeumatidransfer(rabbit) system

Sample to the neutrons
Isometric illustration of the HFIR pneumatic facility in VXF-7

T T T T 7] 5 ﬁ—\l

-
A It

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"

Oak Ridge National Laboratory

RENSSELAER POLYTECHNIC INSTITUTE ::



Gl Re [@IReaACtor neutron spectrum

neutron flux per unit energy

‘(arbitrary units)

10°

1072

1074

10°°

10719

‘\
‘Q
-1

‘ a

oc>0|

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

thermal >
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

At = 4.45A Tanjem?s Measured isotopes:
A epi = 1.28A 1'n/cm?s PES.
f = F/F epi = 34.8, a = 0.029 24Na, 27Mg , 28A1.38Cl, 49Ca, 51Ti,

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

BRR No. 17 rotating channel, (A =54 mm)
A th=1.76A 1330n/cm?3s
f=Fu/ Fepi= 47.1 %““‘—-——————_____

a =0.0249

20 elements

Measured isotopes:

24Na’ 42K’ 51Cr, 59Fe, GOCO,
S8Co(Ni), ©°Zn, 99mZn,
7ZGa’ 76AS, 8ZBr, 86Rb’

122 Gp, 110m Ag, 124Sp,

134 Cg 140| 5, 153Gm, 1827y
187\W\ Pneumatic rabbit system
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the photoelectric effect (left), the Comptescattering (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



Gl [@Detectors- Compton suppression
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Aim: to reduce the background but not the peak!

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: higipurity Ge, due to best achievable energy resolution

Gl [@ICOmMptonsuppressed gamma detector

— 102 ] ] | | — 02 ] ] | |
03] /2]
5 ; —— Unsuppressed 5 ; —— Unsuppressed
Tg' 10 —f] - Suppressed Tg' 10 |- Suppressed —
5 0 S 400 .
a 10 a 10
(] 7]
e A o A _ B
5 10 T 10
2 10° Lé 107 b -
O
= -3 n -3

10 | T | | “ 10 T | | |

0 500 1000 1500 2000 0 500 1000 1500 2000
Energy (keV) Energy (keV)
g | | | | ° 20 ] ] | ]
< o' o[ — Measured | ® 15
g e Simulated| c 104 d
c R
g | g °7
® 10 . . o 0-
® — | g 20— 5 5
g s | ’“__-w-i_—_n“___‘_M__._'_._i.................... e .._..‘: a 15 - e é
g 10 +100 § 10 NGl B
LE’ = C g- 5 — _ ’_‘_”_,..-"F" i
8 10° T I T S — | T =
0 500 1000 1500 2000 0 500 1000 1500 2000
H F’(@Eﬁ @t@Cﬁt@rl’ Energy (keV) Energy (keV)

BGOCo oimiolo BLgLpPsSaSoEtaeter : :
F ad ) : Detector response function fanonenergetic

Lead shiziding gamma radiation (c.f. Compton scattering, pair
production)
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st [@I TWO Superimposed detector response

100

—— Normal ' 1
—— Compton suppressed
10 3
) 10, 6 6 4
8 _.__.__,--3
© 1 1 m— s N I——— = 1 . 3
g | | e TN
rf:""""‘—s_i b 1‘1';. i
0.1 \\‘-u._ b, |
5 " l P, » ,.!' wz‘a.
\“__#_.-_5-—-‘—"‘ --“""h.,
001 | | | | | 1
0 500 1000 1500 2000 2500 3000

Energy (keV)
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Sioews [@Gammaspectroscopy for NAA )
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APGAAprompt-gammaactivationanalysis

Sl [@dE)perimentalstations for element analysis at tB&C

[ S%ectrometeb
3 | 1 :-.—" o HE T A0 Increasel productivity
Shielding tunnal ;
tor 3G h[:j CNS Measuring Hall L A Automation, reduce manpower
[rEr det (IS sans AHigher throughput for small samples
i 4 ¥
= Sl L ANIPSneutronrinducedprompt gamma
iﬁﬂhﬂ Bl | spectrometel)
A Specialization for bulky samplemsition-
sensitiveapplications
L A Combinatiorwith imaging systemNORMA
Facilities in Reactor Hall : TOF Facilities in CNS Measuring Hall (with 3 NGs) i . .
TOF  Time-of-fiight spectrometpr jlat™ (nouronguide) ANAA (instrumental neutron activation

{under construction)
DNR  Dynamic neutron
radiography .
SNR  Static neutron radiographyy! '
BIO Port used for bioclogical
experiments
MTEST Material testing
diffractometer
TAS  Triple axis spectrometer |

PSD Powder neutron
diffractometer

analysis)
AHighaccuracy trace element analysis of
homogeneous samples

A Often complementary to PGAA in terms o
amenable elements and DLs

TASC  Triple axis spectrometer on CNS

\ TOE SANS  Small-angle scattering spectrometer
(measuring hall} £

=i In-beam M&ssbauer spectrometer junder
construction)

A5 ma %ow-velcountingchambej
Aln-beamactivatedsamples
A Environmentakamples
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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

cC:. C:. C: C:
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Gaseous

l

‘\./’
FEP Pressurized
bag container

e e o i Solid Powder Liquid
e | powdering,
T — 5 homogenizing
He e : § dissolving
LQ. Enmmrs B =N :
-:_—-:i Lol ~“:‘-;€f = | - \_?/ ) \'?/ Teflon cl)r
- o | drying quartz vial
| . . ] | :
iSSas.ane © iE FEP bag
e ES. I bod
1 1 g < pams » FEP bag
+-+ 0|4 |
&
e
. Sample holder

10 mgg 1 gsamplemass

A4

MEASUREMENT

Back to the owner f«

Powder solid-> Telfonbag
Liquid-> Teflonvial
Gas-> pressurizedcontainer

A
Cooling until becomes inactive

Remainsactive only for afew hours(days after irradiation

» Storing in the lab

v

Discarding




o [@Manual / automatic changer at PGAA
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