CHEMICAL ANALYSIS

A SERIES OF MONOGRAPHS ON
ANALYTICAL CHEMISTRY AND ITS APPLICATIONS

Editors
P.J. ELVING * I. M. KOLTHOFF

Advisory Board
Laalis 8. Ettre J. Mitchell, J. Donald T, Sawyer
L. T. Hallett Georgs H. Morrison C. A, Streul]
Herman A. Liebhafaky Charles N. Reilley Fred Stross
J. J. Lingane Andres Ringbom E. H. Swift
W. Wayns Meinke - E. B. Sandell Nobuyuki Tanaka
Louis Meites Wesley Wm. Wendlandt
VOLUME 34
WILEY-INTERSCIENCE

A division of John Wiley & Sons, London{New York/Sydney|Toronto

-
ety

Neutron Activation Analysis

D. De Soete

Chicf Aeviatant

R. Gijbels

Reacarch Associnle, Interuniversitaly
Inatitund voor .Eu-muunnhm

J. Hoste

Pm_fmor {r -:cal Chemislry
car Chemisiry
smu Umunﬂw of Gend, B:lm’um

- WILEY-INTERSCIENCE
A division of John Wiley & Sons, London[New York|Sydney|Toronto



viii ACENOWLEDGEMENTS

Figure 10,11 Junod, E., Report CEA-R 2080, vol. I {A and B},
1906, Commissariat & 1'Energie Atomique, France.

Figure 11,1 Kim, J. L. et al., Anal. Chim. Acta, 33, 120 (1965),
Elsovier,

Figure 11.4 Heath, R. L., Semiconducior Nuclear-Particle De-

fectors and Cireuits, Publication 1593, Commities
on Nuclear Soience, National Academy of Sciences,
National Research Council, Washington, D.C.
{1989), p. 656.
Figure 11.8 Kawashima, T., Radicchim. Aecta, 4, 110 (1965),
Akadernische Verlagagesellschaft, Frankfurt/Main.
8chulze, W., Z. anal. Chem., 221, 90 {(1966) and
223, 3 (1068}, Bpringer.Verlag, Heideiberg,

Figures 11.11,
11.12, 11,13

The author is grateful for permission from other auithors and publishers to
reproduce the following Tables. ‘

Table 3.4 Zijp, W, L., RCN-40, 1605, Stichting Reactor
Centrum Nederland,

Table 6.2 . Bchulze, W., Neutronenaktivierung als Analytisches
Hilfsmittel, 1982, F, Enke Verlag, Stuttgart,

Table 6.7 Adams, ¥, and Dams, R., J. Radioanal. Chem., 8,
123 (1089), Elsevier.

Table 7.5 Gleit, C, E. and Holland, W. D., Anal. Chem., 34,
1468 (1962), American Chemical Society.

Table 8.5 Bowen, H. J. M., and Gibbons, D., Radioactivation
Analysis, 1963, Clarendon Press, Oxford,

' Tabla 0.1 Wiolfls, R. et al., Z.'anal. Chem., 233, 248 (1968),

Springer-Verlag, Heidelberg.

Table 9.6 Igenhour, T, L. ¢f al., Modern Trends in Aetivation

Analysis, Proceedings of International Conference,

Texas A. & M, University, 1965, p. 126,
Appendix 5, Tablea 1 and 2

Dams, R. and Adams, F., Radiochim, Acta, 10, 5, 8

{1968), Akademische Verlagsgesellschaft, Frank.

furt/Main,

Symbol

a.m.n.

o ™ o0

myet

ity

Ny

electron rest mass

electroh rest energy

proton rest maas

Avogadro’s number

PHYSICAL: CONSTANTS
Denomination Magnitude
- atomic mass unit | 931.48 MeV (1C scale)
931.16 MeV (€0 scale)

light 'velocity in vacuum  2.09793.1010 em g1
electron charge 4.803.10—1° esu
Planck’s constant 6.625.10-* erg s
= hf2r 1.0544.10~* erg 8
Boltzmann’s constant 1.38047.1071¢ erg deg—*
neutron mass 1.008665 a.m.u, (12C scale)

1.6757.10M ¢

5.486.10~¢ a.m.u. (12C
seale)
9.107.10-28 ¢

0.5110 MeV

1.007273 (22C scale)
1.6724.10" %4 ¢

6.023,10** atoms mole—!
(22C scale)



Symbol

>-

+

TR

age

CR
CR,

or

LIST OF SYMBOLS

Denomination
-alpha particle
—conversion coefficiont
-quotient of distribution
coefficienta
~correction factor in the
internal standard
method
-mass number
—-atomic weight
—activity (rate or number
of disintegrations, -
counta)
—ampere
Angstrom (10-1 om)
beta particle
negatron
possiat.ron
background
barn = unit of cross
section (em?)
number of counta
centimeter (10~%m)
-signal + background
—capacity (Farad)
—compound nucleus
Curie (3.7.101 dps)
convolution integer
cadmium ratio
cadmium ratio of element
{isotope) x
clock time
~density (g cm~%)
~residual standard devia-
tion
disintegration rate
(dps,...)
distribution eoefficient
for species A
total dead time
—absorption thickness
(mg em~?)

Symbol

Denomination

-number of disintegra.
tiona

—distance

energy neesded for a hole-
elactron pair creation
{eV)

excitation energy of
nucleus z (MeV)

energy (MaV, keV, oV,
erg, . ..)

Coulomb barrier energy
{(MeV)

cadmium cut-off energy
(eV)

effective threshold energy
(MeV)

maximum energy in beta
spectrum (MeV)

energy corresponding to
neutron velocity v,
{0.025 eV)

energy ai the maximum
of a resonance peak (aV)
threshold energy (MeV)
recoil energy of nucleus
z (MeV)

electron volt {1.60.10-12
erg)

neutron flux (beam or
multidirectional) (n cm-?
81}

equivalent fission flux

(n cm-% g~1)

@ at neutron energy E

{n cm~t g-1)

epicadmium neutron
flux per unit of lethargy
= conventional epicad-
mium flux (n cm=* g-1)
¢, &t neutron energy B
{n em-t g-1)

Symbol
P.cﬂ

Po

Presctor

P

?n(.E)

FDT
Fa

fl
J(E)
S

LIST OF SYMBOLS'

Denomination

@, corrected for resonance

absorption at finite

dilution (n om=-% p~1)

conventional thermal

neutron flux = ny,

(n om=1 5-1)

conventional reactor

neutron flux {n em=* g~1)

conventional thermal

neutron flux below Lgy

= fit ¥y (0 e~ 1)

thermal neutron flux at

energy F {n cm-! g-1}

~14 MoV neutron flux

(n em~* 1)

~Fano fastor

—decay correction factor
for measurement of
short lived activities
(atarting point of
measuring interval)

fractional dead time

fraction of the disinte.

gration of the nuclides of

the n'» step, producing

nuclides of the (n+1)»

atep in a dicintegration

chain

full width at half maxi-

inum of a (photo)peak

{eV, keV...)

—total neutron absorption
factor in solids

~decay correction factor
for the mecsurement of
short lived activities
(exact time within the
measuring interval)

~figsion

~fraction

total neutron absorption

faotor in solution

figaion neutron flux at

energy E (n em-1 5-%)

opicadmium neutron

sbsorption factor in soiida

Symbol
S

Il

Inbl

I act

IbT
It

1
!

)
Denomination
self-absorpiion coofficient
for beta rays
comparative half.lifo  f
beta decay
thermal neutron abeorp.
tion factor in solids
nuclear level widtk (V)
partial T (eY)

—
gamma Tay

gram
-photopeak height {om,
activity)

~height

=hour

resonance integral at
infinite dilution (barn)

- I corrected for 1/v

contribution (barn)
abgorption resonance
integral at infinite
dilution (barn)
aotivation resonance
integral at infinite
dilution (barn)
instantaneous dead time
effective resonance
integral = I corrected
for resonance absorption
= I ab finite dilution
(barn)

1 for the n** reeonance
peak (barn)

= i!. (barn)

I for the nuolear reaction
of type z (barn)
I’ for the nuglear reac.
tion of type = (barn)
resonance intogral at
infinite dilution obtained
by integration of ¢,
(barn)
~linear absorption
cosfficient for pair
produoction (cm=?1)
~dielectric conatant



MaV

mb

&

Denomination

distribution constant

~reactor reproduction

factor

—constant

kilo eleotron volt {103 eV)

kilogram (10 g)

-radioactive decay
constant (s=~1)

—wave length (mp, A)

mean free path (em)

~liter

-ligand

critical limit

detéction limit

quantitative determina-

tion limit

live time

—total mass absorption
coefficient {cm? mg1)

-mieron (10-4 em)

total linear absorption

cosfficient (om-1)

micro ampers {10-% A)

microbarn (10~-* barn)

micro Curie (10-¢ Curie)

miero gram (10-* gram)

miero liter (10-* liter)

mobility of electrons in

n-type semisonductor

material (em?® V-1 g-1)

mobility of holes in p-

type semiconductor

material (cm* V-1 g-1)

micro second (10-*

second)

-molarity (mole L-1)

~factor of merit of &

counter = 8/2¢B

million electron volt

(104 6V)

~minute

-mass

—-metar

milli ampere

milli squivalent

millibarn (10-* barn)

LIST OF SYMBOLS

Symbol

mCi

mg
m!

mp

mm

n(E}

ng

" ns

My
fin

n{v)

Qo

N'UDQ

Denomination
milli-Curie (10-3 Curie)
milligram (10-? gram}
milliliter = 10-? liter
milli micron = 10-? em
{10~ micron)
millimeter {10-% m)
milli second (10-? second)
~-milli electron volt:
(10-2 eV}
~millivolt {10-* volt)
~frequency (8-)
-~neutrino
—number of neutrons
liberated per fission
—number of neutrons in
the nucleus
~number of target nuclei
per em?
-normality (g eq. L-1)
~thermal neutron density
from energy 0 to 00
{n can-?)
—neutron
neutron density at
energy E {n om-?)
nano gram (10-® gram)
nano second (10-?
socond)
thermal neutron density
below Eg, (n em=%)
average ny, in the sample

‘at finite dilution {(n om-?)

neutron density at

velocity » (n cm-?)

~probability

~peek to total ratio

proton

~reaction energy (MeV,
BNy 40 s)

—quality criterion of &
countar

branching factor

resistivity (ohm om-1)

~reaction rate (8-1)

count rata (eps, cpm,. .. .)

P O W R A

Denomination
~particle range
—resolution

~radiug

—distance

—resistance (ohm)
—nuclear redius (Fermi
unit = 10-1? cm}
—recovery factor of
gpecies 4

response function of &
detector

—distance

~radius

inacroscopic cross section
= ¢gN (cm-1)
macroscopio removal

" eross section of sample

°%

Tabs
Oast

5-.‘

for 14 MeV neutrons
{em—1)
macroscopic removal
cross section of element ¢
for 14 MeV neutrons
(em=1)
-eoffective microscopic
target area (cm?*)
—cross section (barn)
~linear absorption
coefficient for
Compton effect
{e~1)

—standard deviation for
an infinite population
average cross seotion in

a fission neutron
spectrum (barn)
percentage standard
deviation (== percentage
coefficient of variation)
absorption cross section
(m o) (barn)

isotopio activation croas
section (barn)

average elemental activa-
tion cross section (barn)

Symbel
Yo

Taok

Teel

o{D)

o(E)

it

L
Tlasl
O14 MoV
LY

Tu,s

a(0)

L)

%

o(Q)

Denomination
cross section for com-
pound nucleus formation
(= owm.) (barn)

coherent scatter croea
section (barn)

collision cross section
{barn)

standard deviation for a
gignal equal to the
detection limit

" eroas section at neafron

energy E {barn)
effective cross section
(barn)

elaatio scatter cross
section (barn)

fractional standard
deviation

(= coefficient of
variation) = o+/100
free atom scatter cross
section (barn)

inelastio scatter cross
section {barn)

croas section for 14 MaV
neutrons (barn)

non elastic scatter cross
section (barn)

reaction oross section
(barn)

standard deviation of
background for zero
signal _
cross section at neutron
velocity v, (barn)
average elemental cross
section at neutron
wvelocity v, (barn)
potential scattering

‘crosy section (= 4nR,Y)

(barn)
standard deviation for a

signal at the quantitative
determination limit
resonance cross section
(barn)



xiv @E%; LI3T OF 8YMBOLS
Symbol  Denomination Symbol  Denomination
afE) resonance cross section ~total time = Al +At,.
at neutron energy F T half-life = In 2/A !
(barn) oo gy CONTENTS .
Oreuster  CrOss sootion for a reactor 7', Maxwellian temperaiture
neutron spectrum {barn) {*K) 1. Actlva.tmn Anslysis . . . . . .1
0*reistor  OffOCLIVE Oreaster = Oroneter To 203.6°K | 2. General Aspects in Trace Analyms . . . . .1
:‘;:':“;d f“t fnite ‘Tn reactor period I. Methods suiteble for Trace Analysis A |
dnutﬁ::'&:n) -tl?gk{xg?ogi m, 8.+ 1) II. Properties of Neutron Activation Analysis . . 1l
o microscopic elemental —~temperature (*C) 3. Neutron Induced Reactions . . . . . . 14
removal croas section for 1), time necessary to I. General Principles . . . . 14
_ 14 MeV neutrons (cm?) establish half of the II. Properties of Nuclear Reactions — La.ws of
@ average (;cntﬁer cross equilibrium distribution Conservation . . . . 18
section (barmn) in isotopie exchange
ey total cross section (bl}m) 4 irradiation time . LIL ihe %g:fon 'i.';n:;sehélt‘l?ﬁz:ctmns * : : ig
L average cross section for (h,m,s,...) 3 A . . .
neutron energies up to ot effective thickneas for B, Definition of Threshold Energy and Eﬂ'ecuve
B, (bam? resonance neutron : Threshold Energy . . . 17
a(v) croas section at neutron abgorption {om) ; C. Other Considerations in Gonneetlon w:th the
& velocity ”i {barn) u number of standard . Q-Value 21
v croes section at neutro deviati i ! : y ' . * :
iy velocity ¥ (barn) e v _::;am:,:n&’ wl, l, . ..) IV. Models of Nuclei - Compound Nucleus -
e ert;u section in the ~tenston (volt) Excited States in Nuclear Reactions . . . 22
epicadmium —volt A, Models of Nuclei . . . . 22
region, disregarding vid) electrical fleld - 1 B. Nuclear Reactions — Compound Nncleua . . 23
resonance peaks (barn) v -neutron velocity
s —saturation faotor (om 8-3) : C. Excited States . . . . 02
-surface, area P avorage neutron velceity : V. Cross SBections in Neutron Induced Rea.ctmns .27
-gignal in & Maxwell-Boltzmann ‘ A. Definition . . . . . . .27
Suta separation factor of distribution {cm 8-1) : B. Practical Considerations . . . 28
:g:lfnc;s B f:t;.m 1:,1 =f 4 v neutrg:\ veloeity at Eg, C. Caleulation of Reaction Rates for Reactor
- depﬁ?on:‘caotz: for B v, m pl)'obablo peutron i and Accelerator Irradiations . . . 33
s —standard deviation for a velooity in & Maxwell- VI. Some Applications of Neutron-Induced Rea.otlons . 68
finite population Boltzmann distribution A. The Cadmium Ratio (CR): Thermal/
) -oec::d pandan 32§ggm‘];) at 20°C = Resonance Flux Ratio . . 66
~isotopic al co .025 o B. Neut; tra (particularl clear Reacto 69
-engle (degros, radian) W, statiatcal weight D Yoo Spois (il o oo T 1
r -mthh!: (3‘; .s) ) w weight (g, mg, ...) i N'eutron Sources ) 38
—d“d {.] . y _yeu L3 . - . . - - -
—resolving time {ps, . ..) —fsaion yield : 1. The Nuclear Reactor . . . . . . 88
~linsar absorption co- ¢ Fermi potential in & A. Fission . . . . 86
efficient for photoelectrio semiconductor (eV) B. Chain Reaction and Cntlca,hty 92
-] H . - .
7 _:g:::utfnunlpemtm z :::;'&“u:l““mb" C. Classification of Nuclear Reactors . . . 85
counting efficiency D. Reactor Neutron Fluxes . . . . 98

{*°K) z



xvi \ %—\ con'rmr'rs_

E. Irradiation Facilities .
F. Gamma Heating and Radmlysxs
II. Neutrons from Acoelerators .
A. Neutron Producing Reactions .
B. The Low Energy Deuteron Accelerator
C. 'Tritiated Targets and Neutron Fluxes
D. Irradiation Facilities . .
III. Isotopio Neutron Sources .
5. Growth and Decay of Radioactivity dunng and

after Irradiation .

I. Laws of Radioactive Deca.y—]hxponentml Law

A. Simple Cage .

B. Mixtures of Independently Decaymg Actmtms
IL.  Growth of Radioactive Daughters . .

A, Two Successive Decays .

B. Many Successive Decays .

C. Branching Decay .

III. Transformation in a Neutron Flux

A. Simple Case .

B. Growth of a Radioactive Daughter ina

Neutron Flux

-

C. Branching Activation . .
D. Growth of a Radioactive Daughter after
Branching Activation .
E. *Second Order” Reactions
6. Nuclear Disintegration and Radiation Deteot.lon

I. Nuclear Disintegration .

A. Types of Nuclear Decay

B. The Decay Scheme

- C. Selection Rules for Beta and Gamma ’I‘ra.nmtlon
i II. Interaction of Radiation With Matter
A. Interaction of Alpha Particles .
B. Interaction of Electrons and Positrons
C. Interaction of Electromagnetm Radiation ,

ITI. Radiation Detection
A. Types of Detectors
B. Alpha Counting
C. Beta Counting
D. Photon Counting

.

-

100
101
108
105
108
111
114
118

123
123
123
125
129
129
137
139
140
140

143
147

152
1567
160
180
160
167
169
172
172
173
175
177
177

199

200
212

h

< ) 1
CONTENTS ' %’: xvil

E. S8pecial Counting Techniques .
F. Abeolute Counting Techniques .

7. Preparation of Samples and Standards .
1. Preparation of Samples . . . .

L T

A. Sampling of Solid Samples . . .
B. Powders . . . . . .
C. Liquid Samples . . .
D. Gels . . . . . ..
E, DPastes . . . . .
F. Sampling of Gases . . . .
G. Sampling of Aerosols . .
H. Concentration and Separation Pnor to
Activation . . .
I.  Dry Ashing and Wet Combust.lon
J. Dissolution of Samples Prior to Activation
I

Standard Materials for Interlaboratory
Comparison . . .
IT. Preparation of Standards .
' Specific Activity of the Standa.rd
Secondary Standards .
Physical and Chemical Form of the Sta.ndards
Large Number of Standards . .
The Addition Method in Trace Analysxs by
Neutron Aotivation
ntainers and Canning Material
Polyethylene . . . . . .
Aluminium .
Silica .
Standardized Ca.rmmg Matenal for Reactor
Irradiation . . .
Rabbits for 14 MeV N entron Actlva.t:on
Rotating Assemblies .
Iv. Cho:ce of a Buitable Irvadiation Fa.cllxty
A. Well-Thermalized Neutrons .
B. Ttilization of Fast Neutrons . .
C. Belective Activation by Means of Eplthennal or
Resonance Neutrons' .
8. Activation Analysis with Post-Irmdmtmn Ru,dmohem.wal
Separatxons . . .

III.

mw Papro Hpowp

- 279
. 283

. 208

. 220
. 239

249
249
252
253
258

. 256

2568
261

201
268
270

. 213
274
274
217

2817
290
290
293
294

298
300
300
300
300

303

. 3l



xviii

L

/
II.

III.

@H‘é}ﬂ CONTFNTS

Removal of Matrix Activity . . . .
A. Pure Elementa . . . .
B. Biological and Geological Ma.benals .

Group Separation Systems .

Group Separation Systom of Albert a.nd Ga.lttet
Group Separation System of Ross .

Group Separation System of Gebauhr

Group Separation System of Moiseev et al.
Group Separation System of Aubouin et al.

Group Separation System of Samsahl ezal. . .
Group Separation System of Girardi e al. . .
Group Separation System of Jervis e¢al, . .
Group Separation System of Thompson
Group Separation System of May and. Pinte
Group Separation System of Baker et al. .
Group Separation System of Morrison et al. .
Group Separation System of Laul e al.
. -Group Separation System of Allen et al.
The Design of a Radiochemical Procedure .
A. The Behaviour of an Element at an Extremely
Low Concentration .
The Chemical State of Atoms durmg Nuclea.r
Reactions - Recoil . . . . . .
Isotopio Exchange . . .
The State of Radioelements in Solutlon
Separation and Decontamination Factors
Dissolution of Irradiated Samples
Radiochemistry of the Elementa
pecial Radiochemical Separations .
Radiochemical Separations by Isotopic
Ion Exchange .
Radiochemical Sepa.ratmns by Amalgam
Exchange
Electrophoretic Focnasmg of Ions
Internal Electrolysis
Fast Radiochemical Sepamtions
Automated Radiochemical Separations .
Substoichiometry in Activation Analysis .

o.zg?'?*?'"‘}'ﬂpf‘i?ﬁ.t’,o?d?

QEEpe W ?mpwwpp W

Group Separation System of Van Den Winkel e al.

3
311
317
327
328
331
332
334
335
337
339
342
342

345
345
345
340
346
347

348

348
349
350
351
351
354
354

355

358
362
366
368
n
379

c—— A

CONTENTS iz LK
i

V. Radiochemical Separations of Low-Level
Radioactivity . . . .
A. Reducing the Blank Correctwn T . .
B. Identification of Very Low Activities . .
VI. Determination of Chemical Yield . . . .
A. Classical Analytical Techniques

B. Chemical Yield Determmatmn by Reaotwa.tmn of

382
383
384
385
385

the Counted Samplo . 386
C. Improvement of Acouracy by Multlple Ca.mer
Addition Followed by Reastivation Yield
Determination . . . . . 387
9. Analysis Without Chemical Separa.txon . . . . 393
I. General Principles . . . . 393
II. Techniques Based on Nuclear Propertles . 304
A, Analysis of Complex Deoay Curves . . 3
B. Coincidence Technigues . . . . . 398
III. Techniques Based on Instrumentation . 406
A, Bpectrum-Stripping . . . . . 406
B. Mixed Gamma Spectrometry . . . . 408
C. TUse of Computers . T . 412
D. Use of Special Detection Syst.ems 439
E. Automated Activation Analysis . 440
10. Systematic Errors in Activation Analysls . . 445
L. Qeneral Considerations . . . 445
II. Sources of Error using the Compara.tor Method 447
A. Anomalous Isotopic Abundances 447
B. XErrors Due to Different Fluxes in Sa.mples a.nd
Standards . . . . . . 440
C. Interfering Nuclear React.lons . . . 478
D. Different Counting Efficiency . . . 489
E. Dead-Time Corrections . . . . . 480
F. Other Errors . 496
11, Statistical Interpretation of Reaults . . 502
I. Application of Statistical Methods to Analyhcal
Results . 602
A. Best Valve for a Set of Observatxons . b02
B. Precision ~ Standard Deviation . « . 503
C. Confidence Limits . 504
D. Outlier Rejection (Chauvenet's Cnbenon) 505





