The Abdus Salam
International Centre for Theoretical Physics

SMR.1744 - 14

SCHOOL ON ION BEAM ANALYSIS
AND ACCELERATOR APPLICATIONS

13 - 24 March 2006

14C dating with accelerator mass spectrometry

Filippo TERRASI
Seconda Universita di Napoli, Caserta, Italy

Strada Costiera |1, 34014 Trieste, ltaly - Tel. +39 040 2240 | | 1; Fax +39 040 224 163 - sci_info@ictp.it. www.ictp.it



The Abdus Salam
International Centre

i{ for Theoretical Physics

SCHOOL ON ION BEAM ANALYSIS AND

ACCELERATOR APPLICATIONS
Trieste, March 2006

14C DATING WITH ACCELERATOR MASS
SPECTROMETRY

(Filippo Terrasi; Dipartimento di Scienze Ambientali, Seconda Universita di Napoli, Caserta)

» Relative and absolute dating. 'C as natural chronometer.

» Basic assumptions. Decay counting and atom counting

» Measurement of the isotopic ratio. Suppression of interferences
» Background, fractionation and calibration corrections

» AMS and Nuclear Astrophysics



DATING (RELATIVE AND ABSOLUTE)

Environmental, (pre)historic context

Time-dependent natural process

C

Measurement of
present value

Initial value, time
dependence

»  AGE




Activity ratio (AlA0)

Willard F. Libby ...

Birth of Radiocarbon Dating

*Seldom has a single
discovery in chemistry had
such an impact on the
thinking in so many fields of
human endeavor.”

-Nobel Contnittee (196(00)

W._F. Libby (ca. 1952)
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The global carbon cycle Atmosphere 745+ S

- Cis the 4th abundant
element in the solar system

» C is about 20% of biosphere

Stores in PgC or

GTC(10'5 g)
Fluxes in Har;n; I?E'iuta
PgC/year 0.5y Intermediate & Deep Ocean

A 36,000 + 2,000

Sediment 150 R-



12C (98.9%)
BC (1.1%)

14C  radioactive

14C production in the atmosphere
Cosmic-ray primary protons produce secondary neutrons by
spallation on N and O; neutrons are thermalized

In the low stratosphere the reaction *N(n, p)!*C takes place (c ~
1.8 b, average prod. rate 2.2 at/cm?/s, but latitude dependent)

If the production rate is constant, after a few half lives (T, =
5730 y) production and decay reach equilibrium

14C is oxidized to *CO, and, mixing with stable CO,, enters the
global carbon cycle



0

14N+n-p \T1,2=5730 y
R (s™) 0

0*;T=1
14C
dN/dt =R — & N(t)

If at t=0 N(0)=0
N(t) = R/A (1-eM)

Example: *C production started at time 0
and stopped 200000 years later.

Q;-=156.5 keV
100%

1*:T=0

14N

ratio

15E-12

10E-12

50E-13 r

0,0E+00

—14C/12C

200000
t(y)




SCHEMATIC ASSUMPTIONS

14C is rapidly uniformly distributed in atmosphere -> "mixing
and residence time"

The isotopic composition of atmospheric C is constant at least
since the last 60,000 years and is known -> "constant
production rate” Il

C in living organisms is exclusively of atmospheric origin (or
from a known “reservoir”) and does not contain spurious C ->
“contamination” I



SCHEMATIC ASSUMPTIONS (cont)

5. After the death the exchange of C with the atmosphere
(and other compartments) ceases and the system is closed

6. The half life of *C is precisely known -> "adopted value:
(573040 y)"

—_— =

t=1 In[Cy/C(t)]; At =1 AC/C
but:
3 w==p Background subtraction B

4 w==mp Fractionation correction

2-6 mmp  Calibration



1) “mixing and residence time”

| Smilde

19

Above-ground nuc

huge amounts of '“C in the stratosphere

\
After the ban treaty the troposphere equili-

brates with the oceans (and the biosphere).
T T I T T T I T T T I T T T I T T T T T 1T T
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1965 1970

lear bomb tests produce



2) constant production rate

Difference of the +100k
past atmospheric
14C concentration  E .
with respect to g
“present” vs age g Al

q

-50+ ,
6 1 2 g 0 ap 2
Time, kyr

Variations of geomagnetic field and solar activity -



3) contamination

age error (y)
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4) equilibrium system — reservoir

Photosynthesis and metabolic processes

dm/dt [ gociem dm,, /dt
>
[C(®)]
u Decay

Constant mass: dm,, = dm_, -> Vv =dm,/dt=dm
N(t) = m C(t)
dN/dt=a C. V- N(t) (V/m+A); V/m+A=V/m

: t>>v/m C(t) > aC,

/dt

out



Measurement of 14C concentration

Pre-bomb atmosphere *C/12C = 1.2 10-12

Decay counting

1g C 51022 atoms >C
6 101% atoms *C

AN =0.25 s!

105 counts m 110 h

Mt(0.3%) =110 gh

Atom counting
Img C 1.9 104 p/s 12C (30 pA)
220 p/s 14C

e =50%
105 counts = 0.25 h

60 million *Catoms in the sample

Mt(0.3%)=2.510%gh

AM/M ~ 1/80000 4C — “N
1/1000 1'4C —12CH,
1/2000 4C - 13CH



BASICS OF !%C AMS

Negative ion source

Preacceleration
14C+q 13C+q 12C+q

E =MW/M) (Ei+eV,) +qeV,

Tandem accelerator

Analizing magnet

o Injection
(ME)VZ/Q ! magnet
Bp o
Stripper ||} e
W > molecules (MiED™/q;
R break up ! |
14C-: 13CH- : 12CH2_
»|

AE - E detector
- AEEcmzz P



- Negative 1on sputtering source

- Sputtering of target material by a
Tk focused Cs* beam produced by thermal
Tor- A\ lonization

- Graphite targets yield up to > 100 pA C -
— need for sample treatment
(alternative: development of gas ion
sources)

* N does not form stable negative ions:
isobaric interference elimination

- Preacceleration to ~ 100 keV

+ Sputter energy tail: E/q selection by
electrostatic analysis




-
N
1

)

Low energy mass analysis

moderate resolution, high stability, double
focusing, flat top transmission

* Fast sequential injection

Bouncing voltages applied to the insulated
magnet chamber M (V;,+Vy,,) = const —
fast (<100 ps) switching of injection on the
accelerator axis of the three isotopes at
constant B and with the same injection
energy. While injecting mass M, mass M-1 is
detected in an of fset Faraday cup

- Simultaneous injection

14c 13c 120

Recombinator

=

From lon Source To Accelerator
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Tandem accelerator

High energy (> 10 MeV) mass spectrometry allows:

= Rejection of molecular interferences by electron stripping

= Minimization of scattering and charge exchange processes

Equilibrium charge
state

g t(%) 8

30 f

20

1203 @ 2.55 MV

::::::

10 P (um Hg)

)

Charge State Fraction (%,

Equilibrium charge

state distribution

30 b e -
2.0 3.0 4.0 5.0 6.0 7.0 8.0

Energy (MeV)

9.0



> Velocity dependence of charge state probability —
machine induced fractionation — normalization to a
standard with known isotopic ratio

> Dissociation of molecules by Coulomb explosion for q > 3

* High TV (>5 MV) accelerators adapted from nuclear physics
facilities B

 Dedicated low TV (2-3 MV) systems [l

> Collisional dissociation of molecules for g =1 in large thickness
strippers

« Compact and table top systems M
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The AMS system in Caserta (3 MV)

Centerfor }Isotopic Research on Cultuml and Envimnmenml heritage

CENTRO REGIONALE DI COMPETENZA -
PER LO SVILUPPO ED IL TRASFERIMENTO
DELL’INNOVAZIONE APPLICATA Al

BENI CUITURALI E AMBIENTALI DSA-SUN

Q ™ 3 0 1w Q




mass analysing ach mr_natic:
system S KV Pelletron accelerator mass._ an aysing system
low energy end high energy end

e if |

[ . - — ]
| —— =]

beam

switching 1m .
system magne tic
spectrometer
accelerator
control
i
elecrrostatic
deflector
sputter detection
ion source System

Compact AMS system (Zurich) ..... mini
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- Gas iohization chambers 14C
- Bragg peak detectors

- Solid state detectors

14
N
Y

AE
[ channel ] : K
co M
150
. ! - ‘ :
50 100 150 200
. . E [ channel ]
Identification =

matrix



1.50E-12

145E-12 |-

1.40E-12

¢ 14/12

= Ww.a.

® av

¢ 14C counts

- 35000

-+ 30000

0

10 meas.# 15

S00¢Z/siunod

25000

14/12 isotopic
ratio

Internal error:
[zi(l/szi]-l/z
External error:
sdom

F test for consistency



1,46E-12

1,45E-12

1,44E-12

1,43E-12

1,42E-12

1,41E-12

¢ 14/12 m w.a.
13/12 e av.

1,111

1,110

1,109

1,108

1,107

1,106

pos/type
22
oxii

name
oxil
2

summary
6

oxll

# runs

10

14C/12C
1,4325E-12
0,20%
1,4325E-12
0,13%
89%

14C/13C
1,2925E-10
0,20%
1,2925E-10
0,14%
86%

13¢/12C
1,1083
0,03%

14,72




... summarizing

-Sample is placed in the ion source

- First ion mass selection is performed before
injection

- Tons are accelerated up to ~ 1 MeV/A

- Rare isotope A and g are selected by magnetic
and electrostatic analysis

- Rare isotope ions are Z-identified and counted in
the final detector

- The ratio to the integrated charge of abundant
isotope accelerated with similar transmission is
measured

- Isotopic abundance is obtained by comparison
with a standard



Normalization to a standard

1.45E-12

14CI12C

1.40E-12

1.35E-12

ST t OXll
ﬁ%l]; + 0.4%o0
£ 0.5% 52::::%::::“_]:::::
IAEA-C3 1 %
¢
+0.21% "iﬂﬂﬂﬂ:::i::::

1.110

40 Y470 14"

1.105

1.100

1.095

1.090




CONTAMINATION

Sample contamination during C uptake (incorporation
of older organic matter, reservoir effect)

Contamination during found burial
Humic infiltration
Roots penetration
Mixing with spurious material

Contamination during sample treatment: blank
background subtraction.



SAMPLE TREATMENT (solid samples)

Removal of extraneous material and reduction to
elementary carbon.
1. Physical and chemical pretreatment
« AAA (carbonates and humics removal)
 (Collagen gelatine extraction (bones)
*  Carbonate hydrolysis with H;PO,
2. Oxidization to CO,
Combustion with CuO at 900 °C

«  Combustion in furnace with elemental analyzers



SAMPLE TREATMENT (cont)

3. Graphitization
* Reduction by H, (Fe or Co catalyzed) (slow process) B

*  Znreduction with TiH,

Incorporation of modern atmospheric “CO, Il
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BACKGROUND SUBTRACTION

or. mat. cont. meas. (*)

R . +akR
R e Il “c ' “cTMcon

Sample I (1+a)

R.+akR

R + —

Standard 1+a,)

Blank Rb: 0 + — Bbﬂb&gn_

I+a,

def: £* =R *R*; f,*=R,*R*;ifa~ a, (~a) —f =R/R = (£* £ *)/(1-f,*)

o /f=[(cx /(R"-R."))*+(ox /(R R, )+ (op (R,-R V(R *-R, )R -R,))*]2

1k

Datable age



Background [years]

Micro samples: background
ANSTO data
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e ”2180‘\Water svaporation - Bye to the mass dependence of
molecular mobility and binding cop
energy, physico-chemical processes
alter the isotopic composition of
different phases or compounds

less

difference: -1 %

1 3(;02

more

difference: - 2%

Mass dependent fractionation
photo-synthesis

BC2C “emC A (atmosphere)

B (vegetation) E€R/A (%0) =1 -

(14C/12C)V/ (14C/12C)a: [(13C/12C)V/ (ISC/IZC)a] 2

o notation : (6!°C) .= (13/12)./ (13/12)
(883C)y ~ (33C), + &)

-1 expressed in %o ;
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Average natural 1°C fractionations
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Isotopic ratios normalized to the working standard and
corrected for fractionation

£ 2571 [(1-25%0)/(14613C ) J#/[(1+81°Cyp )/ (1+81°C ]2

STD (pMC)ref err d13C err 013C,
% % %0 %0 %0

IAEA-C1 0.00 0.02 242 0.33 -25
IAEA-C2 41.14 0.03 -8.25  0.31 -25
IAEA-C3 129.41 0.06 -24.9  0.49 -25
IAEA-C4 0.2 0.44 24 0.62 -25
IAEA-C5 23.05 0.2 -25.5 0.72 -25
IAEA-C6 150.61 0.11 -10.8  0.47 -25
IAEA-C7 49.54 0.13 -14.5 0.13 -25
IAEA-C8 15.03 0.18 -18.3 0.23 -25
ANU 150.81 0.2 -10.8 0.1 -25
OxI 105.26 -19.3 -19
OxlI 134.07 0.04 -17.8 -25




Normalization to the international absolute standard and
radiocarbon age determination

Aps = 0.95 AOXI[-19] =0.7459 AOXH[-ZS]
“modern” = 1950 AD

Fraction of modern of secondary standard F . in 1950 AD
Fc[ref] - fc[ref] Fs[ref]; tRC — -1 ln(Fc); Cyt/ﬁc - CTFC/FC[ref]

“Libby half life" (8033 a) +
non constant isotopic composition of the atmosphere

§



CALIBRATION

For the last 12400 a
dendrochronologically
dated tree-ring series are
used

AVG, ANNUAL WIDTH (0.01mm)
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Calibration curve as conventional RC age (a bp) vs
calendar age for terrestrial samples (INTCALO4)

Tree-ring data for the
calibration of RC age
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Radiocarbon Age vs, Calibrated Age
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.
2200, Cal. curve: . .
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1 and 2 signma
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“Bomb carbon” dating

AMC Cloo)

800

700 A

600 -

500 A

400 A

300 1

200 A

100 A

Suspect wine

=— Wellington, 41°18'S, 174°48'E
— Cape Grim, 40°41'S, 144°41'E
C Alcohol
@ Tannin

1955

1960 1965 1970 1975

Year
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AMS and Nuclear Astrophysics

« Off line measurement of very low reaction cross sections

* AMS equipment and know how has lead to the development
of Recoil Mass Separators, a very selective and efficient tool
for the on-line measurement of very low reaction cross
sections of astrophysical interest



Stellar nucleosynthesis




Nuclear inputs to evolutionary models:
Energetics of reaction
Reaction rates:

Rii(T) = (n; n;/ (110)) < 65 Vi

Boltzmann distribution

. = Exponential behaviour

<ov>= (8/mp)!? (1/kT)3/zj o(E) E exp(-E/kT) dE
0

T;(T) = U(n; <oj v >)

rel

Astrophysical S-factor:
S(E) =o(E) E exp(2nn); N"=2,Z,¢e*/hv




Case of charged particle induced non resonant reactions: Gamow peak

< OV >—( 8 jl/z (kT)/ jS(E)exp{ ki_ - E?/Z }dE

Maxwell Boltzmann
|  distribution

Shp / Gamow

/ peak

~ Penetrability

function

R e
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The "Be(p,y)2B reaction

>

"Be+p

DC-0

2+

Q=0.14 MeV

(=077 s) -

5B

Discrepancies in the absolute cross
section —

High y background
— delayed o detection;
—— indirect methods (CB)

delayed
-decay

20,

E (MeV) Jr

|

J.S. 0+
8Be

INVERSE KINEMATICS REACTION:

'H ( 'Be, v) °B

|

gas target

L+ Recoil Mass Spectrometer

RIB
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AE . [channel]
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“leaky” beam

8B recoils
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Q_

tandem

accelerator

ERNA: European Recoil separator for

Nuclear Astrophysics
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SUMMARY

AMS is an ultrasensitive analytical technique allowing
precise and accurate measurements of the abundance of
rare isotopes in the 10-1® - 10-12 range in samples
containing few hundred thousands atoms

+ C AMS is widely used to date sub-milligram founds of
organic origin with ages up to 50 ka with a precision of
t25 a

After 30 years of applications and refinements the
techniquehas been proven to be reliable and accurate in
spite of its complexity and sophistication, both
instrumental and methodological





