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ABSTRACT. We here report on two technical research projects of the Quaternary
Isotope Laboratory (QL) wis, (1) the use of thermal diffusion isotopic enrichment to
extend the technical range of “C dating, (2) the preparation of samples for ion
counting using a Van de Graaff tandem accelerator. The second project is carried out
in cooperation with, and partly at, the Nuclear Physics Laboratory.

A gain in dating range of 3 to 4 half-lives can routinely be obtained with the
QL and the Groningen enrichment systems. The same gain in age range can be
obtained for ion counting with a simplified system that requires only 05 to 2g of
carbon and 3 to 7 days enrichment time.

A method to convert CO, quantitatively via CO into carbon is described. For
short intervals the carbon deposit yields good C— beams. We also give a different
procedure to make graphite-like carbon samples. The preparation of beryllium metal
samples is given last.

Extending the range of 1+C dating

It is difficult to increase substantially the technical range of B-decay
counting by reducing the background counting rate or increasing the
recent counting rate of the counting setup, because much effort has
already been expended on these points. Concentrating the C in the
sample by a known amount, however, can considerably extend the techni-
cal range of any counting setup. The increase can be of the order of
20,000 years for a practical system.

At present, three techniques have been proposed and used for C
enrichment (table 1). The laser enrichment technique is relatively new
and, so far, has only been used in small-scale feasibility studies. Thermal
diffusion enrichment in columns has been known for about 40 years
(Clusius and Dickel, 1938) and has been connected to “*C dating for
over 30 years (Anderson and others, 1947). At the moment, only two
systems, both using CO, are in routine operation, one at the Quaternary
Isotope Laboratory (QL), Seattle, and one in Groningen (GrN). We
limit our discussion to CO enrichment.

The construction of the thermal diffusion column and of the
Groningen enrichment system was given by Grootes and others (1975).
The QL system has been described by Grootes and Stuiver (1979).

The QL system consists of 23 single columns combined to 5 com-
pletely independent systems. Each has 3 or 4 columns in parallel in a
top section connected in series with a single column. Each top column has.
its own reservoir (=51). At GrN, 18 single columns are used. These are
combined into 9 parallel groups of 2 columns in series with each other.
In contrast to the QL system, the 9 top columns are connected to a com-
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TABLE 1
14C enrichment systems

35 CO Groningen* Grootes and others, 1975; Grootes, 1977

2 Cco Quaternary Isotope  Stuiver, Heusser, and I C Yang, 1978

= Lab (QL) Seattle*  Grootes and Stuiver, 1979

;; CH, Kiel Erlenkeuser, 1971a, b; 1976

E CH, Vienna Pak, 1970; Felber and Pak, 1972

Q

rt'_:‘ CH, Munich Kretner, 1973; Kretner and Dickel, 1975
Laser CH.O Oxford Hedges and Moore, 1978
excitation

* System in routine operation for *¥C dating.

mon reservoir at the top. The enrichment conditions are about the same
for the two systems.

Technical dating range

The technical age range for *C and other dating methods is deter-
mined by the ratio of the net counting rate for a recent sample and the
minimum detectable net sample counting rate.

In B-decay counting with a proportional counter or liquid scintilla-
tion setup as well as in ion counting using an accelerator, a non-zero
count rate is observed for a sample that presumably does not contain a
measurable amount of C (or *°Be) (background). The minimum mea-
surable amount of C (or *°Be) follows from the requirement that the
difference between the observed gross sample counting rate and the
background counting rate be more than twice the uncertainty in the
background (20 criterion). For a good proportional counter setup this
uncertainty is determined mainly by counting statistics (Stuiver, 1978).
For ion counting using accelerators, other factors, such as fluctuations
in ion source emission and in accelerator transmission efficiency, add to
the experimental uncertainty.

For the best proportional or liquid scintillation setups, the range
of C dating at present is 55,000 to 60,000 years. For electrostatic ac-
celerators, a dating range from about 40,000 to 70,000 has been reported
(Bennet and others, 1978). This range estimate was based on the apparent
age of a graphite sample, calculated directly from its observed *C ion
counting rate. As discussed above, this is not a true measure of the
dating range. The true range may be considerably larger or smaller,
depending on the stability and reproducibility of the machine conditions
that can be obtained. Also the range may depend upon the success that
can be achieved in eliminating ions not originating in the source material
and in preventing cross-contamination among sources.

The use of CO has been found practical because it is prepared
easily in large quantities by passing CO, through a hot zinc-asbestos
mixture (10 to 1 by weight) at =~ 400°C. It has good thermal diffusion
properties and offers the possibility of determining the **CO enrichment
from an empirical 1*CO-mass 30 enrichment relation by measuring mass
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spectrometrically the simultaneous enrichment of the isobaric molecule
1218,

A practical enrichment system should be fairly easy to build and
its performance should not depend critically on the specific details of
its construction. Grootes and Stuiver (1979) discussed the performance
of the QL system in detail and compared it with theory and with that
of the Groningen system. Both systems showed a reasonable reproduci-
bility for the enrichment of different samples under the same conditions.
The observed enrichment was only about half of the theoretical value
for both systems. Varying the theoretical transport coefficients to obtain
agreement with the experimental results showed that the effective ther-
mal diffusion transport coefficient (Hey) is close to its theoretical value
but that the effective mixing coefficient (Ko) is much larger (but similar)
for both systems. These results suggest that the performance of a hot
wire-column enrichment system is sufficiently insensitive to system geo-
metry (1, 3, or 4 columns to 1) and precise column construction (spacers).
Systems of the QL and GrN design (built fairly easily by a skilled glass-
blower) can therefore be expected to add 3 to 4 half-lives to the *C
dating range of any laboratory using them. The most costly component
of such systems is the Pt-Ir wire. The main disadvantage is their limited
output (10 to 12 samples a year) and the large amount of sample needed.

The systems discussed above produce gram quantities of enriched
carbon for large proportional B-decay counters. The development of
direct counting of *C ions produced by an electrostatic accelerator has
made it possible to measure the *C content of milligram quantities of
carbon (Bennet and others, 1977; 1978; Muller, Stephenson, and Mast,
1978; Nelson, Korteling, and Stott, 1977). At the milligram level, laser
enrichment of CH,O as discussed by Hedges and Moore (1978) may
become viable. For thermal diffusion enrichment of CO, the small
quantities of enriched material required for ion counting make it possible
to enrich in a simple and much smaller setup for a shorter time or to
reach a much higher enrichment.

For an ideal enrichment system, the volume of the enrichment
column is negligible, so the heavy isotope is distributed essentially be-
tween the enrichment volume at the bottom of the column and the
reservoir at the top. Decreasing the column diameter and thereby minimi-
zing the column volume, however, also decreases the net isotopic mass
transport through the column and, thus, increases the time needed to
obtain a certain enrichment. To obtain a milligram quantity of highly
enriched gas from a total sample of about a gram, it is advantageous to
extract only the gas at the bottom of the column and to use a small
diameter column.

We have calculated the equilibrium separation factor q,*C'*O
(= the isotope ratio of the enriched isotopic molecule in the enrichment
volume divided by the isotope ratio of the same in the reservoir, when
the final enrichment equilibrium has been reached) as a function of
pressure for columns of various column diameter r, and a constant
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ratio of column diameter to wire diameter (r,/r, = 30) (fig 1). As shown,
the separation factor increases strongly with decreasing column diameter.
The pressure for which the maximum separation factor is obtained also
increases as the column diameter decreases.

The quantity of interest in a practical enrichment system is the
enrichment that can be obtained in a fixed amount of gas in a certain
(preferably short) time. The ultimate enrichment is determined by the
separation factor and by the distribution of the finite amount of isotope
to be enriched over the different parts of the enrichment system (the
theoretical upper limit for the enrichment is the ratio of the total
sample mass to the mass of the enriched sample). The net isotopic mass
transport of the column determines the time it takes to reach a certain
enrichment. Table 2 presents the results of calculations of the enrich-
ment to be expected for several different single column systems. Because
a serious discrepancy exists between calculated and observed enrichments
(Grootes and Stuiver, 1979) we assumed in our calculation that the same
measured effective values for the thermal diffusion transport coefficient
(~0.8H) and the mixing transport coefficient (~1.7K) also apply for
the smaller diameter columns. Although such empirical corrections will
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Fig 1. Equilibrium separation factor q. for #C°O in a hot wire thermal diffusion
column as a function of column and wire radii r; and r, and of pressure p. The sub-
scripts 1 and 2 here indicate the cold column wall and hot wire surface, respectively.
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yield more realistic results, the closeness of the approximation achieved
will depend on the pressure dependence of the extra contribution to K.

The amount of enriched sample postulated for calculation of the
results in table 2 (10mg) is large enough to yield a sample for the ac-
celerator and to allow a mass spectrometric measurement of the enrich-
ment of the isobaric molecule 12C**O to determine the **C enrichment.
The column length is chosen such that the mass ratio of total sample to
enriched sample is the most important factor determining the enrich-
ment.

A proposed enrichment system is shown in figure 2. The choice of
the column diameter and length will probably be different for different
laboratories and will depend upon such practical considerations as
whether a tube of the right inner diameter that is sufficiently uniform

Vacuum system

]

Vacuum system

’:‘ —CO cracking
system

Sampling point

Fig 2. A small sample thermal diffusion enrichment system for CO. The volume
V_ has to be chosen such that the system will be filled to the right pressure by the
amount of gas used. Dimensions are in table 2. a-copper capillary; b—flexible copper
wire; c-steel spring; d-kovar; c-pyrex glass diffusion column with cooling jacket;
f-Pt-Ir (80-209,) wire; g-expansion volume for taking enriched samples; V_-reservoir;
V,-enrichment volume.
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and a matching, homogeneous Pt-Ir (80 to 20 percent) wire can be
obtained and what pressures can still safely and easily be handled.

As can be seen from table 2, we may expect, for this type of system
requiring 0.5 to 2g of carbon, a gain in age range of 18,000 to 19,000
years in 3 days and 20,000 to 24,000 years in 7 days of enrichment. This
gain in age is not very sensitive to variations in operating conditions
such as pressure or temperature, since a large decrease in enrichment
from, eg, 15 to 10 corresponds only to a decrease in age gain from 21,800
to 18,500 years. If a 2mg rather than a 10mg enriched sample were
taken, an additional gain in age range of ~3000, ~2500 and ~1800 years
would be obtained for the r, = 2.0, 2.5 and 38.0mm columns, respectively.
However, it would then be more difficult to measure the 12C*O enrich-
ment since after measurement the residual sample would have to be
collected and used for ion counting.

Although, of course, the precise effects of the system configuration
and the higher pressure are unknown, it seems safe to predict that a
system of this type will extend the age range by at least 20,000 years.
When sufficient further progress has been made with accelerators in
regard to the precision and reproducibility of sample comparisons by
ion counting and when isotopic enrichment is used, the technical dating
range with accelerators may well reach 100,000 years as suggested in
the first accounts of the new technique (Muller, 1977).

This does not mean, however, that meaningful dates in this age
range can be obtained. This will ultimately be determined by the
availability of uncontaminated samples. The fraction of the original 1¢C
left in a 100,000 year-old sample is 3.9 X 10—¢ (based on the conventional
G half-life of 5568 years). To obtain meaningful measurements, the
amount of recent carbon that entered the original sample, 1) in situ in
the soil through the action of percolating groundwater, plant rootlets
or soil organisms, 2) during sampling, transport and storage and, 3)
during handling and processing in the laboratory, should be much
smaller than 4 X 10—¢.

The main problem of contamination is not so much the absolute
amount (4 X 10—¢ would give an error of one half-life or only ~6 per-
cent in a sample 100,000 years old) as the uncertainty in the amount
and activity of the contaminants and the possibility that a finite age
will be obtained for a sample, that may be millions of years old.

It has been proven by proportional counting combined with ther-
mal diffusion 14C enrichment that, with careful sample selection and
treatment, contamination levels permitting *C dates up to 75,000 years
can be obtained (Grootes, 1977; 1978; Stuiver, Heusser, and In Che
Yang, 1978), but the lack of contamination has to be established for
100,000 year-old samples.

For such old samples, the cross contamination among different
samples mounted on the same sample assembly (“cross talk”) in the
accelerator ion source must also be kept extremely small. Much remains
to be done here.



“JUNOJO® OJUI USYE} JOU 91 A130W0d3 90IN0S UL ‘SDUIPIP

[ews jo s1oyg ‘ApPrerpowwr g0 ey daed uonsod oYy Surdueyd gg 01 poddoxp pue ('] 1€ Palrels duo ‘urw
01 19E g0~ 01 Jo [19) uwy (£g°0 01 dn) sOIMUIW MDY & I0] PISLIIOUT ‘G0~ YIIM PIIIEIS SIDINOS YT, |
srmjeraduwn) s AQ Pa[[01Iu0) PalIsap wraq uo Surpuadap v7og 01 ¢ woiy sofuer MdINQ sx
*10Je13[990€ 3} 30 Pud () 4Soua-mof ay3 3 dndo Lepeief S[qrAOWAIL B UL PIINSBIN

8100 < 110 urur () ur yue[q eJ,
01- ¥0 (pazniydea8) 0063 ‘0001 ‘Passaxd ‘yoid yxed [ + reodaeyd sued ¢
90°0 (pazruoqaed) 0001 passaxd ‘yoid 131 [eod 11Rd [ 4 [RODIBYD POOM syred ¢
900 ,00Lg ‘passaxd ‘D payorw
N lo1- €00 D payprID
L L1'0- 6070 7.0062-0G “passaad ‘[eodreyd poom
m; 0l = .00 ‘passaad “1onbriq [EOdIRYD
‘s 03°0- 300 g3/D
= 910 ~ EIIUR
N 630~ 1 ‘ou rudd
&~ G£0°0-G10°0 t0D )
31°0- 80°0 2INIXIW UOII/UoqIed
91'0- 400 UoII JSBD
G100 =~ UOIIBABIXD WO} [L0dIRYD
(08°0-10°0) %00 =~ poom woxj TeOdIRYD
01 sxoirydead

onydesd weaq Dy 201nos 3o adA L

%x20IN0S WEIq gy

a0anos uor nnds s geeio op uep 1oy paredord sopdures uoqred jo uorsiedwory 'y
¢ a1av],

494



495

Enrichment of 14C and sample preparation for beta & ion counting

*y+dor PUR y.2{,; JO uonexedas onjoudew
919[dwod $3[qRUS SIYL, ‘Gor PUE 2, Jo uonepeiddp 4S19ud [enULIAYIP 10§ pasn (;uid/S1G00T) 110 D V b p
“UOTISO
1013919p Dy [euy 2yl puofaq isnf pajeso] ‘uonezifeuniou pue Juriojruow weaq 1oy pasn dnd Keperey v #
JouSew Jurzd|
-eUE 9Y) £q SISA[EUE PUE UONDAPIP ,(6 191J SWEDQ UOT SIINBIW UYIIYM IPOIIIA[D SUNII[0d d[qeAowar y |
"103E12[9008 Y3 Jo pud (§H) A31oua-ySiy ay1 e dno Leperey sjqeaownar y L
‘A[uo 19uSew uonayur 9yl 4q pazijeue
SWEdq UOI S3INSBIUWN [PIYM JOJBII[3E 3Yl Jo pud (Y7T) A81oua-mol ay3 e dnd Aepeie] 3[qrAOWIL V 4
Py sayout 0900 ‘T 2dA L, ‘#-003- urWIPDM UYSNIT

(+940) baaddrns
8-9 PU0I3s YIIm
(5+96) (¢+9d)
050§ 09-0% 0001-008 008-009 ( “+—00Pd.)—53 1103
01 X G5
Swwaq 23up] 0141 224105 Pazi1qDIS ‘SoUNIVLdGWI] U0 ST LIYSIET
(paanseaw jou) (2+290)G°01 L3 0SI ( “+—O0ud.) 3 1103
+—0I X €3
(paansesw jou) ()83 8L 09
(sppMd 2s0qe M) 0§ (" “+—0w2ds)—G3
01 (" “+—Hwdo)—01
g0 g e ) oz
(yu) (yu) (yu) (yu) uor aanssaxd
#dw gq Ionr 4dno g soxdnd T Pa309yuL sed %
0} juaxIn) 03 juaxan) 03 juaaan) 0} juaaaIn)

92IN0S ,[BIDW ¢ [BDISWWOD WIOIJ SIUSIIND UOT
wniA1sq Yim uewrrojiad sdanos uor o1inds eordd . g



496 Techniques

Thus, although a *4C dating range of up to 100,000 years is probably
technically feasible, contamination may be the major factor limiting
the actual dating range for *C.

Sample preparation for an accelerator

Use of the FN tandem Van de Graaff accelerator of the Nuclear
Physics Laboratory (NPL) at the University of Washington for ion
counting has been under study and development since the spring of
1977 (Farwell and others, 1980). In the summer of 1978 a joint project
of the NPL and the QL was started to measure *G/**C and °Be/°Be
ratios. The preparation of samples for these measurements is reported
here.

Sample preparation for an electrostatic accelerator should meet
the following criteria:

1) be feasible on a small scale, using only milligram samples to take
full advantage of the sensitivity of the method,

2) be quantitative so that no isotopic fractionation takes place,

3) be carried out in a closed system to minimize the risk of contaminat-
ing the sample with foreign carbon (or beryllium),

4) produce a sample that, when placed in the ion source of the accelera-
tor, yields an intense beam of ions that is stable for several hours.

This requirement can be relaxed if a comparison method with frequent

interchange of a standard with an unknown source is used, or if adequate

continuous monitoring of source output can be achieved.

We first measured how much 2C and °Be beam could be obtained
from different source materials under different conditions in our Cs
sputter ion source. For carbon, the strongest beams were obtained with
graphite sources; for beryllium, the largest yields were given by Be
metal sources in the presence of oxygen (=~2.5 X 10~¢ torr). Typical ion
yields for sputter source operation with commercial beryllium metal
are given in table 3B. While comparable yields were obtained with
evaporated metal Be sources (see below), the beams from pressed BeO
were at least an order of magnitude smaller. In table 3A, we give the
12C— ion beams obtained for other carbon source materials and condi-
tions, normalized to the yields from graphite. Generally, the beams
from other sources are at least 5 to 10 times smaller. Exceptions are
the “artificial graphite” and “cracked C” sources.

Cracked carbon sources

The cracked carbon resulted from a scheme to deposit carbon from
CO, directly on a backing that can be mounted in the ion source. The
system is shown in figure 8. The starting material is CO, produced by
combustion of carbonaceous (pretreated) material. In the system, the
CO, first is reduced to CO by circulating it by convection through
an oven filled loosely with a mixture of glass wool and zinc powder at
~400°C. Reduction is quantitative in less than a half-hour. Subsequently,
a glow discharge is started between 2 backing plates of ~lcm diameter
that are ~l4cm apart (potential difference 400-500 V). In the discharge,
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CO is decomposed (“cracked”) to C + O. The O is carried away with
the bulk of the gas by convection and eventually bound by the zinc.
The carbon is deposited on both electrodes if AC power is used or on
the cathode if we use a DG discharge. A relatively small amount is
deposited on the surrounding walls.

Although the discharge cracking of CO will work up to at least 100
torr pressure, the best results are obtained for pressures smaller than 10
torr. The decomposition rate is higher at lower pressures, probably because
there is less chance of recombination, and the carbon deposited on the
backing forms a more uniform deposit. Since the discharge can be main-
tained down to pressures of ~150u, the decomposition of the sample is
almost quantitative.

The main problem remaining is to obtain a homogeneous carbon
deposit localized within a narrowly defined area of the backing and
thick enough to provide durability when used in the ion source. So far
we have not succeeded. The best beam was obtained for a carbon layer
deposited with an AG discharge on two backings. The initial beam was
L.8uA of *2C~ (under source conditions where graphite gave ~L7uA)
but the beam decayed with a half-life of about 7 min as the Cs ions
burned through the thin carbon deposit.

Deposits have been obtained on the center of a backing with a DC
discharge. The discharge, however, was not sufficiently localized and
produced a lumpy deposit that gave a poor 12C— beam.

Isotopic fractionation was measured by converting the carbon deposit
back to CO,. For the original CO,, we measured 8ppp*C = —24.40 =

e
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Fig 3. System for reducing CO, to C. a-zinc powder on pyrex wool; b-sample
backing (Mo, Ta); c-area of glow discharge; d-glass capillary-insulators; e-o-ring
vacuum coupling; f-thermocouple gauge; g—connection for CO, sample.
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0.10%,; after cracking and combustion we found 8ppp*C = —25.24 =
0.11%,. The effect of isotopic fractionation in the cracking process is,
therefore, negligible until a measuring precision of the order of 2%,
has been obtained.

The cracking process described above meets all requirements for a
good sample preparation except the sustained high ion output. It also
produces material that gives *C beams relatively free of contaminant
ions (Farwell and others, 1980). Further work on CO cracking along the
lines used for the RF cracking of acetylene (Purser, Liebert, and Russo,
1980) is in progress.

Other carbon source preparation technique

While the cracking experiments were going on, other ways to process
carbon samples to give ion beams comparable to those from graphite
were tried at the NPL, one of which proved successful. As a starting
material, carbon, obtained by carbonizing wood or charcoal in a stream
of nitrogen at ~1000°C or by cracking CO, (see above), was used. This
carbon is powdered and mixed with 1/3 of its weight of coal tar pitch.
About 15mg of this mixture is pressed into a mold. A number of these
molds, arranged such that the pellets are kept under pressure by a strong
spring, is then heated slowly to 1000°C in a N, atmosphere over a period
of 8 hours. After cooling the now firm sample pellets are removed from
the molds. Typically, they lose ~30 percent of their weight in this step.
Finally, the pellets are heated slowly to ~2500°C in vacuum (~10~° torr)
for 10 to 15 minutes. This final heating step apparently changes the
structure of the carbon in the pellet, because it is only after this treatment
that graphite-like 12C— beams can be obtained. The pellets produced
by this method give large *C~ beams (up to 20uA *2C— at the entrance
of the accelerator) that remain constant over many hours. Moreover,
this step serves to dramatically reduce contaminant ions (see Farwell and
others, 1980).

The use of the coal tar pitch means an admixture of, presumably,
1C-free carbon. Experiments indicate that 93 percent to 95 percent of
the pitch probably is eliminated by the heating steps. Although admix-
ture of a known amount a few percent of dead carbon does not seriously
affect age measurements, the effect of the pitch will have to be studied
further if this method of sample preparation is to be used routinely.

Laboratory preparation of beryllium metal sources

For the Be samples, a method was developed to convert BeO, which
is the normal end product of Be sample preparations (eg, Merrill, Honda,
and Arnold, 1960; Amin, Kharkar, and Lal, 1966), into Be metal. To
this end, the BeO is mixed with Mg powder and subsequently heated in
a crucible to 800-900°C. The BeO is reduced by the Mg to Be. The Be
then evaporates out of the crucible at a higher temperature, about 1300-
1400°C, and is deposited in a small central depression of a Ta sample
backing placed immediately over the crucible.
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Milligram quantities of Be can be handled in this way and several
of the Be metal samples thus produced have given °Be beams equal to
those from commercial Be metal for several hours (up to ~60 nA °Be+?
after the analyzing magnet).

Although we still hope to improve our sample preparation methods,
and experiments to this end are continuing, we are, at present, able to
obtain both carbon and beryllium sources that produce large and stable
beams and enable us to explore the application of the NPL Van de
Graalff accelerator to **C and '°Be dating.
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