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by counting atoms rather than decays.
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ABSTRACT

By considering radioisotope dating as a problem in trace-element
detection, and by using the cyclotron as a high-energy mass—spectromcter
for this purpose, we show that one can greatly increase the maximum age
that can be dated while simultaneously reducing the size of thevsample
required. The cyclotron cén be used to detect atoms or mulecules which

are present at the 10"18 level or greater. For 10Be dating one can go

3 14

back 34 million years with a sample of rock 10 cm” in volume; for

dating: 88 thousand years with a 25 mg carbon sample; for 53

3

Mn dating:
35 million years with a 10 cm” rock sample; for tritium dating: 153
years with a half-liter water sample. The feasibility of the technique
has been demonstrated experimentally by measuring the tritium/deuterium
ratio in a sample 24 years old. For samples many half-lives old, the

fractional error §t/t in the age is small even if there are large un--

certainties in the rates of production or of deposition of the isotopcs.
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RADIOISOTOPE DATING WITH A CYCLOTRON

The sensitivity of radioisotope dating is frequently limited by the
need to destroy a relatively large sample of what may be irreplaceable
material in order to yield a low count rate of difficult to detect radi-
ation. The dating problem is seen in a new perspective when one realizes
that for each decay per minute, there may be 109 to 1012.or more radio-
active atoms in the sample. Waiting around for the decay of these atoms
is clearly an inefficient way to count them. If one could find a technique
to aetect these atoms with even a modest efficiency (>10—6) one could
reduce the size of the sample and still push back the age that can be
measured by many half-lives.

Although the cyclotron has been used primarily as a source of
energetic particles, it can also be used as an extremely sensitive mass
spectrometer: only those particles in the ion source with the proper
charge-to-mass ratio (given by the cyclotron resonance equation) will be
accelerated. The cyclotron was first used in this mode by Alvarez and
Cornog (1) in their discovery of the true nuclear natures of 3He and
tritigm. More recently, the 88" sector-focused cyclotron at Berkeley
was used as a mass spectrometer by our group in a search for integrally-
charged quarks in terrestrial material (2). Although the ion source in
the cyclotron was not specifically designed for high efficiency, the value
of 3 x 10—5 obtained for typiqal beams is sufficiently high to make the
cyclotron an extremely attractive tool for dating purposes.

Radioisotope datiné with the cyclotron is a special example of trace
element analysis. TIn our quark search (which was, in effect, a scarch for

new isotopes of hydrogen), a few seconds of counting were sufficient to



: : ; -18
detect isotopes present in ordinary hydrogen at the 10 level. Although
the sensitivity that can be reached varies from element to element, this
number will be a useful figure of merit: any radioisotope present at the
-18 . :

10 level or more might be used to determine the age of the sample.

Other approaches to radioisotope dating by trace element analysis
might be possible. It is conceivable that one could detect the radio-
isotopes by multiple photon scattering, using a laser to detect an isotope-
shifted atomic line. Or it might be possible to use a linear accelerator
in place of a cyclotron. Unfortunately, an ordinary mass spectrometer
cannot be used because of the impossibility of distinguishing the radio-
isotopes from stable atoms with similar charge-to-mass ratios. For

P e nthirind ; 14
example, radioactive C could not be distinguished from stable N; the
RS o . 10 i
radioactive Be could not be distinguished from stable B. The stable
contaminants are inevitably present in much greater numbers than are the
radioisotopes. The cyclotron makes the separation possible by accelerating
the particles to a high energy (several MeV, rather than the several KeV
obtained with an ordinary mass spectrometer) where it is possible to dis-
: 5 ; ; 14 14
tinguish the chemically different atoms (such as C and N) by measuring
their differing ionization rates dE/dx. The only serious limitation to
the technique comes from the requirements that the count rate be low
enough to avoid saturation and radiation damage effects in the dE/dx
detector, and that the sample be small enough to process through the
cyclotron in a reasonable time. As a high-energy mass spectrometer, the
. J ' . -4

cyclotron is characterized both by high resolution (Am/m < 3 x 10 ') and
by extremely low background rates (< 1 count/hr during the quark scarch).

For radioisotope dating, the cyclotron 1is tuned to accelerate

the isotope of interest and the sample 1s introduced into the ion



source, preferably as a gas. The accelerated ions with the proper signa-
ture in the dE/dx detector.arg counted. Coincidence with a total I -
deteqtof which fpllows the dE/dx detector helps.keep'backgrounds low.
Duriﬁg the rum, the cyclotroh frequency is switched periodicdlly to tﬁat
of a stable isotope, for normalization purposés. For tritium dating, for

2

eXample, one switches between 3H and "H, and :the quantity'measured is’

their ratio. When switched to-the abundance stable isotope; it is

necessary to replace the sensitive particle detectors with a Faraday

cup in order to handle the large cqrrent.v Most of the running time is
spent on the radioisotope.

The potential applications of.the cyclotron as a high-energy mass
sﬁecfrometér are many, in trace—element analysis as well as in fndiu—
isotope dating. Thevtechnique is most powerful for elements at the low
end of the periodic table, for which relatively large beam currents can
be obtained; For radioisotope dating, the greatest gains over radioactive
counting techniques come .for the longer-lived speéies, which have lower
decéy rates. For example, we will show that for lOBe dating one. can dqte
back more than twenty half-lives rather than the one or two which is now
typical. In this realm we have a new advantage: feduction of the
tyranny of Poisson statistics. Fluctuations in the number of detected
atoms can be a severe limitatioﬁ when_one is going back only one half-life:
a factor of two error in tﬁe count rate results in a factor of two crror
in the age. However for a sample twenty half—liQes old, that sdme factor
of two error résults in:q-misestimation of thé age by only 5%.  In both
caées'the absolute error in the,age'measurement was the same: ~one half;

life.



It is easiest to demonstrate the poteﬁtiél advantages of the cyclo-
tfdn‘by developing sevefal examples in detail. Although ahy cyclogron
might be used, we will assume in our exémples the properties of the 88"
seétor—focused cyclotron at Berkeley, which produces particles of multi-
MeV energy, and can be switched from the‘resqnant state for one ion to
that of another iﬁ'a matter of minutes. Except as noted, the beam inten-
sities we shall assume for each ion species-are those that have already
been achieved on this cyclotron. For the case 6f tritium we ha?c uscd the
Cyélotron fb make an experimental measurement df the age of ‘a deuterium
samplef .For the other radioisotopes, the claimed sensitivities are pro-

jections based on measurements of backgrounds made during the quark scarch.

BERYLLTUM-10 DATING
10 . . ' - -3

Be is produced in the atmosphere at the rate of 4.5 x 10 atoms/

cmzrsec, by cosmic rays which break up oxygen and nitrogen nuclei (4,5).

In a period‘much less than its half-life of 1.5 x 106 years (6), it

becomes mixed with the atmosphere and the oceans, and at equilibrium it

settles out in the ocean floor at the same rate at which it is produced.

. 1 . 3 . . .
The number of atoms of OBe in a volume v cm~ of ocean sediments is: -

. 6 |
_1-6 leolo v (SO/S) z—t/l.5x10 | -

=]
il
o

'—t/z.le_of’ (1)

1.6 x 1010 Y (sO/s) e

= . . . -5 ' o
where s is the sedimentation rate, s = 3 x 10 cm/year (a typical deep-.
sca. value for s), and t is the age of the sediment in years. The number
of decays per minute from a sample of rock is:

| | 6
dng  _ 0.014 v (SO/S) e—t/2,2x10

[a¥

(2)
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Despite this exfremely low decay rate, 1OBe has been used in studies‘both
of sea-floor spreading (7) and of manganese—nodule formation (8). Its
usefulness defives partially from the extreme rarity of ordinary beryllium
iﬁ'sediment, approximately 3 x 10-6 by weight (9); by chemically‘exfracting
the beryllium from fhe éediment,’the aétivity per gram of material is
increased by a factor of 3 x 105. Even so, measurement‘back more fhun a
few-half—lives,is‘very difficult.

To calculate the effectiveness of using the cyclotron for 1OBc dating,
we. start by caiculating the ratio of 10Be to ordinary 9Bé. Taking a density
fér sedimentary rock of 2.7 g/cm3,‘we find:.

10Be

9Be

6

~t/2.2x10 - ' (3)

= 3 x 10-_8 (sd/s) e

Takiﬁg s = 8, and t smail, the fatib is 3 x 10—8. For the current of
accelefated 9Be ions obtainable from the cyclotron,:we will assume the modést
value which has already' been achieved: 5 pA of doﬁbly—charged ions (100
uA.méy be obtainable). Of course, the cyclétron woﬁld be set to accelerate
.only the 1OBe ions; we would count 3 x 107 per minute in our detecturs. We
" would get 1 couﬁt/min for a sample 2n(3x107) mean-lives = 38 million yecars
old. - Counting for an hour (vs. 6ne minute) woﬁld increase the sensitivify
by &n(60) mean-lives, té a valué of'47 million years; ‘increasiﬁg the beam
current to 50 PA would.give us an additional 5 million years.

Before one dismisses '"'one count" as being too small to yield a use-
ful age determination, oné must work through fhe error calculation. We

shall do this in the next section, where we show that the observation of

one atom determines the age of the sample to + one mean life, irrespective

. 9 o4
of the age of the sample. For example if the ion source gives 5 pA of )Bc?

b

and we observe one count in ten minutes, the age of the sample is 43 + 2

million years.



To use the cyclotron for lOBe dating, we could introduce the beryllium
which was extracted from the sediment into the ion source either as a £aS
(BeClZ) or as a metal (using éputtering to create the ions); We will assume
thét we will achieve an efficiency of 3 x 10--5 a typical value at the Berkeley
88" cyclotron for heavy ion beams. fhen the number of atpms thatiwil1 be
detected from a rock of volume v will be

6

n = 4.8 x 105 v (so/s) e—t/z'ZXIO ‘ 4.

This number of detected 10Be atoms, as a function of sample age and volume,
is plotted in Fig. 1. As can be seen from the figure, the oldest dates:
(>.35 million years) can be reached only by using large samples of rock,

104100 cm3 or more.

2+ 10 2+

A cyclotron tuned to accelerate lOBe will also accelerate 7B and
15,3+ . . . T
N” . These particles are easily removed from the beam by stopping them. in
a'Z7Al foil. For a 6 MeV/A beam the ranges are (10):
lOBe 171 v
10B 112 p
15N 92 u

A 140 py foil would stop all the background iOns§ straggling for 103 is
approximately 1 Yy, with a Gaussian tail on the long rénge egd. ThealoBe
emérges with about 32% of its original energy, sufficient to send it through
a 10 u silicon dE/dx.deteétor and into a total E detector.

Aluminum was chosen as the foil material because of the large negative
Q required for the reaction:

J'OB + 27Al — lOBe + 2781 - 5.4 MeV

Thus any lOBe produced in the foil from an incident loB will have at most

an energy of 60 —'5.4'= 54.6 MeV. The range of 10B9 produced with this
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Fig. 1. The number of 10Be ions detected in
the beam of the cyclotron, as a function of
the age and volume of sedimentary rock from
which the Beryllium was extracted; based on
Eq. 4. The statistical errors associated with
each number are indicated with error bars.

s is the sedimentation rate, S0 3x10'5cm/yr,
and for deep-sca samples (so/s) 1.

o
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XBL 769 405!



energy is 132 u, and it will stop within the foil. 1OBe ions produced
deeper in the foil will have less energy (because of the ionization loss of
.the parent lOB), and in fact none of the secdndary 10Be ions will emerge.
Thé 6nly'partic1¢s counted by the silicon detectors should be 1"OBe ions
éccéierated from the ioﬁ source.

We conclude fhat lOBe dating with the cyclotron should be practical =
'for'ages of 5 to 35 million years or more, requiring réck samples ranging
in Qolume from 1eés than a cubic millimeter for the younger_samples to

100 cm3 for the older omes.

ACCURACY - OF THE AGE DETERMINATION

fhere are well-documented differences between the ages of materials
datéd with radioisotopes, and the ages as determined By other means, c.y.
free rihg counting (11). 1In additiom to'these systemapic effects, there
are statistical errors dué to the limited number of atoms observed. Both
of these errors can be coﬁsidered fluctuafions in‘n, the number of
observed atoms. Wé shall derive here the relationship betwéen the magﬁj—
tude of these fluctuations and the resulting error in the estimation of
the age of  the sample.

Let us assume the general form:

n = k e_t/T ;0 t = 1 n(k/n) (5)

If n has errors associated with it of +&n_, —Gﬁz, then the corrcsponding

1

values of t will be

k

e e
T _§n
2
- Q,n(k/n) .+|'I Q,n(l“(\l]z/n)l (())

- Rn(1+6n1/n)|




For n = 1, inverse-Poisson statistics (12) gives Gnl = 1.36, an = 0.62.

Putting‘these values into Eq. 6 gives:

+0.967

t.= T An(k) Tl

.1t will usually be sufficient to use the approximate values:

n = 1 "~ “t =1 &n(k) + 1 (7)

Thus the observation of one event determines the age of the sample to within

oné mean-iife,
VAHOther.Usefﬂl approximation of kq. 6, vaiid when 8"1 = 8"2 T dn 77 ong,

is:
§t = —(én/m)-T . (8)

This equation is easily derived, either by expanding the logarithm in Fq.

6, or by differentiating Eq. 5. The important feature of this equation is

the appearance of T on the right side, rather than t. Thus, for cxample,

a 10% error in the measurement of n‘results in an error in the estimate of
t, not to 10%, but to 10% of a mean-life. Fof a sample many mean-1lives
0ld, such an error is often negiigible.

Equations 6 and 8 are general results, true whether the error in n
is due to Poisson statistics, or fluctuations in either the cosmic-ray [lTux
or sedimentation rate. Thus althougﬁ it.is necessary to know these quanti-

ties, it is not necessary to know them accurately.
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RADIOCARBON DATING .

The technique of 14C (radiocarbon) dating developed by Libby (1)

1

depends on the fact that cosmic ray neutrons are continuously producing 4C
. . . 14 14 . .
in the atmosphere through the reaction ~ N(n,p)” 'C. Approximately 13.5 atoms
of 14C are produced each minute for each gram of carbon on the surface of the
earth; thus each gram of carbon in equilibrium with the atmosphere will have
13.5 decays per minute. The half-life of 14C is 5730 + 40 years. A samplc

containing m grams of carbon, which was taken out of equilibrium with the

atmosphere t years ago, will have a decay rate (per minute) of:

dng | q5 5 o o-t/5730

- e—t/8270
dt

13.5 m
Because of background counts, typically 10,000 disintegrations must be observed
for ages in the range 5-10,000 years. This requires 1-10 grams of carbon, and
counting times of 1.5 to 15 hours.
Converting this equation to decays per year and integrating, we calcu-

late the number of 14C atoms in the sample:

' 0 -t/8270

m e

n = 5,8 x lO1
o

Thus a fresh gram of carbon, containing 5 x 1022 atoms of 12C, will contain
10 14 . o . .
5.8 x 10 atoms of .~ 'C. The ratio as a function of time will be

14

-12 e—t/8270
12C-

= 1.2 x 10

12C2+ ions would require 2.5 mg of carbon per minute,

A 20 pA beam of
asspming an efficiency of 3 x 10—5 (typical -for carbon beams). For.new
carbon, 4400 atoms of lZ}C would be detected_per minute. For one count

per minute, the sample age would be 2n(44005-T = 69,000 years. With tén
minutes of counting (assuming we can achieve the same "zero background"

levels we had in the quark search) we could go back 88,000 years. An hour

of cbunting (requiring 150 mg of carbon) could go back 103,000 years.

[



For‘a éamp1e188,000 years old, the raﬁib lZ‘C/l,ZC = 3 X 10—17. Extraor—‘
dinary care wouid have to be taken to avoid contaﬁination with young éarhon;
24 parts per million would dopble the count rate. Fortunately the sample
size is small (25 mg) so it could be carefully selected. The number of
detected 14C atoms is: | v
- n = 1.7 x 10° m ¢ /8270

This.équation is plotted in.Fig, 2.

If we accelerate carbon ions, the major‘source of background is going .
to be 14N‘from residual nitrogen in the sample and in the ion source of the
cyclbtronﬂ Af the 88" cyclotron ét Berkele?, the residual nitrogen beam
from the latter source amounts to approximately 10 nA (3 x 101O ions/sec
for a Beaﬁ of 14N2+). This rate would have to be reduced by a Féotnr‘OE
at least 106 in order to introduce such a beam safely into dE/dx
couﬁters;

A brute-force way to reduce the nitrogen beam would be to introduce
strippihg foils, followed by magnefic séparation; Unfortunately, at cyclo—
tron energies (several MeV per nucleon), the emerging ﬁitrogen atoms will
not.be fully stripped; we can expect about 10% of them to come out of the
foil in the q = +6 charge state (13), indistinguishable from 14C6+.
Nevertheless, six stages of separation (perhaps all accomplished in the
same magnet) coﬁld do tﬁe job. |

A muéh simpler way to. reduce thé nitrogen beam would be to send it
into a foil‘suffiéiently.thick tozstop'laN but not 14C. At 56 MeV (4 MeV/A)
the ranges in a gold foil ére 17 u for 14N and 22 | for 140. Straggling
should be approximately 1-2% for the 14N beam (10), so a fdi]_18 noin

14

. R . . I P8
thickness should be sufficient to stop the nitrogen ions. ‘Fhe emerging (&

atoms will have a range in silicon of about 10 y, so a very thin dl/dx
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detector would have to be used in order to pass the ions into a total E
detector. Secondary production of 140 through the reaction

Ve 4 au— Mo o+ mg

is avoided by keeping the beam energy well below 62 MeV, thc Coulomb

Abarrier energy for N and Au.

Another possible way to eliminate the 4N background, is to accelerate

+
140 14

a molecular ion such as H4 or CD4. The most serious potential back-

: ) + . .
ground is NHQ, and it is unlikely that this ion will be present at a high

enough level to cause trouble. (180 and H,0 differ in mass from _M(IH4 by

2

a féw tenths of a percent; and they should be resolved by the cyclotron.)
But a CHZ beam is not trouble free; The low value of the charge-to-mass
ratio would require operation of the Berkeley cyclotron in the Sth harmonic,
resulting in a relatively low energy beam (0.4 MeV/A) on which particle
ﬂidentification would be difficult. And weé may not be able to achieve morc
than a few hundred nanoamps of beam cufrent; resulting in a maximum detec-—

; 2+
table ‘age four mean-lives shorter than that obtainable with a 20 puA C

beam.
14 . . . .
Yet another way to reduce the = N background is to eliminate the nit-
rogen from the ion source of the cyclotron. At’present this ‘does not appear
feasible for the internal ion source at Berkéley, however one could construct
an external ion source, specifically designed to have low nitrogen contami-
nation. Although the construction of such a source is undoubtedly the
. . 14 . o . YA L
most expensive way to eliminate N, it may be worth it if C dating is
to be done regularly.
‘ P 14, - : .
Tt appears likely that C dating can be accomplished using the cyclo-
‘tron, with a potential of reaching back 40-100 thousand years with carbon

samples 1-100 milligrams in weight. But because of the natural abundance



~14-

of 14N

, .the difficulty of identifying the natural 14C in the sample is more
severe than for the other radioisotopes discussed in this paper, and a

final evaluation of the sensitivity of 14C dating with the cyclotron awaits

additional experimental development.

ALUMINUM-26 DATINC

Rather than attempt to calculafe the'26Al content of ocean sediments
from\cosmig ray data diféctly, let us take the experimenﬁal result (5) that
its ratio in decays‘per minﬁte fof‘young rock, compared to lOBe, is é 17%.

Modifying Eq. 2, we find the number of decays per:minute from a sample of

-~ rock is

L ' 6 ’
= 1.4x10 3y (s /8) e t/1.1x10 | | (10)

[275§=N
e

where 1.1 x 106 is the mean-life of 26Al in years. Given the smallness 6f
the coefficient in Eq. 10, it may seem surprising that 26Al decays have
béen detected in sediment. However unlike the previously discussed radio-
isotopes, whiéh emit low energy electromns, 26Al‘emits positrons, whose
ahnihilation‘;adiation is Very’easy‘to detect. Converting Eq. 10 to decays
per year, and integratingrto find nb, gives:.

6

n, = 8.1 x lO8 v (So/s) e_t/l'IXIO

27 , L . '
Al is very common in sedimentary

Unfortunately (for our purposes) ordinary
rocks: 107 by weight, on the average (9). Using a density of 2.7 g/cmB,
this implies a number density of 2 x 1022 per cm3. The ratio of 26A]/zyAl
is 1.3 x 16—13 (for s = S, and t = 0). A 2 YA beam of 27A]4+ would'ﬁavc
25 coﬁnts per min for youﬂg rock. A ten minute run would yield one c6unt

for a sample which was 6.1 million years old. We could date back ‘further

for rock samples (Such as pure. limestone) which had significantly lower
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aluminum éontent, provided that the sedimentation:raté were no greatervthanv
'wé-assumed. If, for example, the aluminum content of the rock were 0.17%
instead of 10%, then we could date back an additional 2n(100) mean-lives =

5 million yéars, to sampies whiqh were over 11 million yeérs old.

The only background which Qould cause serious trouble‘is-26Mg, which
differs in mass from 26Al by 0;01%. The ionization‘rates in thin silicon
detectors for the two elements differ by 12% (10); a particle identifier
might handle 105 particles per second. In ordef to reduce the 26Mg to

this level for a 2 pA beam of 27

Al, the aluminum would have to be purged
of magnesium to better than 0.1 ppm unless additional sébaration were
attempted in the beam. As was the case for 14C, special care would have

to be taken to avoid the production of 26Al in stripping foils or in the"

dE/dx detector through a charge exchange reaction.

MANGANESE-53 DATING
53 . , . ‘

Mn is not produced in the atmosphere by cosmic-rays; there are

almost no nuclei in the atmosphere heavy enough to spallate into manganese.

Tt is produced in iron meteorites, however. For meteors morevthan a few

million years old, the 53Mn contained in them is at equilibrium with the

cosmic rays which are producing it, and just as for radioisotopes produced

in the atmosphere, the density of.53Mn in them will depend only on the

spallation cross-section and the flux of cosmic rays. The.collision of

such meteors with the earth results in a constant rain of this isotope.

53 , 6

Mn has a half-life of about 2 x 10 years. It decays via electron cap-

ture; the resulting 5 keV x-ray is exceedinglyldifficult to detect because

' . , ; 5
of self-absorption in. the manganese. As a result, 3Mn has never been

detected in sedimehtary rocks.
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. ; 5 . .
We can estimate the expected 3Mn concentration in sedimentary rocks
as follows: 1in meteorites, 53Mn has been observed to yieldvbetWQen 360-

515 decays per minute per kilogram of meteor (14). We shall assume an

average value of 400 dpm/kg. Meteoric dust falls on the 5 x 1018 cm2 sur-—

faqe of the earth at the rate of 4 x 108 g/day (15). From these numbers

we can calculate the number of 53Mn atoms in a volume of v cm3 of sedi-

mentary rock:

6

-t/2.9x10 (]0’

n = 6x 108 (s /s) v e
o o

. . . . L -5
where s is the sedimentation rate, s again is 3 x 10 cm/yr, and t is

the age of the sample. A typical value for the amount of ordinary manganese

(55

Mn) found in sedimentary rocks is 6.7 x 10—4 by weight (9). Assuming a

rock density of 2.7 g/cmz, this implies that there are 2 x.1019 ufoms of

55Mn per cm3 of rock. The ratio 53Mn/SSMh of 3 x 10f11 is large cnough to

make cyclotron dating look attractive.
The number of 53Mn atoms detected with the cyclotron will be
6

n o= 1.8 x 10* (s_/s) v ot/2.9x107 (11)

where we have again assumed an efficiency for the cyclotron of 3 x 10_5.
This equation is plotted in Fig. 3. In coﬁtrast, the number of decays per
minute from the sample will be:

6

-t/2.9%10

dn -4
=0 =
it 4 x 10 (so/s) v e (12)

a radioactive decay rate virtually impossiblé to detect.

We would introduce the manganese into the ion source as a metal on
the electrodes,  and use’sputtering to form the beam. Beams of 2 VA may be
possible. Assuming a charge state = +4;’we wou ld huvc‘5.6 X 103 counts/

min for young manganese. One count per minute would indicale an ape of
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Fig. 3. The number of 53Mn ions detected in
the beam of the cyclotron, as a function of
the age and volume of the sedimentary rock
from which the manganese was extracted; based
on Eq. 11. For deep-sea samples, (s,/s) = 1.
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25 million years; one count in ten minutes an age of 32 million years. A
50 A beam would leaé to a ten-minute sensitivity of‘41 millién years.
The only serious background is 53Cr, which is found in sédimentary .
rock at an average level of 15 ppm (9). It is difficuit to estimate what
the chromium level of the separatéd manganese wquld be; it would have to
be less than 0.1 ppm in order to introduce the beam safely into a silicon
dE/dx detector. Several options are open: one could chose to measure
ohly those samplés which are alreadyvlow in chromium; one éould-attempt
to reduce the chromium le?els chemically; ot one could reduce the chromium

in the beam using one of the techniques we discussed for carbon: ' stripping

followed by magnetic separation.

DOUBLE DATING

Whenever there are twobfadioisotopes with different mean lives which
can be used to date the sample, we can deduce its age without having to
Rnow either the cosmic ray flux whitﬁ produced the isotopes, or the sedi-
méntation rate. The ratio of the fwo isotépés will be given by:

r(t) = r(0) e_t(l/Tl—l/TZ) (13)"

where r(0) is the ratio at t = 0 (i.e. it is the ratio of the rates of
and T, are the mean-lives of the two

1 2

isotopes. Once the age has been determined in this way, the absolute

which they are produced), and T

density of the isotope in the sample can.be used to calculate the ratio

of the cosmic ray. flux which ﬁroduced the isotope to the sédimentétion.
‘rate.which dilﬁted}it in the rock. If either.of these is known, or
vassumed constant, theﬁ the other can be calculated. This 5pproach was used

by Higdon and Lingenfelter (16) with measurements of the decays of IOBe
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2 . , . .
and 6A1 to study the variations in the cosmic ray intensity back 4 mil-

lion years. Using the cyclotron technique to measure the 26Al, we could
perhaps stretch this measurement back to-5 or 10 million years.

.10 53 . . -

Double dating Be and " "Mn looks more attractive since they cover

the same range in age: 0-35 million years. The situation is a bit more

26Al/lOBe double dating, since lOBe was produced in

Complicated than for
, 53 ] - . L
the atmosphere whereas the ““"Mn was produced in meteors. .This distinction

is not as great as it first appears, however. The average residence time
for any particular radioactive atom in the meteor is one mean-life T Thus

53 . ‘ . . . . ,
the ""Mn in the meteor was nearly ‘all produced in the period just before it
struck the earth. Since most of the meteoric material orbits the sun with
low eccentricity, it will have been exposed to the same cosmic ray flux as
the earth. Thus one can think of the meteors in orbit with us around the
sun almost as an extended atmosphere., However there are two phenomena

10Be/53Mn ratio: variations in the

besides age which can affect the
meteor impact rate, and variations in the earth's magnetic field (which

1
shields the atmosphere from low energy cosmic rays which create 0Be).
. e . 10 53 26 . :
Triple dating, using Be, Mn, and Al might help to untangle these
effects. And of course the existence of more than one interesting inter-

pretation of an observed variation does not necessarily reduce the

importance of looking for such a variation.
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TRACE ELEMENT DETECTiON

Given its sensitivity of ~ 10_18, the botential applications of the
cyclotron to trace.element analysis are numerous. vVirtually any element
drAsimple compound that can be detected with an ordinary mass spectrograph
can be detected with greater sensitivity by a cyclotron, due to its
exfremely low background count rate. Present—dayvcyclotrons are not
pafticularly well éuited to the detection of complex molecules, both be-
céuse most cyclotrons are designed to operate with low values of mass-to-
charge, and bécause of the possibility df molecules breaking up during
acceleration. |

As a particular example of trace element detection, we ¢0nsider
méthane—Zl (13C D4) whose usefuiness as an atmospheric tracer has been
reéently demonstrated by Cowan et al. (17). 1In their study they released
Qp to 84 g of this compouﬁd into the atmosphere, and detected it downwind
using a cryogenic air trap to remove methane from the air, and a mass-
spectrométer to separate methane721 from methane-16, They werc able to
detect ratios of these two compounds down to 10_11.

We briefly mentionéd the acceleration of methane beams in the section
on 1'Z‘C dating. Although we don't know yeE what intensity beéms caﬁ be
~achieved on a cyclotron, it is safe to assume that we can obtain at least
100 nA. Even this low current, running for 10 minutes, would give one
count of methane-21 if it were at tﬂe level of 3 x 10_15, more fhaﬁ thrée
orders of‘magnitude better than the level detectable with an ordinary mﬁss
spectrometer. TF we can increase thé current té 10 pA, we would be uh1o.
to detect the natural methane-21 that is expected to be present in the
atmosphere. The dE/dx‘detector would have‘to be made SufffciQnt]y thin

(< 3u) so that the 13C»atom would emerge and give a coincident signal in
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the total E detector. We might wish to use a thin foil scintillator in

place of a silicon dE/dx detector.

TRITIUM DATING: PRINCIPLES

Despite. its short half-life <12.3 years), tritium daﬁing has important
applications not only in cosmic-ray physics, but in hydrology, meteorology
and oceanography (18). If one is tapping an underground reservoir of watgr,
fof example, and one wishes to estiﬁate how long it will take for the
reéervoir to refill, the age of the water as measured by tritium dating
cén often supply a valuable clue.

Prior to the early 1950's, tritium in the atmosphere was produced
from cosmic rays by (n,t) reactions and by spallation of oxygen and nitro-
gen nuclei; most of the tritium in the atmosphere since then is left over
ffbm}the.atmospheric tésting of thermonuciear bombs. Both the cosmic fuy
produced tritium and the "spikes" introduced by the bombs have been Qsefu]
for dating water (19, 20). We will be.concefned primarily with older
water samplés, which were cosmic ray produced. .Because the half-life of
-tritium is so short, mixing over the surface of the earth is incomplete,
leading to geographical variations in the tritium content of rain&nter_of
factors of 4; however these variations can often be calibrated out by
looking at fresh rainwater from the same regiop as the sémple_being dated.

Measurements of‘the tritium cqnfeﬁt of rainwater (19) give an
average value ofv3H/ 1H =5 x 10—18, right at the limit of ‘detectability
by the cyclotron technique. Fortunately tritium is euéily concentrated
by means of electrolysis by a factor of about 1000; this enrichmcnt.is

also essential for radioactive dating. A 50 pA beam of ions [rom enriched

fresh water would have 94 tritium atoms per minute accelerated. The oldest
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'dape that could be measured, in ten minutes of‘coupting, would be 2n(940)
ﬁean—lives = 121 years. Counting for an hour could extend this back to
153 years. Previous measurements have been limited to about 25 yedrs.
Dated samples are readily available in the form of vint;ge wine. A 50
uA beam, even if run for a full hour, would require an original sample of
iiquid only a half-liter in volume (21). : |
The ability to detect tritium in older samples should enable ué to

look at one of the unsettled questions of cosmic ray physics:  whether the
pre—nuciear—testing tritium levels are consistent with the calculated. rate
of production by cosmic rays, or whether another much more powefful source
mdsf be postulated (22, 23). New measurements of dated samples will ailow
us to determiné what the original tritium concentrations were.

_ Potenﬁial backgrounds are 3He+, H;,
latter two molecules differ from that of 3H+'by 0.27% (approximately 8

+
and HD . The masses of the

resolution widths) so they can be separated by the cyclotron. »3He and

résiduél molecular ions from the tails of the HD+ and H; beams can be
eliminated by sending the beam into a foil thick enough to stop them but
thih enough to pass the 3H.beam. The ion that gets the furthest is ;he D+
fragment of the HD molecule; it will have the same engfgy per nucleon as
the 3H+, and 2/3 of tﬁe range; Again, we choose aluminum for che’foi]

material because of the large Q of 4.8 MeV required to produce spurious

tritium atoms in the reaction

e + a1 —— 3w+ s

Thus the produced tritium will be distinguished by its lower energy; it
can be eliminted completely by keeping the beam energy below the 4.8 MeV

threshold.



TRITiUM DATING: EXPERIMENTAL RESULTS

In order to test the cyclotron technique, W. R. Holley, E. J. Stephenson,
and T performed an experiment to measure the 3H/ZH ratio in a deuterium
sample 24 years old. The sample had undergoné special processing, so we begin
by making an estimate of the expected 3H/2Hvrati_o as a fﬁnction of agé.

The sample had been collected prior to the thermonuclear bomb testing
period, so the originai 3H/lﬁ ratio shbuld be close to value measured for
rainwater in the early 1950's (20): 5 x 10—18. Multiplying this'by.the
known deuterium content of water 2H/1H = 1.5 x 10“4, we get 3H/2H = 3.3 x 10—14
for the original water at t = 0. Deuterium had been separated from the water
at the Savannah River Heavy Water Plant, using the GS process followed by
vacuum distillation and électrolysis (23). Approximately 207 of the deuterium
in the proéessed water, and neérly 100% of th¢ tritium was recovered (20);

thus the 3H/2H ratio was increased by a factor of 5. Combining all these

numbers, we find the ratio as a function of age.

S .
B g7 x10713 78

(14)
2,

where 17.8 is the mean-life of tritium in years.

In our experiment we were able to switch the cyclotron between the
resonant frequencies for 6 MeV 3H and 9 MeV 2H in a matter of minutes; the
magnetic field was left unchénged. The 3H'beam was sent through a 25 mg/cm2
(=95 u> aluminum foil, and identified and counted by a 15 u silicon dE/dx
detector in coincidence with a 500 p silicon total E detector. We‘éounted
‘136 3H atoms in 4 minutes of observation,.of about 0.57/sec. (Most of the
time spent at the-cyciotron was used performing various tests té_éonvince
ourselves that we really were observing tritium, and tﬁat the background counts
really were zero in number.) The 2H beam was measured with a.Faraday cup,

preceded by collimators to simulate the acceptance geometry of the silicon
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détectors; we observed an average current of 3.4 JA, indicating 2.1 x 1013
ions/sec. Thus the ébServed 3H/ZH ratio is 2.7 x 10_14;‘uslng Eq. 14, wé
célculate t = 33 years, rémérkably close to the known age of 24 years.

It is premature to try to assign an ‘error to the measured age, or
té interpret the result as a verification that the assdmed.3H/1H value at
t = 0 was correct. The greateét source of error is not statiétical but
systematic; the uncertainty of the implicit assumption that the éfffcienvy
of the cyclotron was the same for the two beams. The two efficiencies may
differ by 50% or more; in future experiments they will be measured directly
by accelerating samples of known tritium and deuterium content before in-
troduciné samples of unknown age. Even without such a calibration, however,
the present experiment does demonstrate the feasibility of usingvthe cyclo—

tron for radioisotope dating.
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SUMMARY

By considering radioisotopé dating as a problem in trace-element de-
tection, and by using the cyclotrdn as a high-energy mass-spectrometer for
this purpose, we have shown thaf one can greatly increase the maximﬁm age
which can be dated while simultaheously reducing the size of the sample
required. The cyclotfoﬁ can be used to detect atoms or simple molecules
which are present at the 10_.18 level or greater. For lOBe dating, one can
go back 34 million years with a sample of rock 10 cm3 in volume; for 14C
'.défing: 88 thousand years with'a 25 mg carbon sample; for 53Mﬁ.dating:
35‘million years with a 10 cm3 rock sampie; for tritium dating: 153 years
wifh a half-liter water sample. The feasibility of the technique has been
démonstrated experimentally by measuring the tritium/deuterium ratio'in
a sample 24 years old. For samples many hélf—lives old, the fractional
error 8t/t in the age is small even if there are large uncertaiﬁtieé_in
the rates of production or of deposition of the isotopes.

Needless to say, a cyclotron is.more expensive to build and to
operate than an ordinary mass spectromefer. But over 50 cyélotrons with
the potential to do radioisotope dating already exist, and their applica-
tioh to important problems of dating and frace—élement anaiysis Shquld

prove very fruitful.
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