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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-spectrometer 

for this purpose, we show that one can greatly increase the maximum age 

that can be dated while simultaneously reducing the size of the sample 

required. The cyclotron can be used to detect atoms or mulecules which 

the 10-18 1 1 . For lOBe d .. . are present at eve· or greater. at1ng one can go 

back 34 million years with a sample of rock 10 cm3 in volume; for 14C 
53 dating: 88 thousand years with a 25 mg carbon sample; for Mn dating: 

35 million years with a 10 cm3 rock sample; for tritium dating: 153 

years with a half-liter water sample. The feasibility of the tec~nique 

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 8t/t in the age is small even if there are large un­

certainties in the rates of production or of deposition of the is()topes. 
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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 perspec tive when one realizes 

9 12 
that for each decay per minute, there may be 10 to 10 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 techntqu(' 

to detect 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 b e 

measured by many half-lives. 

Although the cyclotron has been used primar~ly 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 prope r 

charge-to-mass ratio (given by the cyclotron resonance equation) will h e 

accelerated. The cyclotron was first used in this mode by Alvare z and 

3 
Cornog (1) in their discovery of the true nuclear natures of He and 

tritium. More recently, the 88" sector-focused cyclotron at Berke l ey 

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 Villue 

of 3 x 10-
5 

obtained for typical beams is sufficiently high to make the 

cyclotron an extremely ,attractive tool for dating purposes. 

Radioisotope dating with the cyclotron is n special examplt> of trnCl! 

element analysis. Tn our quark searc h (which was, in effect, <l ~wardl for 

new isotopes of hydrogen), a few seconds of counting were stlFfi.cient to 
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-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 nt the 

10-
18 

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

Other approaches to radioisotope dating by trace elemen t analysis 

might be possible. It is conceivable that one could detect the radio-

isotopes by multiple photon scattering, using a laser to detect a n isotope-

shifted atomic line. Or it might be possible to use a linear accelerntor 

in place of a cyclotron. Unfortunately, a ri 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 

example, radioactive l4C could not be distinguished from stable 14N; the 

d . . 10 10 
ra 10actlve Be could not be distinguished from stable B. The stnhlc 

c.o ntaminants are inevitably present i n much greater numhers than arc the 

radioisotopes. The cyclotron makes the separa tion possible by acceleratJng 

the particles to a high energy (several MeV, rather than the several Ke V 

obtained with an ordinary mass spectrometer) wher e it is possible to d is -

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 b e low 

e nough to avoid saturation and radiation damage effects in the dE/dx 

detector, and that the sample be small e nough to proces s through the 

c yclotron in a reasonable time. As a high-energy ma ss spectrometer, the 

-4 
cyclo tron is characterized both by high resolution (f:..m/m < 3 x 10 ) a nd 

by ex trcmcly low background rates « 1 count/hr during til(' <l1t;lrk sV;ln"h). 

For radioisotope dating, the cyclotron is tuned to accelerate 

the isotope of interest and the sample is introduced into the ion 
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source, preferably as a gas. The accelerated ions with the proper signa-

ture in the dE/dx detector are counted. Coincidence with a total E' 

detector which follows the dE/dx detector helps keep 'backgrounds low. 

During the run, the cyclotron frequency is switched periodically to th;lt 

of a, stable isotope, for, normalization purposes. For tritium dating, for 

I ' 3 2 
example, one switches between Hand 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 Farilday 

cup in order to handle the large c~rrent. Most of the running time is 

spent on the radioisotope. 

The potential applications of the cyclotron as a high-energy mass 

spectrometer are many, in trace-element analysis as well ,as in rallio-

isotope dating. The technique is most powerful for elements' :it the low 

end of the periodic table, for which relatively large beam currents can 

be obtained. For radioisotope dating, the greatest gains over radioactiv(! 

counting techniques come for the longer-lived species, which have lower 

d F 1 '11 h h f lOB d . d ' ecay rates. or ex amp e, we W1 s ow t at or e at1ng one can ate 

back more than twenty half-lives rather than the one or two which is now 

typical. In this realm we have a new advantage: reduction of the 

tyranny of Poisson statistics. Fluctuations in the number of detected 

atoms can be a severe limitation when one is going back only one half-l Ife: 

a factor of two error in the count rate results in a factor of two error 

in the age. However for a sample twenty half-lives old ,that same Lll:tor 

of two error results in a misestimation of the age by only 5%. Tn hoth 

cases the absolute error in the. age measurement was the same: one half-

life. 
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It is easiest to demonstrate the potential advantages of the cye1o-

tron by developing several examples in detail. Although any cyclotron 

might be used, we will assume in our examples the properties of the 88" 

sector-focused cyclotron at Berkeley, which produces particles of mitJti-

MeV energy, and can be switched from the resonant state for one ion to 

. 
that of another in a matter of minutes. Except as noted, the beam inten-

sities we shall assume for each ion species· are those that have alrt';Hly 

been achieved on this cyclotron. For the case of triUum we have used the 

cyclotron to make an experimental measurement of the age of a deuterium 

sample. For the other radioisotopes, the claimed sensitivities lire pro-

jL'ctions based on measurements of backgrounds made during tlH'qu;lrk sl·;lrch. 

BERYLLIUM-lO DATING 

10 -1 
Be is produced in the atmosphere at the rate of 4.5 x 10 at(~s/ 

2 
em ·sec, by cosmic rays which break up oxygen and nitrogen nuclei (4,'». 

In a period much less than its half-life of 1.5 x 10
6 

years (6), it 

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

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

The number of atoms of lOBe in a volume v cm 3 of ocean sed.iments .i s: 

n 
o 

6 
1.6 x 1010 v (s /s) 2-t/l.5xlO 

o 

1.6 x 10
10 

v (s/s) 
o 

6 
-t/2.2xlO 

e 
( I ) 

where s is the sedimentation rate, s = 3 x 10-
5 

cm/year (atypical clcep­
o 

sea value for s), and t is the age of the sed imerit in ye:lTs. The numhl·r 

of decays per minute from a sample of rock is: 

.~ 
elt 

0.014 v (s /s) 
o 

':'t/2.2xl0
6 

e 
(2) 
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10 
Despite this extremely low decay -rate, Be has been used in studies both 

of sea-floor spreading (7) and of manganese-nodule formation (8). Its 

usefulness derives partially from the extreme rarity of ordinary beryll:ium 

-6 in sediment, approximately 3 x 10 by weight (9); by chemically extractinf.', 

the beryllium from the sediment, 'the activity per gram of material is 

5 increased by a factor of 3 x 10. Even so, measurement back more than a 

few half-lives is very difficult. 

f 
10 

To calculate the effectiveness of using the cyclotron :or Be datinf.'" 

b 1 1 · h . f 10 d' 9B· we start y ca cu atlng t e ratlo 0 Be to or lnary e. Taking a dens Ity 

3 for sedimentary rock of 2.7 g/cm , we find:. 

3 x 10-8 (s Is) 
o 

6 
-t/2.2xlO 

e 

-8 
Taking ~ = s , and t small, the ratio is 3 x 10 . For the current of 

o 

(3) 

accelerated 9Be ions obtainable from the cyclotron, we will assume the modest 

value which has a1ready'beenachieved: 5 jJA of doubly-charged ions (100 

)lA.may be obtainable). Of course, the cyclotron would be set to accelerate 

only the lOBe ions; we would count 3 x 107 per minute in our detectors. We 

would get 1 count/min for a sample £n(3xl07) mean-lives = 38 million years 

old. Counting for an hour (vs. one minute) would increase the sensitivity 

by £n(60) mean-lives, to a value of 47 million years. Increasing the beam 

current to 50 jJA would give us an additional 5 million years. 

Before one dismisses "one count" as being too small to yi elt! .<1 llse-

ful age determination, one must work through the error calculation. We 

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

of the age of the sample. 
9 2+ 

For example if the ion source gives 5 pA of Be 

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

million years. 
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10 
To use the cyclotron for Be dating, we could introduce the beryllium 

which was extracted from the sediment into the ion source either as a gas 

(BeC1
2

) or as a metal (using sputtering to create the ions). We will assume 

-5 
that we will achieve an efficiency of 3 x 10 a typical value at the Berkeley 

88" cyclotron for heavy ion beams. Then the number of atoms that wi 11 1)(' 

detected from arock of volume v will be 

n 
6 

4.8 x 105 v (s Is) e-t/2.2x10 
, a 

(4) 

, 10 
This number of detected Be 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, 

, 3 
10-100 cm or more. 

10 2+ .' 10 2+ A cyclotron tuned to accelerate Be wl11. also accel('rate B ilnd 

l5N3+. These particles, are easily removed from the beam by stopp:lng thelll in 

a 27 Al foil. For a 6 MeV / A beam the ranges are (10): 

lOBe 171 JJ 

1l2JJ 

92 JJ 

A 140 JJ foil would stop all the background ions; straggling for lOB is 

approximately 1 JJ, with a Gaussian tail on the long range end. 
10 

The Be 

emerges with about 32% of its original energy, sufficient to send it through 

a 10 JJ silicon dE/dx detector and into a total E detector. 

Aluminum was chosen as, the foil material because of the large \legat i,vt' 

Q required for the reaction: 

+ + 5.4 MeV 

Th lOBe d d· h f ·1 f .. d lOB· ]] h us any pro uce 1n teal rom an 1nc1 ent WL ave ,~~ !!!..~'?.i 

f 60 4 4 6 f 10 I I ill· an energy a - 5. '= 5. MeV. The range 0, B<;> prO( lIce( w tl t n s 
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lOBe 
10 

...-. 
", 

E 
0 
~ 

CJ) 

"- Detected 0 
CJ) atoms 
x 
Q) 

E 
::J -
0 
> 10-' -c: 
Q) 

E 
'"0 
Q) 

CJ) 

10-2 

1~3L-~-L~~~-L~ __ ~ __ ~~ __ ~ ____ ~~ 
.. o 10 20 30 40 

Age (106 yr) 

10 ' XBL 769 4051 
Fig. L The number of Be 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, So :3x lO-'\:m/yr, 
and [or deep-sea HlImples (so/s) '" 1. 
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energy is 132 U, and it will stop within the foil. lOBe ions produced 

deeper in the foil will 'have less energy (because of the ionization loss (If 

h 10) d' f f h d 10. . 11 t e parent B, an ln act none ate secon ary Be lons Wl. emerge. 

h 1 . 1 ~ d b h . 1 . d ] d 1 1.01, . T e on y' partlc es counte y t e Sl lcon etectors shou.. )e ,(>'\ ons 

accelerated from the ion source. 

10 
We conclude that Be dating with the cyclotron should be practical 

for ages of 5 to 35 million years or more, requiring rock samples ranging 

in volume from less than a cubic millimeter for the younger samples to 

3 . 
100 cm for the older ones. 

ACCURACY OF THE AGE DETERMINATION 

There are well-documented differences between the ages of materials 

dated with radioisotopes, and the ages as determined by other means, e.g. 

tree ring counting (11). In addition to these systematic effects, thl'rt, 

are statistical errors due to the 1imitednumber of atoms obfwrved. Both 

of these errors can be considered fluctuations in n, the number of 

observed atoms. We shall derive here the relationship between the magni-

tude of these fluctuations and the resulting error in the estimatibn of 

the age of the sample. 

Let us assume the general form: 

n 
-tiT 

k e t T ~TJ(k/n) 

If n.has errors associated with it of +on
l

, -Ofl
2

, then the corresponding 

values of t will be 

I T Q,n 
k 

+I)n I 
n t -\)n

2 

+1'1 
T Q,n(k/n) 

-IT 
Q,n (1-()1l2/n) I 
Q,n(1+(~nl In) I 

(5) 

f. 

f';;>" 

,f' _ 
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1, inverse-Poisson statistics (12) gives on
l 

L 36, on 2 

these values into Eq. 

usually be 

n 

sufficient 

1 +1.4 
-0.6 

6 gives: 

t. T £n(k) 
+0.96T 
-0.86t 

to use the approximate values: 

t = T £n (k) + 1 

0.62. 

(7) 

Thus the observation of one event determines the age of tIl<.' sample to wit.hin 

one mean-life. 

Another useful approximation Of Eq. 6, valid when ()n
l 

is: 

at -(on/n)·T (H) 

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

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

the appearance of T on the right side, rather than t. Thlls, for example, 

a 10% error in the measurement of n results in an error i.n the estilllat!' 01 

t, not to 10%, but to 10% of a mean-life. For a sample many Illean-I i Vl'S 

old, such an error is often negligible. 

Equations 6 and 8 are general results, true whether th~ error in n 

is due to Poisson statistics~ or fluctuations in either the cosmic-ray fllix 

or sedimentation rate. Thus although it is necessary to know these <1":1111 i-

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

The technique of l4C (radiocarbon) dating developed by Libby (1 I) 

depends on the fact that cosmic ray neutrons are continuously prodllcing 14C 

. . 14 14 
in the atmosphere through the react.lon N(n,p) C. ApproxiJ!1ately 11.5 atoll1s 

" 

of l4C are produced each minute for each gram of carbon on the surfilc(' of the ,. 

earth; thus each gram of carbon in equilibrium with th~' atmosphere wi 11 hav(' 

13.5 decays per minute. The half-life of 14C is 5730 ± 40 years. A 8;]lI1pl(' 

containing m grams bf carbon, which was taken out of equilihrium with tht' 

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

dna 
dt 

l3.5 m 2-t/5730 l3.5 m 
-t/8270 

e 

Because of background counts, typically 10,000 disintegrations must he observed 

for ages in the range 5-10,000 years. This requires 1-10 grams of C:Jrboll, <lnd 

counting times of 1.5 to 15 hours. 

Converting this equation to decays per year and integrating, we ca 1cu­

late the number of l4C atoms in the sample: 

n 
o 

5~8 x 1010 m e-t/8270 

Th f h f b ··· 5 1022 f 12C . ·11 us a res gram 0 car on, contalnlng x. atoms o· , WI.. 

10 l4C .. 5.8 x 10 atoms of The ratio as a function of time will be 

1.2 x 10-12 -t/8270 
e 

cont.dn 

A 20 llA beam of l2C2+ ions would require 2.5 mg of carbon per minute, 

assuming an efficiency of 3 x 10-5 (typical for carbon beams). For new 

14 
carbon, 4400 atoms of C would be detected per minute. For one count 

per minute, the sample age would be Q,n(4400)·T = 69,000 years. With ten 

minutes of counting (assuming we can achieve the same "zero background" 

levels we had in the quark search) W(' could go hack 88,000 YL';}rs. I\n hour 

of counting (requiring 150 mg of carbon) could go hilek IO"3,O()O YP;lrs. 
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For a sample 88,000 years old, the ratio l4C/
12

C = 3 x 10-17 . Extraor-

dinary care would have to be taken to avoid contamination with youn~ earhon; 

24 parts per million would double the count rate. Fortunately the sample 

size is small (25 mg) so it could be carefully selected. The number of 

14 . 
detected C atoms is: 

n 1.7 x 106 m e-t/8270 

This equation is plotted in Fig. 2. 

If we accelerate earbon ions, the major source of background is going 

14 
to be N from residual nitrogen in the sample and in the ion source of the 

cyclotron. At the 88" cyclotron at Berkeley, the residual nitrogen beam 

from the latter source amounts to approximately 10 nA (3 x 10
10 

ions/sec 

14 2+ 
for a beam of N ). This rate would have to be reduc.ed by a f<lctor of 

at lea'st 106 in order to introduce such a beam safely into dE/dx 

counters; 

A brute-force way'to reduce the nitrogen beam would be to introduce 

stripping foils, followed by magnetic separation. Unfortunately, at cyc10-

tron energies (several MeV per nucleon), the emerging nitrogen atoms will 

not.be fully stripped; we can expect about 10% of them to come out of the 

f '1' h 6 h (13) 'd' , 'h bl f 14c6+ 01 1n t e q = + c arge state , 1n 1st1ngu1s a e rom 

Nevertheless, six stages of separation (perhaps all accomplished in the 

same magnet) could do the job. 

A much simpler way to reduce the nitrogen beam would be to send it 

into a foil sufficiently thick to' stop l4N but not l4C. At S6 MeV (4 MeV/A) 

the ranges in a gold foil are 17 ~ for l4N and 22 II for l4C• Stragglin~ 

should be approximately 1-2% for the l4N heam (10), so a foil 1H II in 

thicknl~ss should be sufficient to stop the 11itrogen ions. The elll('r~lng 1\: 

atoms w:Ul have a range 1.n s1.licon of about 10 \.I, so <I very thtn dE/dx 



"........ 
(J) 

E 
0 

102 ~ 

Ol 

E 
-.." 

Q) -a. 
E 
0 
(J) 

~ 
0 10 
en 
(J) 

0 
~ 

-12-

14C 

Detected 
atoms 10 3 

20 40 60 80 100 

Age (103 yr) 

XBL 7694052 
Fig. 2. The number of l4C atoms detected in . 
the beam of the cyclotron, as a function of the 
age and mass of the carbon sample; based on 
Eq. 9. Statistical errors are indicated with 
error bars. 
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detector would have to be used in order to pass the ions into a total E 

d S d d · f 14 h h h i etector. econ ary pro uct10n 0 C t roug t e react on 

+ Au- + Hg 

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

harrier energy for N and Au. 

14 
Another possible way to eliminate the N background, is to accelerate 

1 1 · h 14 + 14 + a mo ecu ar 10n sue as CH
4 

or CD
4

. The most serious ~otential back-

+ ground is NH
4

, and it: is unlikely that this ion will be present at a high 

enough level to cause trouble. 
18 L4 ( ° and H

2
0 differ in mass from Cf{4 by 

a few tenths of a percent, and they should be resolved by the cyclotron.) 

But a CH~ beam is not trouble free. The low value of the charge-to-mass 

th 
ratio would require operation of the Berkeley cyclotron in the 5 hanllonic, 

resulting in a relatively low energy beam (0.4 MeV/A) on which particle 

identification would be difficult. And we may not be able to achieve mon' 

than a few hundred nanoamps of beam current, resulting in a maximum d<.'tec-

2+ 
table age four mea~-lives s'horter than that obtainable with a 20 11/\ C .. 
b,eam. 

14 
Yet another way.to reduce the N background is to eliminate the nit-

rogen from the ion sour~e of the cyclotron. At present this 'does not appear 

feasible for the internal ion source at Berkeley, 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 

most expensive way to eliminate l4N, it may be worth it if l4C dating is 

to be done regularly. 

1 k 14, 1 I Tt appears .1 ply tlwt C dating ean Ill' ;I!'I'()lIIpl islJ('( IIsin)', II\(' I'y" ()-

tron, with a potential of reaching back 40-JOO thousand years with C;lrhon 

samples 1-100 milligrams in weight. But because of the natural ahundance 
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of l4N, the difficulty of identifying the natural l4C in the sample is more 

severe than for the other radioisotopes discussed in this paper, and a 

final evaluation of the sensitivity of l4C dating with the cyclotron awaits 

additional experimental development. 

ALUMINUM-26 DATING 

26 
Rather than attempt to calculate the Al content of ocean sediments 

from. cosmic ray data directly, let us take the experimental result (5) that 

. . d . f k d 10 . ] a/ its rat10 1n ecays per m1n\lte or young roc ,compare to Be, 1S ""' ./.,. 

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

rock is 

dno 
dt 

-3 
1.4 x 10 v (s Is) 

o 

6 
-t/1.lxlO 

e (10) 

. where 1.1 x 10
6 

is the mean-life of 26 Al in years. Given the smallness of 

26 
the coefficient in Eq. 10, it may seem surprising that Al decays have 

been detected in sediment. However unlike the previously discussed radio­

isotopes, which emit low energy electrons, 26Al emits positrons, whose 
, 

annihilation radiation is very easy· to detect. Converting Eq. 10 to decays 

per year, and integrating to find n , gives: 
o . 

n 
o 

8.1 x 108 v (s Is) e-t/l.lxlO 
o 

6 

Unfortunately (for our purposes) ordinary 27Al is very common in sedimentary 

rocks: 10% by weight, on the average (9). 
3 

Using a density of 2.7 g/cm , 

this implies a number density of 2 x 10
22 

per cm
3

. The ratio of 2hAI/27 AI 

-13 
is 1.3 x 10 (for s = sand t 

o 
0) . A 2 ]JA beam of 27A,4+ would have 

25 counts per min for young rock. A ten minute run would yield one count 

for a sample .which was 6.1 million years old. We could datl~ hack further 

for rock samples (such as pure limestone) whlch had signifil:antly .lower 
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aluminum content, provided that the sedimentation rate were no greater than 

we assumed. If, for example, the aluminum content of the rock were 0.1% 

instead of 10%, then we could date back an additional £n(lOO) mean-lives 

5 million years, to samples which were over 11 million years old. 

The only background which would 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 order to reduce the 26Mg to 

this level for a 2 lJA beam of 27A1 , the aluminum would have to be purged 

of magnesium to better than 0.1 ppm unless additional separation were 

attempted in the beam. As was the case for l4c , special care would have 

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

dE/dx detector through a charge exchange reaction. 

MANGANESE-53 DATING 

53Mn is not produced in the atmosphere by cosmic-rays; there are 

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

It is produced in iron meteorites, however. For meteors more than 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-s~ction and the flux of cosmic rays. The collision of 

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

53Mn has a half-life of about 2 x 106 years. It decays via electron c:ap-

ture; the resulting 5 keY x-ray is exceedingly difficult to detect because 

of self-absorption in the manganese. As a result, 53Mn has never been 

detected in sedimentary rocks. 
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53 
We can estimate the expected Mn concentration in sedimentary rocks 

as follows: in meteorites, 53Mn has been observed to yield between 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 cm 2 sur-

8 
face of the earth at the rate of 4 x 10 g/day (15). From these numbers 

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

mentary rock: 

n 
o 

6 x 10
8 

(s Is) v 
o 

6 
-t/2.9xlO 

e 

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

(10) 

the age of the sample. A typical value for the amount of ordinary m:lnganese 

55 -4 
( Mn) found in sedimentary rocks is 6.7 x 10 by weight (9). Assum:ing;) 

rock density of 2.7 g/cm2 , this implies that there are 2 x 1019 atoms of 

55Mn per cm3 of rock. The ratl·o 53Mn/55Mn· of 3 x 10-11 l·S 1 I arge enollgl to 

make cyclotron dating look attractive. 

The number of 53Mn atoms detected with the cyclotron will he 

n 
4 

1.8 x 10 (s Is) v 
o 

6 -t/2.9xlO 
e 

(11 ) 

-5 where we have again aE;sumed an efficiency for the cyclotron of 3 x 10 . 

This equation is plotted in Fig. 3. In contrast, the number of decays per 

minute from the sample will be: 

dno 
dt 

-4 4 x 10 (s Is) 
.0 

-t/2.9xl06 
v e 

a radioactive decay rate virtually impossible to detect. 

(12) 

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 ]JA may he 

possihle. '\ 
Assuming a chaq.',c state q = +4, we would 1!;IVl' 5.6 x 10 l'lHlIltS/ 

min for young ll};Jng;lHeSl~. One count per minute wOllld indic;ltt' ;111 agl' of 
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25 million years; one count in ten minutes an age of 32 million years. A 
( 

50 ~A beam would lead to a ten-minute sensitivity of 41 million years. 

The only serious background is 53Cr , which is found in sedimentary 

rock at an average level of 15 ppm (9). It is difficult to estimate what 

the chromium level of the separated manganese would 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 

only those samples which are already low in chromium; one could attempt 

to reduce the chromium levels 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 two radioisotopes with different mean lives which 

can be used to date the sample, we can deduce its age without having to 

know either the cosmic ray flux which produced the isotopes, or the sedi-

mentation rate. The ratio of the two isotopes will be given by: 

ret) (13) 

where reO) is the ratio at t = 0 (i.e. it is the ratio of the rates of 

which they are produced), and Tl and T2 are the mean-lives of the two 

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

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

Qr the cosmic ray flux which produced the isotope to the sedimentation 

rate which diluted it in the rock. If ejther of these is known. or 

assumed constant, then the other can be calculated. This approach was used 

10 
by Higdon and Lingenfelter (16) with measurements of the decays of Be 
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26 
and Al to study the variations in the cosmic ray intensity back 4 ml]-

lion years. 
26 

Using the cyclotron technique to measure the AI, we could 

perhaps stretch this measurement back to 5 or 10 million years. 

Double dating lOBe and 53Mn looks more attractive since they cover 

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

complicated than for 26Al /10Be double dating, since lOBe was produced in 

the atmosphere whereas the 53Mn was produced in meteors. This distinction 

is not as great as it first appears, however. The average residence ti.ml' 

for any particular radioactive atom in the meteor is one mean-life T Thus 

the 53Mn 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 fll1x 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 

besides age which can affect the 10Be/
53

Mn ratio: variations in the 

meteor impact rate, and variations in the earth's magnetic field (which 

shields the atmosphere from low energy cosmic rays which create lORe). 

Triple dating, using lOBe, 53Mn , and 26Al 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 potential applications of the 

cyclotron to trace element analysis are numerous. Virtually any element 

or simple compound that can be detected with an ordinary mass spectrograph 

can be detected with greater sensitivity by a cyclotron, due to its 

extremely low background count rate. Present-day cyclotrons are not 

particularly well suited to the detection of complex molecules, both he-

cause most cyclotrons are designed to operate with low values of mass-to-

charge, and because of the possibility of molecules breaking up during 

acceleration. 

As a particular example of trace element detection, we consider 

methane-2l (13C D
4

) whose usefulness as an atmospheric tracer has heen 

recently demonstrated by Cowan et a1. (17). In their study they released 

up to 84 g of this compound into the atmosphere, and detected it downw-i nd 

using a cryogenic air trap to remove methane from the air, and a mass-

spectrometer to separate methane-2l from methane-16. They were able to 

-11 
detect ratios of these two compounds down to 10 • 

We briefly mentioned the acceleration of methane beams in the section 

14 --
on - C dating. Although we don't know yet what intensity beams can be 

achieved on a cyclotron, it is safe to assume that we can obtain <Jt least 

100 nA. Even this low current, running for 10 minutes, would give one 

count of methane-2l if it were at the level of 3 x 10-
15 , more th<Jn three 

orders of magnitude better than the level detectable with an ordinary mass 

Hpectrometer. Tf we can increase the ClIrn'nt to 10 ]lA. we would be ;Ihle 

to detect the natural meth~ne-2l that is expected to be present in the 

atmosphere. The dE/dx detector would have to he made sufficiently thin 

13 « 3p) so that the C 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-lif~ (12.3 years), tritium dating has important 

applications not only in cosmic-ray physics, but in hydrology, meteorology 

and oceanography (18). If one is tapping an underground reservoir of water, 

for example, and one wishes to estima~e how long it will take for the 

reservoir to refill, the age of the wat~r as measured by tritiwn dating 

can 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 

from the atmospheric testing of thermonuclear bombs. Both the eosmtc ray 

produced tritium and the "spikes" introduced by the bombs have been useful 

for dating water (19, 20). We will be concerned primarily with older 

water samples, 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 rainwater of 

factors of 4; however these variations can often be calibrated out by 

looking at fresh rainwater from the same region as the sample being dated. 

Measurements of the tritium co.nte~t of rainwater (19) give an 

average value of 3H/ 1H = 5 x 16-
18

, right at the limit of detectability 

by the cyclotron techniqlle. Fortunately tritium is easily cOllC(:'ntr;ltt'd 

by means of electrolysis by a factor of about 1000; this enrichment is 

also essential for radioactive dating. A 50 llA beam of ions from ellrlcheu 

fresh water would have 94 tritium atoms per minute acceJerated. The oldeHt 
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date that could be measured, in ten minutes of counting, would be ~n(940) 

mean-lives = 121 years. Counting for an hour could extend this back to 

153 years. Previous measurements have been limited to about 25 years. 

Dated samples are readily available in the form of vintage wine. A 50 

llA beam, even if run for a full hour, would require an original sample of 

liquid only a half-liter in volume (21). 

The ability to detect tritium in older samples should enable us to 

look at one of the unsettled questions of cosmic ray physics: whether the 

pre-nuclear-testing tritium levels are consistent with the calculated rate 

of production by cosmic rays, or whether another much more powerful source 

must be postulated (22, 23). New measurements of dated samples will allow 

us to determine what the original tritium concentrations were. 

3 + 
Potential backgrounds are He, 

latter two molecules differ from that 

+ + H
3

, and HD. The masses of the 

3 + of H by 0.2% (approximately 8 

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

residual 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 

thin enough to pass the 3H beam. + The ion that gets the furthest is the D 

fragment of the HD molecule; it will have the same energy per nucleon as 

3 + the H, and 2/3 of the range. Again, we choose aluminum for the foj] 

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

tritium atoms in the reaction 

+ 

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. 

F 
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TRITIUM DATING: EXPERIMENTAL RESULTS 

In order to test the cyclotron technique, W. R. Holley, E. J. Stephenson, 

d I f d · h 3H/2H .. d i an per orme an exper1ffient to measure t e rat10 1n a euter urn 

sample 24 years old. The sample had undergone special processing, so we begin 

3 2 
by making an estimate of the expected H/ H ratio as a function of age. 

The sample had been collected prior to the thermonuclear bomb testing 

period, so the original 3H/1H ratio should 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 , w.e get 3H/2H = 3.3 x 10-14 

for the original .water at t = O. Deuterium had been separated from the water 

at the Savannah River Heavy Water Plant, using the GS process followed by 

vacuum distillation and electrolysis (23). Approximately 20% of the deuterium 

in the processed water, and nearly 100% of the 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. 

1 7 10-13 e-t/17.8 . x (14) 

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 unchanged. 
3 2 

The H beam was sent through a 25 mg/cm 

("'9511) aluminum foil, and identified and counted by a 15 II silicon dE/dx 

detector in coincidence with a 500 II silicon total E detector. We counted 

136 3H atoms in4 minutes of observation, or about 0.57/sec. (Most of the 

time spent at the cyclotron was used performing various !:ests to convince 

ourselves that we really were observing tritium, and that the background counts 

really were zero in number.) 
2 

The H beam was measured with a Faraday cup, 

preceded by collimators to simulate the acceptance geometry of the silicon 
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detectors; we observed an average current of 3.4 ]lA, indica.ting 2.1 x IOU 

ions/sec. 
3 2 -14 . 

Thus the observed H/ H ratio is 2.7 x 10 ; using Eq. 14, we 

calculate t = 33 years, remarkably close to the known age of 24 years. 

It is premature to t.ry to assign an error to the measured age, or 

to interpret the result as a verification that the assumed. 3H/lH vallie at 

t = 0 was correct. The greatest source of error is not statistical hut 

systematic: the uncertainty of the implicit assumption that the efficiency 

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-

troducing samples of unknown age. Even without such a calibration, howevpr. 

the present experiment does demonstrate the feasibility of using the cyc]o-

tron for radioisotope dating. 

r 
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SUMMARY 

By considering radioisotope dating as a problem in trac~-element dc-

tection, and by ~sing the cyclotron as a high-energy mass-spectrometer for 

this purpose, we have shown that one can greatly increase the maximum age 

which can be dated while simultaneously reducing the size of the sample 

required. The cyclotron' can be used to detect atoms or simple molecules 

-'-18 10 which are present at the 10 level or greater. For Be dating, one can 

go back 34 million years with a sample of rock 10 cm3 in volume; for 14C 

dating: 
53 

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

3 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 Ot/t in the age is small even if there are large uncertainties tn 

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 spectrometer. But over 50 cyclotrons with 

the potential to do radioisotope dating already exist, and their applica-

tion to important problems of dating and tra~e-element analysis should 

prove very fruitful. 
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