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Radioisotope Dating with the LBL 88" Cyclotron 

Richard A. Muller 
Lawrence Berkeley Laboratory 
Berkeley, California 94720 

Since July 1976, our group at the Lawrence Berkeley 
Laboratory has been studying and developing the potential of 
the 88" cyclotron for radioisotope detection and datingl'2,3# 

This cyclotron is much larger and more powerful than required 
for dating, but its flexibility and ability to tune rapidly to 
accelerate almost any isotope has enabled us to study several 
different applications. We now have demonstrated the sensi
tivity of using the cyclotron for the detection at natural 
concentrations of tritium, beryllium-10, carbon-14, and 
chlorine-36. 

The key feature that allows direct detection of low-level 
radionucleids is the high energy of the emerging beam, which 
allows particle-identification techniques to be used on an 
atom-by-atom basis. Without such particle identification, 
direct counting is impossible since unstripped background ions 
with the same charge-to-mass ratio always appear in the beam. 
For carbon-14 the main background is nitrogen-14. In order to 
aPP^y the particle identification techniques the nitrogen beam 
intensity must be reduced to the level which will not damage or 
cause pile-up in the silicon detectors. When tandem accelera
tors are used for radiocarbon dating 4 this reduction occurs in 
the negative ion source. For the cyclotron we have developed 
a technique that achieves the required reduction after accelera
tion. We have built and used ior this purpose a simple gas cell 
which completely stops the nitrogen beam while allowing the 
carbon-14 atoms to pass. 

The separation technique makes use of the fact that the 
range of carbon-14 atoms is approximately 30% longer than that 
of nitrogen-14. Uniformity of the stopping material is 
essential to ensure the minimum range-straggling for the 
nitrogen ions. The best material we have found to meet this 
requirement is gas, separated from the cyclotron vacuum by a 
thin window. We found that 1/3 micron of gold foil will support 
an atmosphere of pressure difference if supported by a grid 
with gaps no larger than 1/3 mm (fig. 1). Gold and platinum 
are convenient window materials because their high atomic 
number Z inhibit nuclear charge-exchange interactions which can 
generate spurious carfcon-14 atoms. For the same reason, xenon 
was chosen for the gas. 

With the xenon gas cell we were able to eliminate com
pletely 10 nA of 1 4N ions. A plot of the nitrogen penetration 
as a function of xenon pressure is shown in figure 2, measured 
using a single particle detector. The curve shows discrimina
tion to a level of 10~9; in several hours of coincident detec
tion using both AE and total E detection, not a single nitrogen 
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event penetrated the xenon cell, implying a discrimination 
factor for the coincident system better than 10"!-'5. 

For the range separation performed in the original trit
ium experiment^ a single piece of aluminum foil was used. 
Because of the low level of background 3He and its much shorter 
range than -^H, non-uniformities in the foil were not critical. 
For beryllium-10 a solid foil is probably acceptable; for our 
measurements the xenon cell was used. For chlorine-36 the 
high uniformity of the xenon cell is essential. The "thickness1 

of the cell in milligrams per cm^ can be adjusted remotely by 
changing the pressure of the xenon gas. The range-separation 
technique should prove to be valuable for those using tandems 
as well as cyclotrons. 

Except for the case of carbon-14, the levels of back
ground radioisotopes are extremely small; the produc
tion of the radioisotopes in real time from nuclear charge 
exchange reactions may, however, prove to be the ultimate 
limit to the cyclotron approach. For carbon-14 our sensitivity 
at present is limited by a high level of carbon-14 within the 
graphite-lined tank of the 88"-cyclotron produced from years 
of scraping deuteron beams. The level of this carbon which 
finds its way into the ion source during a run has varied from 
1/3 to several times the level of carbon-14 in the sample being 
measured. We have made dates in spite of this background by 
rapidly switching sample gases to allow the comparison of the 
unknown with a blank and a reference standard. The results of 
a blind measurement^'^ o r a sample are shown in figure 3. In 
this run the measured age (in radiocarbon years) was 5900 ± 
800, with the large error dominated by the statistics of the 
background subtraction. The Rochester tandem group has a 
similar background; their ability to measure dates as old as 
40 thousand years is a reflection of the fact that their back
ground is about a factor of ten lower than ours. 

In the carbon-14 measurements the carbon was conveniently 
introduced to the ion source in the form of CO2 gas. The 
efficiency for acceleration of the 14c^+ ions could be varied 
between 10~5 and 3 x 10~4; in a typical run it was 3 x 10~5. 

We have made nearly a dozen successful "nonblind" tests, 
and the successful "blind" test shown in the figure. More 
recently, however, we made a blind measurement in which our 
answer differed greatly from the answer achieved by decay-
dating: we misestimated the age of an 8,000 year old sample 
dated by Rainer Berger to be 18,000 years old. This was the 
only colligen sample we have measured, and we suspect that 
impurities in the CO2 affected the performance of the ion 
source, changing the level of background appropriate to 
subtract. The best hope for the elimination of such systematic 
errors lies in the elimination of the background. The easiest 
way to achieve this will be to use an external ion source 
which can pre-accelerate the ions to tens of keV before they 
enter the contaminated tank of the cyclotron. The design and 
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construction of such a source is now underway by R. Gough 
and the staff of the 88" cyclotron, and we expect it to be 
operational later this year. 

In our l°Be measurements no comparable background has 
been detected. We have measured 1 0Be/ 9Be ratios in beryllium 
metal at the 10~9 level, comparable to that expected in sea 
floor sediments. We observed 800 l"Be per second in our 
detectors, and the background was less than one count in five 
minutes. Our sensitivity for l^Be is better than lO-^-*, 
justifying all the optimism expressed in reference 1. A 
comparable sensitivity was achieved when BeO was substituted 
for beryllium metal in our Fenning Ion Gauge (PIG) sputter 
source, but we have not yet achieved an accurate date with BeO. 

For 3 6 C 1 our demonstrated sensitivity is 1 0 " 1 2 for the 
ratio 36ci/cl. This sensitivity is sufficiently good to make 
°C1 an attractive tool for measuring the age of water in 

potential nuclear waste storage sites, useful in determining 
the geologic isolation of the deep site from the surface. 
Further details of our work with •'•"Be and 36cl will be presented 
at this conference by Terry Mast. 

After only one and a half years of development, the 
accelerator approach has already proven its potential for 
several radioisotopes. Except for the case of carbon-14, there 
have been no unanticipated backgrounds, and we are optimistic 
that the full predicted1 sensitivity of the accelerator 
approach will soon be utilized. 
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Figure 1. The thin foil 
separating the xenon in 
the range cell from the 
vacuum of the cyclotron 
is supported on a tungsten 
grid, with hexagonal 
openings 0.33 mm in dia
meter. This grid is only 
25 microns thick, and is 
supported in turn by a 
heavier 100 micron-thick 
tungsten grid with hexa
gonal openings 0.1 mm in 
diameter. The entire 
structure gives a clear 
aperature of 6 5%, over 
which 0.3 micron-thick 
gold foil can support a 
one atmosphere pressure 
difference. 

XBB 781-163 

Figure 2. Nitrogen-14 
transmission through 
the xenon cell as a 
function of xenon pres
sure. The nitrogen-14 
was detected with a 
single ionization cham
ber with a threshold 
energy loss of 0.8 MeV. 
When coincident detectors 
were used, the discrimi
nation against nitrogen 
was found to be better 
than 10 1 4 . 

I 2 3 
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14 14 Figure 3. The C/ N ratio as a function of time, for a 
blind sample (2,3). The carbon-14 was measured with an 
ionization chamber, silicon-detector telescope. The nitrogen-14 
was measured by integrating the current from slits which colli-
mate the beam soon after it emerges from the cyclotron and well, 
before it entars the xenon gas cell. Three samples were 
alternated: one of known age 465 years; a sample known to con
tain no carbon-14; and the unknown. The fit corresponds to an 
age of 5900 years, where the "standard" radiocarbon half-life 
of 5570 years has been assumed. 
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Technica l Cons idera t ions for Dedicated Sys tems — 

the Cyclotron i , r 

E. J . Stephensnn 

Argonne National L a b o r a t o r y , 9700 S. Cass Avenue, 
Argonne , Il l inois 60439 

With the r ecen t detect ion of low-level H, B c 3 and C b e a m s 
from cyc lo t rons [ 1—5], it b e c a m e c l ea r that the cyclo t ron is capable of 
m e a s u r i n g the rad io iso tope concen t ra t ion in a na tu ra l ly occu r r i ng s a m p l e . 
In t he se e x p e r i m e n t s , the rad io i so topes w e r e ex t rac ted from an ion s o u r c e 
d i s c h a r g e containing m a t e r i a l f rom the sample and a c c e l e r a t e d as posi t ively 
charged ions . The pr inc ipa l background w a s the s imul taneous acce l e r a t i on 
of ions with the s a m e m a s s va lue , e. g., 3 H e , °R , and N. In each c a s e , 
the bearri w a s sen t through an a b s o r b e r that removed the background ions and 
allowed the rad io iso tope ions to p a s s through and be de tec ted . By placing 
charged p a r t i c i e coun te r s d i r e c t l y in the beam l ine behind the a b s o r b e r , b e a m s 
of r ad io i so topes w e r e detec ted at l eve l s as low as 1 par t in 10 of the p r i m a r y 
cyc lo t ron beam, 

The chief o b s t a c l e to rad io iso tope dating by convent ional m a s s 
s p e c t r o m e t r y has been the e l imina t ion of background [ 6 ] , In addit ion to 
s tab le i so topes of the s a m e m a s s , these backgrounds have included m o l e c u l a r 
ions and p a r t i c l e s of <jLher m a s s e s s c a t t e r e d from res idua l gas in the s p e c t r o 
m e t e r . These backgrounds can be e l iminated with the cyclo t ron because of two 
f e a t u r e s . F i r s t , the m a s s r e so lu t ion uf the cyc lo t ron [ 7 ] is sufficiently na r row 
that the ex t r ac t ed b e a m is composed purely of a tomic ions of the d e s i r e d m a s s . 
During a c c e l e r a t i o n , ions m u s t t r a v e l for s e v e r a l hundred tu rns in phase with 
the osc i l la t ing dee vol tage in o r d e r to r each full energy and be ex t rac ted from 
the m a c h i n e . Ions of di f ferent m a s s e s o r ions c rea ted by co l l i s ions in the 
r e s idua l tank gas d r o p quickly out of phase and a r e los t f rom the b e a m . For 
r ad io i so topes o the r than t r i t i u m , the high cha rge s t a t e of the b e a m p reven t s 
the format ion of a m o l e c u l a r component . Thus wi th the cyc lo t ron , the only 
significant backgrounds a r e s tab le i sotopes with the s a m e m a s s . 

The second fea tu re of the cyc lo t ron , the high energy of the 
emerg ing b e a m , can be used to r e m o v e the s table i so tope background. The 
energe t ic ions f r o m the b e a m a r e sufficiently s t r ipped in pass ing through 
m a t t e r so that d i f ferences in the i r nuc lea r c h a r g e c r e a t e s d i f ferences in their 
r a t e of energy l o s s . Ion counte r t e l e scopes based on this pr inc ip le can 
d is t inguish adjacent e l e m e n t s with some sens i t iv i ty [ 8 1 . F o r m o r e in tense 
backgrounds of e l emen t s whose pro ton number is g r e a t e r than that of the 
rad io i so tope , the background m a y be removed in a sufficiently uniform 
a b s o r b e r [ 1—5, 9"). 

The d i s c u s s i o n h e r e wi l l be conce rned p r i m a r i l y with the 
ex tens ion of the r e s u l t s [ 5 , 9 ] for ^ C - d a t i n g on the Berke ley 88- inch cyclo t ron 



lo {he d,itm, uf o ther r.idi o> i of. y<-s. Design fea tu res W M" a eye lo' y< >:i dud ic.i ted 
tn r;idi'-»J'-"i"jHv da I'm; will be M-c.r t i t rd. The d i s ' ii^riiiii will be o n.ani /,ed 
around two import 'ii; p rob! cm:;: rliiuin.i I ii >n of the si tide isotope k.u kg round 
.tixl the ca l ib ra t ion *-; ti..^ r.wiiui:.* U-ne beam curviMil. 

Above some (lire;,hold energy for cai.li r ad io i so tope , the s e p a r a 
tion of background lie, runes easy. Willi sonic e.-;tima; :• ior thai energy,. I lu* 
: pec i fie.it ions (jf i !n i. yi. Jul run •••nr\ ion sou rce re qui rod lu date sample:* ' i"e 
c l e a r . 'J lie. : : i^e of the cyclo t ron and ion s u a r c e can lie. d e s c r i b e d by one 
<pWiji1.ilVj K<;-, w h e r e l-'_, the cyc lo t ron cons tan t , is given by V>"r'~i? and q is 
the inn <.hargf. The ouantiti c.r, ]'• and r a r c the a v e r a g e magne t i c field and 
rad ius at beam e;-;t r.'iu'.ioii. This s i ze p a r a m e t e r is e.pm) <o the product of 
the energy and m a s ^ *>i tiio ions in the beam [ 7 ] 

I 
Kq •• Km. 

For example , the Berke ley cyc lu t r cn has K -• MO AJcV-.'imu. The product ion 
of '"*c; beam is in lense up through the i + c h a r g e s l a t e . giving Kq -̂ - 1260 
MeV-amu. This c o r r e s p o n d s to a m a x i m u m "(J energy of 90 Me \ ' , niueh 
m o r u than the 40 JMe.V . 'atuaily used to obtain a date [ 5 ] . i b i s exper iment 
could be duplicated: on .. lydu t j -on oj" Kq^ • fiGO 'vie V-amu. With an mn .-:uu.rce 
lhat produced in tense b e a m s en c^'en higher c h a r g e slates. , an even s m a l l e r .aid 
l e s s expens ive cyclo l ron would be sufficient. 

The p r e s e n t w o r k [ 9 ] on ^C-dnt ing with a cycJol I-I.JI \mi-d ;< 
beam ene rgy of 40 MeV and a xutiun gas ce l l a b s o r b e r . At this ein-rgy. tiie 
range: [ 10] of i-tC is about 30% longer than lhat of J 4 M . Range s t ragg l ing of 
the n i t rogen ions r educes this d i f ference to about 20'^ [rof. 9 j . The res idual 

^C energy is about 4 Mi:V, sufficient to he counted in :i ens iont.-.-; ion '-oiuner 
1clcr,r.,pe 'i1'']- ''"•',:,. * dhows wo,.' the coiKlino-a.--: ch.-.wge wiih low t red b e m 
energy . The ra t io of the ca rbon range and the n i t rogen range falls [ 10". • 
Opera t ing with an a b s o r b e r th ickness g r e a t e r than the carbon, ran-;e will 
subs tan t ia l ly reduce the counting efficiency. At the s a m e t ime the range which i 
unavai lable for counting b ecause of n i t rogen s t ragg l ing i n c r e a s e s Ml"-. The 
curve in fig. 1 is an upper limit., s ince it may be poss ib le to fur ther re:hice 
the s t ragg l ing with m o r e uniform gas cell windows. B e c a u s e the ni t rogen 
background is reduced by such a l a r g e factor ( l o ' 1 - ) , a s m a l l reduct ion in the 
ni t rogen background wil l not subs tan t ia l ly affect the s t ragg l ing . Willi reduced 
beam ene rgy , the r e s idua l ^ C energy shown in fig. 1 d r o p s . Much b.bwv 
i MeVj it is difficult to identify the Z of these ions unambiguously . Ji will be 
difficult to conduct effective range sepa ra t ion for *C at e n e r g i e s much below 
20 M P V (Kq 2 - 2S0). The cyclo t ron requi red f"r this task is mode:.! (K •• 30. 
q • ^) and avai lable ewmmcrei allv [ 12' . 

An upper l i m i t on the range sepa ra t ion i s s e t by the 
energy a t which the ions in the beam begin t o r e a c t with absorber 
n u c l e i . This energy i s denoted by the v e r t i c a l l i n e in f i g . 1, and 
bounds a t r i a n g l a r region in which useful measurements are 
p o s s i b l e . As the mass of the rad io i so tope i n c r e a s e s , the energy 
of t h i s opera t ing t r i a n g l e goes up and i t s s i z e dec reases . 

http://cai.li
http://fie.it
http://pWiji1.ilVj%20%20%20K%3c;-,%20%20where%20l-'_,%20%20%20the%20cyclotron%20constant,%20%20%20is%20given%20by%20V
file:///mi-d
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Constraints on renge separation of 
a function of beam and energy, E g g ^ M ' a n d cyclotron 
system size, Kq2p Limits are normalized to the 
nitrogen range at each energy. The upper limit is 
set by the carbon range remaining after the nitrogen 
has stopped, and the lower limit is set by the straggling 
of nitrogen ions. As operating concJtions determined 
by beam energy and absorber thickness enter the 
shaded regions, separation becomes more difficult. 
The energy loss of carbon ions travelling between 
the two limits is given by the dotted line. At beam 
energies above the vertical dashed line, the N + Xe 
coulomb barr ier , background will appear from 
reactions in the absorber. 
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The next natural radioisotope whose proton number is less than its stable 
counterpart is If the background at this mass is about as intense as 
the * l4N component in the l 4 C beam, then the operating triangle has nearly 
vanished. However, it is likely that the background from -"K is much 
smaller, and it may be possible to make the separation directly in a counter 
telesc pe without reducing the background intensity in an absorber. 

A counter telescopn distinguishes ions of different Z by 
measuring differences in their stopping power dE/dx. .Fig. 2 shows values 
of the stopping power [ 10] as a function of ion energy for elements between 
Z - 10 and Z = 30. For iow energies., the average ionization in passing 
through matter is low. The nucleus is weil screened, stopping power differences 
among elements are reduced, and the curves tend to cluster along one locus. 
As the Z increases, greater ener«y is needed to operate in a region whore the 
separation of neighboring elements can be made effectively. The Kq 2 required 
to reach points of increasing energy and mass is indicated in fig. 2. Bating 
with heavier radioisotopes requires more powerful cyclotrons. A cyclotron 
with Kq = 300 is still adequate for Al. The Berkeley cyclotron can handle 
elements well beyond Z = 30, especially since the ion source production [13] 
is still intense for heavier elements at charge states of 4"*" or 5 , giving 
Kq 2 > 2000. 

To achieve separation in an ion counter, the count rate for 
background cannot greatly exceed that of the desired radioisotope. The 
internal ion source [1^] in use at the Berkeley cyclotron is exposed to an 
environment that is difficult to clean and, because of bombardment by 
energetic particles, also contains substantial concentrations of radioisotopes [9 ] . 
This background is likely to be substant'ally less in an external heavy-ici 
source where the environment can be more rigidly controlled. 

Once the radioisotope beam is detected unambiguously, dating 
depends on relating the radioisotope count rate to the isotope ratio in the 
original sample. The cyclotron accelerates only one mass at a time, and 
direct measurement of an isotope ratio at the cyclotron exit means varying 
either the main magnetic field strergth or the dee frequency to measure 
individually each beam current. Even so, the acceleration efficiency is 
mass dependent [7] and must be calibrated with a known sample under similai-
ion source and accelerator conditions. Where fast sample changing is 
possible [ 5 ] , a direct comparison of the radioisotope count rate for known 
and unknown samples can be made without reference to another beam. With 
either method, sufficient measurements must be made to unfold the time 
variation of the ion source output. 

A direct measurement of the isotope ratio in a sample involves 
changing the cyclotron resonance and measuring the external beam current 
for each isotope. Care must be taken in shaping the main magnetic field so 
that both beams are accelerated efficiently [ 15], Since external beam focusing 
and steering are usually magnetic, it is easier to hold the main field constant 
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Fig. 2. Relationship between stopping power and oneigy in a 
charged-particle counter for elements between Z=iO 
and 30. The energy required for good separation of 
adjacent elements increases with Z or mass . The 
size of the cyclotron system required to reach points 
of good separation is given by contours of constant Kq^. 
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( p r e s e i v i n g th . Lc-.m rigidity} ;nvi u- vary ihe dec frequency [ 7 1 . This 
technique hab huen sun.e.sshi l ly employed in the deve lopmen t of -^It-dating 
and l 0 B c - d a l i n g [ 2 — 3 ] . 

With gas s a m p l e s , rapid s a m p l e changing has been used [ 5 , 9 ] 
to c o m p a r e the radio iso tope count rate for known and unknown s a m p l e s . 
When the p e r t u r b a t i o n s from sample changing w e r e made sufficiently sma l l j 
the ion s o u n e condit ions remained s table during the change . C a r e w a s taken 
in the design of the gas manifold to reduce: c r o s s - s a m p l e con tamina t ion by 
keeping working volumes smal l and free of dead s p a c e , and by flushing wi th 
each s a m p l e change. A s i m i l a r technique could be developed for solid feed 
s o u r c e s , but would probably r equ i r e the u n r e s t r i c t e d space of an e x t e r n a l ion 
s o u r c e . 

In addition to background reduc t ion , an e x t e r n a l ion s o u r c e 
would p e r m i t d i r e c t mon i to r ing of the ion s o u r c e output. As ide f rom 
occas iona l d i s c h a r g e s at the dee , va r i a t ions in the ex t e rna l beam c u r r e n t 
a r c due a lmos t en t i r e ly to va r i a t ions in the b e a m from the ion s o u r c e . With 
magne t i c a n a l y s i s , i so topes from the s a m p l e o the r than the rad io iso tope could 
be s epa ra t ed and the i r c u r r e n t m e a s u r e d . This would avoid p r o b l e m s 
a s soc ia t ed with mon i to r ing the background b e a m [ 5 , 9 ] , which m a y be 
u n c o r r e c t e d with the b e a m f rom the s a m p l e . 

The e l emen t s of a cyc lo t ron based rad io i so tope de tec t ion 
s y s t e m a r e shown in fig. 3. An e x t e r n a l Penning Ion Gauge s o u r c e [ 1 3 ] is 
used because it p roduces high in tens i t i e s of high c h a r g e s ta te b e a m for r e a s o n 
able opera t ing t i m e s . The magne t i c field r equ i r ed by the Penning Ion Gauge 
s o u r c e can a lso analyze the ex t rac ted b e a m for mon i to r ing . Although s o m e 
what m o r e complex to o p e r a t e , th is e x t e r n a l ion source configurat ion p r o v i d e s 
e a s e of a c c e s s and m i n i m a l background. T r a n s m i s s i o n efficiency into the 
cyc lo t ron can be s ignif icant ly improved by bunching the b e a m so that it i s in 
phase wi th the dee f requency. The s i ze of the cyclo t ron is de te rmined by 
the m a x i m u m c h a r g e s ta te obtained in the ion s o u r c e and the m a s s of the 
rad io i so tope being de tec ted . The bending magnet af ter the cyc lo t ron s e r v e s 
to r emove any b e a m s c a t t e r e d f rom the def lec tor channel at the cyc lo t ron 
exit . The rad io i so tope b e a m is focused onto a de t ec to r which m a y be 
p r e c e d e d by an a b s o r b e r to r e m o v e any s table isotope background . The in i t ia l 
c o s t of such a facil i ty is dominated by the cos t of the cyc lo t ron , and would be 
subs tan t ia l ly lower if such a sys t em w-*rc added to an exis t ing m a c h i n e . 

The s a m p l e s i ze for cyc lo t ron dating is subs tan t i a l ly l e s s than 
that r equ i r ed for decay counting. Cons ider the *^C c a s e an an example [ 5 , 9 ] . 
The ion s o u r c e feed w a s about 1 c c / m i n , o r 3 X 1 0 ' a t o m s / m i n of l a*C at the 
n a t u r a l level . The count r a t e for 4 C w a s about 10 / m i n , giving an eff iciency 
of 3 X 10" . A fac tor of 10 w a s l o s t both in the ion op t i c s and in m u l t i p l e 
s c a t t e r i n g from, the a b s o r b e r . In addi t ion, the b e a m c u r r e n t w a s s u p p r e s s e d 
to reduce background . Thus a b e t t e r des ign of the s y s t e m wi th p r e s e n t 
techniques can r a i s e the efficiency to n e a r l y 10"^. If the s a m p l e is examined 
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CYCLOTRON RADIOISOTOPE DETECTION SYSTEM 

BENDING 
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Fig. 3. Elements of a radioisotope dating system employing a 
cyclotron. The function and properties of the various 
elements are discussed in the text. 
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for 1 h r , 30 mg of carbon tire consumed, l e s s than 1 % of the amount r equ i red 
by decay counting techniques . Sample sii-.es and eff iciencies for other low 
m a s s r ad io i so topes should be s i m i l a r . The f i r s t ^ C da te with a cyc lo t ron 
was obtained in 3. 5 hr of running t inic , Automation of data collection can 
subs tan t ia l ly reduce this t i m e , so it i s r ea sonab le to cons ide r a s y s t e m 
capable of dating m o r e than 1000 s a m p l e s / y r . 

.Experiments with low-level radio iso tope b e a m s have shown 
that the cyc lo t ron can be used as the key e lement in dating s y s t e m s for a 
broad s p e c t r u m of r ad io i so topes . F o r the l igh te r m a s s e s , the s ine and 
complexi ty of the mach ine can be subs tan t ia l ly reduced from those on which 
ini t ia i s tud ies w e r e done. The resonan t a c c e l e r a t i o n of the cyclo t ron 
e l im ina t e s a l l backgrounds f rom the beam, except o ther s tab le i sotopes with 
the s a m e m a s s . The r ema in ing background can be removed by se lec t ive 
absorp t ion or d i s c r i m i n a t i o n in a charged p a r t i c l e c o u n t e r , leaving an 
unambiguous rad io iso tope s ignal . The rad io i so tope count rc te i s conver ted 
into a concen t ra t ion , or d a t e , by compar ing it sequen t ia l ly with b e a m s of 
o the r i so topes o r the rad io iso tope b e a m f rom a known s a m p l e . The cyc lo t ron 
s y s t e m can be developed as an efficient d e t e c t o r of r ad ioac t ive a t o m s , useful 
in dat ing s m a l l s a m p l e s o r s a m p l e s many ha l f - l ives old. 

The development of rad io i so tope dating wi th a c c e l e r a t o r s has 
o c c u r r e d a t a t ime when the re levan t ion s o u r c e , a c c e l e r a t o r , and d e t e c t o r 
technology exis ted as p a r t of the heavy ion r e s e a r c h effort in nuc l ea r p h y s i c s . 

As the heavy ion technology i m p r o v e s , the scope of r ad io i so topes eas i ly 
a c c e s s i b l e for dating wil l en l a rge . Of p a r t i c u l a r i n t e r e s t for the future a r e 
EBIS [ 16] and ECR [ 17] ion s o u r c e s that offer b e a m s on very high c h a r g e 
s t a t e s , and cyc lo t rons using superconduct ing m a g n e t s [ 1 8 ] that wi l l 
a c c e l e r a t e the heav ies t ion efficiently. Within the next few y e a r s , these 
i m p r o v e m e n t s should b e c o m e avai lable for rad io i so tope dat ing . 
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Plans for Radioisotope Dating With the Lawrence 
Berkeley Laboratory 88-inch Cyclotron 

Terry S. Mast 
Lawrence Berkeley Laboratory 
Berkeley, California 94720 

The use of the Berkeley 88-inch cyclotron as an ultra
sensitive mass spectrometer for radioisotope dating has been 
discussed in other papers of these proceedings by Muller and 
Stephenson and in References 1-3. At the present time our 
plans for the future are not well defined. We have been 
making a series of exploratory tests on a number of different 
isotopes; 14C, ^B, 3 5C1, and 8 1Kr. The future direction of 
our program will depend on the results of these tests. I 
will describe here some of the results obtained and indicate 
briefly the work we see needed to make the cyclotron a useful 
analytical tool for measuring these isotopes. I want to 
emphasize the preliminary nature of the results; most of the 
conditions have not been optimized. We are anxious to hear 
from others about the avenues they think would be worth ex
ploring. 
14 
C. The use of the cyclotron as a mass spectrometer has been 

discussed by Ed Stephenson. Our detection scheme and results 
for l̂ C were summarized by Richard Muller. As they indicated 
we are waiting the construction of an external ion source to 
continue with radiocarbon dating. It is expected the source 
will be finished this year. In addition to the elimination of 
the background l*c we foresee a number of other benefits the 
source can provide. It will allow an independent monitor of 
the source output and perhaps a monitoring of the ^C and ^ C 
currents. An improved vacuum in the ionization region will 
reduce the l̂ N current and thus remove the possibility or l̂ N 
interactions in gas cell impurities giving rise to a very low 
level l*c signal. The external ion source may also allow 
recycling of un-ionized C0 2. Improvements will be made in the 
gas handling system whi'ch will allow measurements to be made 
with 10 mg samples. Finally a continuous monitor of the •*% 
current measured at the gas cell along with the monitor of the 
source output will provide means for removing the systematic 
effects of variations in source output and acceleration 
efficiency. Without the presently large 1 4 C background a 
precise measurement could be made in 10 to 20 minutes. Thus 
the long term variations of the source output that we've seen 
in the past will be reduced considerably and compensated more 
accurately. 
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Be. We have made a number of tests of the acceleration and 
detection of l<>Be. With a half-life of 1.5 x 10 6 years 1 0Be 
will be useful for studying sedimentary rocks, manganese 
nodule formation, and other geochemical problems. Measure
ments of marine sediments, manganese nodules, meteorites, and 
lunar rocks have yielded l°Be/^Be ratios in the range from 
10"8 to 6 x 10 - 7. Measurements requiring smaller sample sizes 
will allow more detailed studies; for example of variations in 
sediments during a single magnetic field reversal and correla
tions with climatic variations. 

In the tests thus far we have accelerated 1 U B G 2 + to about 40 MeV. Although there are a large number of possible contami
nating isotopes with charge to mass ratios close to 2/10 the 
frequency resolution of the cyclotron is sufficient to elimi
nate all but 10B. If the levels of l̂ Be and 10B were comparable 
they could also be separated although the fractional mass 
difference is 1 in 17000. (Figure 1 shows the 10Be and 10B 
intensity as a function of cyclotron frequency.) However, the 
lOBe is many orders of magnitude less abundant in the beam 
than 1°B and is thus obscured by the tail of the 10B dis
tribution. We have completely eliminated the 1°B using the 
same range separation technique developed for 14c/l4N. The 
separation is easier here since the l°Be range is 50% longer 
than that of 10fl. When the gas cell pressure is set midway 
between the two ranges the l̂ B is completely absorbed and only 
beryllium is observed in the detector telescope. 

Beryllium was introduced into the ion source (a PIG 
source) both as a metal and as beryllium oxide. In both 
cases the material was placed at the back of the source 
opposite the ion exit slit. Krypton gas was used to support 
the plasma arc. Atoms are sputtered from the sample by ions 
accelerated through the slit back into the source during the 
"wrong" polarity cycle of the r.f. and also by electrons in 
the plasma. The BeO samples were introduced in the form of 
pellets of compressed tantalum powder (90%) and BeO (10%). 

The first tests were with samples of beryllium metal. 
An ordinary piece of beryllium metal gave no counts in 5 
minutes. A piece which had been exposed to a deuteron beam 
gave 800 counts per second. The counts were normalized to ̂ Be 
(about 2 microamps) obtained by changing the cyclotron fre
quency and exit deflector voltage. The ratio of lOBe/^Be was 
about 7 x 10"10 in agreement with that expected from the 
deuteron irradiation. The observation of no counts from the 
unirradiated sample indicates a potential sensitivity of 
l"Be/9Be - 10"!^. No attempt was made to accurately deter
mine the amount of sample used. However, after the measure
ment there was almost no visible change in the metal and we 
estimate less than 50 mg of Be were consumed. 

In principle 1°B could be used instead of ^Se to nor
malize the l"Be counts. If the BeO sample were seeded with a 
known level of boron (which dominated the background boron) 
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then the B curre.-.t could be integrated simultaneously with 
the *"BO counts. The advantage would be the ability to leave 
the cyclotron conditions completely unclianged during a measure
ment. The disadvantage is that the different source efficiency 
for boron and beryllium would have to be calibrated and may be 
larger than that difference for 9Be and •'"Be. Although an 
initial attempt to use this technique has failed we feel further 
development work could prove it to be useful. 

Further tests were wade with BeO samples supplied by 
Professor J. Arnold of u.C. San Diego. These included an 
N.B.S. standard, the standard diluted by a factor of 10, and 
BeO from a meteorite. They had been measured in his laboratory 
by decay counting and contained lOBe/^Be levels of 7.3 x 10"^, 
7.3 x 10~9, and 1.9 x 10~9 respectively. We observed the 
correct relationship among the samples to within 25%. However, 
the absolute l^Be/^Be ratios were all too low by a large 
factor of about 50. At the present time we do not understand 
this discrepancy and will be repeating the measurements with 
additional cross checks soon. Again no quantitative measure
ment was made of the amount of sample consumed. We estimate 
less than 5 mg of Be were used. 

We find these initial results very encouraging. There 
is obviously much work to be done to turn the procedure into 
a reliable analytical tool. The initial work will be to 
improve the ease and speed of changing samples in the source 
so that knowns and unknowns can be readily compared. Ideally 
we would like to find a way to handle the beryllium in a 
gaseous form which is more reliably controlled in the ion 
source. We will soon add a direct continuous monitor of the 
* UB current to provide a monitor of source variations. Then a 
large number of samples will be measured to establish the 
accuracy and reproducibity of the technique. 

We are also encouraged by news that a grouo working at 
the Grenoble cyclotron^ has successfully measured lOBe/^Be 
levels between 10~10 to 10 - 8 in samples of BeO. They have 
used the range separation technique to eliminate 1"B and have 
normalized to ̂ Be. 
36cl. During the past two weeks we have made some initial 
runs on 3 6C1. It has a half-life of 308,000 years and has 
been measured in meteorites at 36ci/ci concentrations from 
10~9 to 2 x 10~8. Recently there is interest in measuring 
36cl in ground water to study the hydrology of potential 
radiactive waste repositories. Concentrations of 36C1/C1 at 
levels of about 10"*^ have been measured in a few samples of 
water. 

We have introduced chlorine into the ion source in a 
number of different forms. Following earlier cyclotron 
experience BCI3 and CI2 gas were used. Although micro
ampere levels o- 3 7C1 beams were achieved we feel the low 
vapor pressure of BCI3 and the corrosive nature of CI2 make 
them inappropriate for measuring a large number of samples. 



We have also trj.ed sputtering NaCl from a matrix of tantalum 
and have had difficulty so far achieving an intense beam. 
We have finally turned to Freon-12 which is relatively benign 
and can be readily controlled with the same gas system we use 
for CO2. An alternative which is perhaps more easily produced 
from natural sources of chlorine would be methyl chloride. 

There are two isotopes, 3(>Ar a n <j 36g/ which are not separated from 36cl by the cyclotron resonance condition. The 
high Z makes the separation difficult. We have accelerated 
36ci5+ to 72 MeV and the range of the 3 6C1 is only 6% longer 
than that of 36ar. The 3*>s range is similarly longer than the 
36cl range. Nonetheless the xenon cell has allowed separation 
of tnese isotopes. Instead of using the cell to completely 
absorb a species as was done for l̂ c and -^Be we simply use it 
to degrade the beam and allow the different stopping powers to 
separate the elements. Figure 2 shows a scatter plot of the 
events as a function of the energy loss and energy observed in 
the detector telescope. There is a large clustering of argon 
events, a small number of sulfur events, and a gap where 3°C1 
is expected. This separation has been sufficient to look down 
to the level of about 10~12. We have not detected 3 6C1 in the 
samples measured thus far. The normalization was made by 
tuning to 3 7C1. 

The future program will include the choice of a good 
sample gas, reduction of the argon level, improvements in 
detector resolution, and measurements of samples with known 
36ci concentrations. 
8lKr. We have to date used the cyclotron as a mass spe I'J-
meter on krypton only to measure the isotopic abundances of 
the stable isotopes.* BlRr has a half-life of 200,000 years 
and occurs in pre-bomb testing air at a 8lKr/Kr concentration 
of about 10"13. This low concentration and the difficulty of 
separating SlRr from 8lBr mean the development problems will 
be more difficult for 8^Kr. We plan to make some tests to 
got a quantitative estimate of the level of the SlBr contami
nation. However, further work will probably not continue 
until we have gained more experience with •'-"Be and 3^C1. 
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Figure 1. Intensity (arbitrary units) as a function of 
cyclotron frequency (MHz) for 1&B and l̂ Be showing 
the 0.55 MeV mass difference. The H>Be counts 
were obtained with the 1"B absorbed in the gas cell. 
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Figure 2. Events as a function of energy loss and energy 
measured in an ion chamber and silicon detector 
respectively. The original 72 MeV beam has been 
degraded by the gas cell and the different stopping 
powers have separated the 3 6Ar and 3 6 S . If it were 
present 3°C1 would appear between the two clusters. 


