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EDITORS1 COMMENTS 

On the occasion of the International Conference on the 
Dynamical Properties of Heavy-Ion Reactions, it seemed 
appropriate to the National Committee to take advantage of 
the confluence of people involved and interested in the 
broader concepts of nuclear science, to assess the applica
tions of (heavy) ions in fields currently relevant. 

It is a clear indication of the maturity of the field, that 
there are in the first instance a wealth of well-established 
applications and in the second instance that these are not 
random but have slotted into some half-dozen established 
fields. An impressive aspect of these applications is that 
(heavy) ions do not simply appear as another approach to a 
problem which may or may not be better, more sensitive, less 
affected by matrix interference efforts - such cases do exist 
aplenty; it is the rich variety of applications which are 
unique, enabling things to be investigated, improved, altered, 
which could not otherwise have been done at all, that is so 
impressive. 

Since major examples of these are assembled in this volume, 
I would like to use this opportunity of expressing my apprejia 
tion to the authors for their willingness to review the field-
in question, folding in also their own work and experience» 
and for their enthusiastic presentation and interaction in 
discussion - it augers well for the continued evolution of 
the application of (heavy) ions. 

JPPS 
CT 
RHL 
CAE 
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Radiocarbon Dating with Tandem Electrostatic Accelerators 
H.E. GOVE 

Nuclear Structure Research Laboratory-
University of Rochester 

Rochester, New York 14627 USA 

The work to be described here has been carried out during 
the past fifteen months (commencing in May 1977) on an MP tan
dem Van de Graaff accelerator at the University of Rochester's 
Nuclear Structure Research Laboratory . It represents a coll
aboration among scientists from the University of Rochester ', 

21 31 
General Ionex Corporation •*, and the University of Toronto '. 

In some of this group's recent measurements the head of the 
Radiocarbon Laboratory of the U.S. Geological Survey in Reston, 
Virginia ' was a collaborator and in most of the previous work 
on radiocarbon detection he has provided extremely valuable 
advice as well as vital assistance in providing and preparing 
carbon samples already dated in the U.S.G.S. laboratory. 

C was first directly detected from natural carbon sam
ples (contemporary hardwood charcoal) at the University of 
Rochester in mid-May 1977 and the results were reported at the 
Second International Conference on Electrostatic Accelerator 
Technology held in Strasbourg, France on May 24-27, 1977 '. 14 During these same runs the C background from a graphite cone 
was measured and it was demonstrated that no detectable amounts 
of N" ions were produced in a sputter ion source '. The idea 
of using accelerators as ultra-sensitive mass spectrometers was 
conceived independently by Purser ' and Muller ' although the 
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actual use of a cyclotron for such a purpose took place almost 
forty years ago J . The specific suggestion of applying the 
cyclotron accelerator technique to directly detect C and 
other radioisotopes was first published by Muller J . 

The Rochester-General Ionex-Toronto group, which pioneered 
this new direct detection technique, has made most of the major 
contributions to this new technology as applied to tandem elec
trostatic accelerators. These include: 

14 1. Establishing that N which differs in mass by only 
5 14 

one part in 10 from C poses absolutely no background pro
blem in direct C detection when a sputter source ' is used 

14 14 -
to produce negative ions. No N originating as a N ion 
at the ion source has been detected with the Rochester tandem 
electrostatic accelerator '. 2. Proving that dates back to approximately 70,000 years 

10) 
14 can be measured in the direct detection of C negative ions 

from carbon samples using a tandem electrostatic accelerator 
3. Establishing that an important molecular contaminant 

12 + 
of mass 14, namely CH-, is sufficiently stable as a charge 2 
ion that tandem accelerators with terminal potentials of 1 MV 
or less are inadequate for radiocarbon dating '. 

4. Demonstrating that sample sizes of a few milligrams 
or less of carbon are sufficient to establish radiocarbon dates 
back to 50,000 years or so '. 

5. Demonstrating that the sensitivity for the new direct 13 detection technique is better than one part in 10 for the 
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radioisotope CI which is important for establishing million 
131 year chronologies for ground water '. 

6. Demonstrating that the direct radiocarbon detection 
technique is reproducible to an accuracy of 0.7% - 31 (cor
responding to radiocarbon dating uncertainties of ±60 to ±250 

14 141 
yearsX with the ultimate limit set by C counting statistics '. 14 Direct C detection has been reported by other workers 
at McMaster University15^, Berkeley16^, Chalk River 1 7 ) and 
Oxford University '. Work on the detection of the radioiso
topes 3 o c i 1 3 ' 1 9 ) and 1 0 B e 1 S ' 2 0 ) has also been reported. 

The original experiments at Rochester using a tandem elec
trostatic accelerator employed magnetic analysis following 
acceleration of the negative ions in the first half of the ac
celerator, stripping of electrons from the ions and molecules 
in the terminal and further acceleration in the second half of 

21 22) the tandem ' }. Figure 1 shows a schematic of the various 
components of the system and Figure 2 is a photograph of the 
accelerator. It was this arrangement that was used to search 
for N" ions •*. The technique employed is described in Table 

12 
1. It makes use of the fact that CH- stripped in the termi
nal to C has the same magnetic (ME/q ) and electric (E/q) 
rigidities as N stripped in the terminal to N after 
acceleration through the second half of a tandem electrostatic 
accelerator. In these measurements ammonia gas was added to 
the sputter ion source in order to enhance the yield of N* 
ions. None were observed. 



To tune the entire system (see Figure 1) for C one cannot 
employ a guide beam as in the situation described above. Guide 
beams are useful because the normal method of tuning acceler
ators is to actually measure beam currents on slits and Fara
day cups at various points along the beam trajectory. In the 
absence of a guide beam however there are various straightfor
ward procedures for adjusting the various parameters in the 
system 2 1' 2 2^. 

14 Before describing the C detection results obtained with 
the system shown in Figure 1 it is useful to consider what 
beams are actually being injected into the tandem accelerator 
from the ion source. Figure 3 shows the negative ion output 
from the sputter source as a function of the field of the ion 
source inflection magnet. The mass resolution at the ion 
source M/AM is approximately 25 in the Rochester system. Vai-
ious molecular ions contribute to the mass 14 peak in this 
spectrum with intensities vastly exceeding the miniscule inten-

14 -sity of C and it is essential that these molecules be totally 
dissociated in the terminal stripper in order that they not 
arrive at the final detector. The mass 11 peak in the spectrum 

12 -* labeled C is believed to arise from a complex spontaneous 
fission of the negative molecule CH~ ' . 

The data that proved that radiocarbon dates back to about 
70,000 years can be determined with this system is shown in 
Figure 4 '. The output from the Rochester heavy ion detec-

231 tor ' can be displayed in a number of ways in which clear sep-



arations of various accelerated particles are made according 
to their mass M and atomic number Z. In this figure particles 
of Z=6 are selected and then displayed according to their mass. 

12 13 12 
The C and C peaks occuring in these spectra come from CH 2 

and CH~ molecules from the source which are dissociated in 
the terminal and then undergo (albeit improbable) charge changes 
during their acceleration in the second half of the tandem sc 
that they have the same ME/q as the C ions. They serve no 
useful purpose and, as will he shown later, can be eliminated 
by an electrostatic deflector. The results obtained from the 22") data displayed in Figure 4 are summarized in Tible 2 '. 
This established that the method can be used to readily radio
carbon date objects to greater ages than can easily be done 
employing conventional measuring techniques. The limitations 
in both techniques relates to background and these are com
pletely different for the two methods. Cosmic ray and radio
active sources of background are negligible in the accelerator 
based direct detection technique. The presence of C produced 
by various nuclear reactions that has accumulated during the 
many years of use of the accelerator in nuclear science probably 
accounts for the C observed from the source when for example graphite 
constitutes the ion source cone. In the Rochester system this 
background has varied from run to run producing maximum dates 
ranging from 45,000 to 70,000 years. It can undoubtedly be 
eliminated by cryogenically decoupling the ion source vacuum 
from that of the remainder of the system. It will not be a 
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problem for small dedicated systems. 
Another example of the data obtained from the system des

cribed in Figure 1 is shown in Figure 5. This is the loga
rithm of heavy ion counts as a function of both E_.Q_.., and 
EFINAL* * n t n e R o c ^ e s t e r heavy ion detector the ionization 
produced by a particle of energy of E stopped in the counter 
is collected over a short length of track near its beginning 
producing a AE signal and in the remainder of its track pro
ducing an EpTMAi signal. Thus E T Q T . . = & E + (E-AE) = E and 
EFINAL = E - AE. Since all three carbon isotopes have the 
same charge (q=5) and have passed through several magnets they 
have the same value of ME = ME^Q-.,. Hence the carbon iso
topes of masses 12, 13 and 14 have E(12) NE(13) >E(14). The 
N peak (which does not arise from N" from the ion source 

but probably from NH") also has the same ME and hence the 
14 Z^ 2 E 

same E T 0 T A L as C. Because AE «-*• and V <* n one has 
M 7^ 14 14 

AE « —~j— and hence the N and C ions have different values 
o f EFINAL w i t h E F I N A L ( 1 4 N ) l e s s t h a n EFINAL ( 1 4 c )' F o r t h e 

three carbon isotopes Z=6 so AE « g- . But all three have the 
2 12 13 

same value of ME so AE « M and Ep I N A,( C) > E
F I N A L ( C) > 

EFINAL ( C ) * 
In order to establish the minimum terminal voltage 

required for a dedicated radiocarbon dating system based on 
a tandem electrostatic accelerator it was decided to investi-

12 gate the stability of the CH- molecule. The molecule is 
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12 1 2 + 123+ •* 
known to be stable as ~ CH and CH- and unstable as Qïl 

12 2 + 

and therefore also at higher charge states. If CH, were al

so unstable then tandem terminal voltages of 1 MV would be pos

sible for such dedicated devices since at velocities correspon

ding to energies of 1 MeV the most probable charge state pro

duced for carbon ions is 2 in solid foil strippers. To try to 
12 2+ detect CH- the terminal voltage was set a\. 7 MV, the stripper 

gas pressure was reduced to enhance charge 2 production and the 

analysis system was tuned to mass 14 ions of energy ̂ 21 MeV and 

charge 2 . These were passed through a carbon foil in the mag

netic spectrometer target chamber and charge 5* and 6 ions 

were counted in the heavy ion detector located in the spectrom-

12 eter focal plane. A strong C peak corresponding to the break-

12 12 6 + 

up of CH- in the target chamber foil producing C was ob

served as well as a very much weaker C peak. Some estimates 
12 2 + 

of the lifetime of CHÍJ were obtained but the data are prelim
inary and more measurements are needed. The results do estab-

12 2 + 

lish however that CH- is sufficiently stable that a dedica

ted radiocarbon dating system will require terminal voltages in 

the range of 2 to 3 mV at which the probability of producing 3 

charge states for enrbon is maximum in a solid stripper foil. 

The next series of runs were designed to demonstrate that 

the system could be used to obtain radiocarbon dates from car

bon samples weighing only a few milligrams. The results are 
12 271 shown in Table 3 ' ''. In these measurements previously 

dated ' carbon samples ranging in weight from 3.5 to 15 mg 
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were mixed with a binder (KBr) and pressed into the conical 
12 

surface of the aluminum ion source cones. The C beam cur
rents (2 to 4 iia) from source cones prepared in this way were 
adequate. The dates obtained agree reasonably well with those 

41 obtained by the U.S. Geological Survey ' but the sample sizes 
required were about 1000 times smaller and the measuring time 
was a few hours rather than a few days. The accuracy of the 
Rochester measurements was appreciably worse than would be 
expected from counting statistics on the total number of C 
ions entering the heavy ion detector. This is largely due 

12 to the fact that the C berm was measured in the ion 
14 source Faraday cup before and after the rather long C mea-

12 surements in the heavy ion detector. The C beam measurements 
therefore were only marginally effective in monitoring source 
variations and were completely unable to monitor variations in 
the transmission efficiency of the majority of the system fol
lowing the source. The accelerator transmission efficiency 
did vary considerably from week to week and undoubtedly varies 
on a much shorter time scale as well. In addition the tail of 

13 14 
the C peak in the spectra under the C peak (see Figures 4 
and 5) is another unnecessary correction adding to the errors 
in the measurements. Both these problems were largely (but 
not completely) solved in a recent run to be described below. 

Before discussing this, however, the results for CI 
will be described. CI is a cosmic ray produced radioisotope 
of half life 310,000 years. It is believed to be an excellent 
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candidate for establishing million year chronologies for under-
241 ground water . This has importance in connection with the 

question of the underground storage of nuclear wastes. If 
the water in a potential underground storage site can be shown 
not to have mixed with surface water on a several hundred thou
sand year time scale, it would add confidence to the integrity 
of that potential storage site. 

Because CI would have to be detected in the presence of 
the two stable isotopes CI and CI and because S is also a 
stable isotope of the same mass which has a probability of 
forming negative ions almost as readily as chlorine it was 
realized that this might be a formidable task employing the 
system described schematically in Figure 1. Additionally as 

14 described above the ability to detect C was somewhat limited 
12 13 by the C and C isotopes from molecular break-up followed 

by various, although unlikely, charge increases and decreases 
14 producing ions which had the same magnetic rigidity as C. 

These ions could be eliminated by a stage of electrostatic 
deflection. The combination of magnetic (ME/q ) and electric 
(E/q) deflection selects ions of a unique M/q. To accomplish 
this a 10° electrostatic deflector was installed on another 
beam line following the deflecting magnet and the Rochester 
heavy ion detector was mounted on the beam line following this 
electrostatic deflector. A schematic of the new arrangement 
is «hown in Figure 6 and a photograph of the 45° deflecting 
magnet, tho 10° electrostatic analyzer and the heavy ion de-
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tector is shown in Figure 7. 
251 A variety of chlorine samples were employed •* and the 

results are still preliminary . As examples of the sys
tem's ability to select CI, Figure 8 shows two plots of log
arithmic counts as a function of E and AF. for a sample enriched 
to 10" in the ratio Cl/Cl and a natural chlorine sample. 

35 37 The CI and CI peaks have been artifically introduced into 
the spectrum by changing the field in the electrostatic deflec
tor. Figure 9 shows a spectrum plotted against residual energy 
E - AE for the enriched sample but with the electrostatic de
flector set for mass 36 only. The results of these experiments 
showed that the system vas capable of detecting Cl/Cl ratios 

-13 to a sensitivity of 10 or better. At this sensitivity level 
no CI has been detected in any of the natural samples listed . 
Further work on CI detection is in progress and it is expected 
that the sensitivity can be improved by several orders of mag
nitude. 

This ultra-sensitive mass spectrometric technique has 
demonstrated for C that detection sensitivities of one part 
in 10 can be achieved employing milligram t íples of carbon. 
With the system employed for these measurements indicated 

14 12 schematically in Figure 1 and with the C/ C ratios obtained 
as described earlier the reproducibility was limited to 5 to 
81. The next step was to determine whether by appropriate 
modifications to the system this uncertainty in the measurements 
could be reduced appreciably. The introduction of an electro-
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static analyzer following magnetic analysis was the first step 
and has been described above. 

The second step was to improve the systems ability to 
switch more rapidly between masses 12, 13 and 14 and to act
ually measure the m^si 12 and 13 beams after passing through 
the accelerator and magnetic analysis system rather than at 
the ion source. The beams from the two stable isotopes would 
thus more accurately reflect variations both in the system's 
transmission and in the ion source intensity. It was arranged 
that both the ion source inflection magnet and the 90° analy
zing magnet be changed to accept masses 12, 13, and 14 by a 
simple switching operation. The *5° deflecting magnet was 
also switchable between the three isotopes but it was demon
strated that the transmission between the image slit Faraday 
cup on the 90° analyzing magnet and the heavy ion detector 
was unity so the mass 12 and 13 beams were measured in this 
image cup. 

The tandem accelerator terminal voltage was set at 8 MV. 
The deflecting magnet and electrostatic analyzer were set to 
select charge state 4, mass 14 particles of 40 MeV. The ter
minal voltage, electrostatic analyzer and deflecting magnet 
field were held constant. Only the fields in the ion source 
and analyzing magnet were cycled through masses 12, 13 and 14 
on a few minute time scale. The mass 12 beam was attenuated 
by a factor of 20 between the ion source and the entrance to 

the low energy end of the accelerator. For a variety of rea-
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sons however the actual measurements involved integrating the 

C current in the 90° analyzing magnet image Faraday cup and 
14 counting the C ions in the heavy ion defector. 

A different geometry was employed in the sputter ion 

source - namely the offset cone reflective geometry. The few 

milligram carbon samples were finely ground, mixed with a KBr 

binder and pressed into a small dimple on the accelerator side 

of the aluminum source cones. This airangement again produced 
12 adequate C beams (2-3P amps) with much more highly localized 

carbon samples. 

The use of a 10° electrostatic analyser following 90° and 

45° magnetic deflection produced a dramatic improvement in the 

spectra measured in the heavy ion detector as demonstrated in 

Figure 10. The ungated spectrum shown in the upper half of 
13 the figure shows that the C peak which was very intense using 

the previous system (see Figures 4 and 5) is now virtually 

eliminated and certainly provides no background tail under the 

C peak. The Li peak arises from 2 Li" molecules from the 
7 2+ source breaking up in the terminal into li ions. These have 

2 the same ME/q after acceleration through the high energy half 

of the accelerator as do C ions as well as the same E/q so 

they equally well reach the heavy ion detector. This detector 

separates them readily since they have both a different energy 
7 

and a different Z. The 2 Li peak which is about 1/2 the inten-
7 

sity of the Li peak (the scale is logarithmic) arises when 
7 

the two Li ions in the terminal undergo molecular disintegration and arrive 
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in the detector simultaneously. Again the small amouu'5 of 
N and C come from negative ion molecular hydrides ÍTT. che 

source which undergo improbable increases and decreases i~i 
charge and slip through to the detector. In the lowr p-'.c-

trum a gate has been set on the two dimensional spectruu 
(counts as a function of AE and E - AE) corresponding to the 

14 13 
carbon isotopes. Now only the C and weak C peaks appear. 

This run to test reproducibility involved two samples. The 
first was a sample of wood which was tree ring dated to 1850 A.D. 
The wood was carbonized ' and a 2.8 mg sample was mixed with 
KBr and inserted in the source dimple. The second was a sam-

4") pie obtained at Mt. Shasta, Washington and radiocarbon dated ' 

to be 4590 ± 250 years (assuming a C half life of 5568 years). 
The amount of carbon employed in this case was 9 mg. Details 
of the runs on these two samples are shown in Tables 4 and 5. 
In these tables the first column lists the run number, the 
second the number of cycles between mass 13 and 14 each run 
(during each cycle approximately 1000 C counts were recorded). 

14 
The third column lists the average ratio of C counts per min
ute measured in the heavy ion detector divided by the average 
13 
C beam current in nanoamperes measured in the 90° magnet im

age cup for that particular run (x) and the standard deviation 
(a) for a single cycle as determined in the usual way from the 
square root of the average of the deviations of individual mea
surements from the mean. The fourth column lists the expected 
value of a from a single cycle due to counting statistics. 
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The final column lists the run time. A glance down the second 
last column and this last column shows that cycle times varied 
from about 4 minutes to 16 minutes. 

In the case of the Mt. Shasta samples the standard devia-
14 13 tions in the C/ C CPM/na ratio are consistent with counting 

statistic and the final average ratio shown below the table 
has an accuracy of 9.7% (corresponding to +60 years). This is 
an important result, because it shows, that when the system is 

14 13 14 12 operating properly one can obtain a C/ C (or C/ C) ratio 
in a few hours accurate to less than 1% using small samples 
(9 mg). Clearly much less sample is required since, even 
after hours of running most of the carbon remained in the dim-

14 pie when the source was removed. The absolute ratio of C 
12 atoms to C atoms from the Mt. Shasta sample is obtained 

14 13 directly from the C/ C CPM/na ratio of 5.32 (assuming 
1 3C/ 1 2C = .0109 for wood) and is (0.619 ±0.004)x 10" 1 2. 

In the case of the tree ring dated 1850 A.D. wood refer
ence to Table 5 shows that the standard deviation of f single 
cycle exceeds what is expected from counting statistics but 
the values of C/ C CPM/na are statistically distributed 
about the mean value of 8.96 (the normalized chi-squared is 1.2) 
This implies that there are variations in the transmission or 
ion source intensity within the cycle time but that these vari
ations are random from cycle to cycle. Applying standard sta
tistical treatment to the data of column 3 in Table 5 produces 
a value of the C/ 1 3C CPM/na ratio of 8.9Ó ±3%. This leads 
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to a ratio of C atoms to C atoms of (1.04 ±0.03) x 10 
-1 2 which is 154 lower than the expected value of 1.19 x 10 . 

The results of the measurements on the Mt. Shasta and 
1850 A.D. wood sample allow an age to be established for the 
Mt. Shasta sample from the present measurements which can be 
compared to the U.S.G.S. date. This is shown in Table 6. 
The agreement is excellent and comparable accuracy to that of 
the U.S.G.S. is obtained in the present work. 

It should be emphasized that these measurements are the 
first of a series to test the reproducibility of the system, 
using the first version of a cycling system which is inherently 
inadequate in the sense that it is too long (in these runs of 
the order of 4 to 16 minutes). This can be reduced to about 
a minute but probably not much lower because of the time con
stant involved in magnet field changes. A few other ^inor 
problems plagued the experiments including worn points on the 
corona load device which caused unusual terminal voltage in
stability, mechanical hysteresis in the linkage that changes 
the current of the ion source inflection magnet and a few 
bugs in the new, untried and rather complex computer p;.ograir. 
used in data collection and analysis. 

Despite the problems mentioned above the results convince 
us that the system ultimately can be operated reliably with an 

14 accuracy limited only by C counting statistics at least to 

the level of 0.5%. Beyond that, major improvements will'have 
12 to be made in the accuracy with which the C beam can be at-
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tenuated before injection into the accelerator and in the 
12 13 accuracy of integrating C and C currents in the 10 to 100 

nanoamnere range. To radiocarbon date to an accuracy of 0.1* 
will be no mean feat and will require some major modifications 
in the Rochester system. A proposal to do this is presently 
pending at the National Science Foundation. 

Radiocarbon is the radioisotope about which most is known 
and which covers a time span probably of greatest interest to 
the general public. The experiments described above have demon
strated that only milligram samples of carbon are required, 
that carbonaceous artifacts can be dated back to 70,000 year? 
or so and, more recently, that accuracies of 0.71 can be 
achieved. This latter translates to a dating accuracy of ±60 
years. This opens a whole new class of dating possibilities 
many of which were discussed in the Proceedings of the First 
Conference on Radiocarbon Dating with Accelerators held April 
20 and 21, 1978 at the University of Rochester. Sone of these 
possibilities include the dating of cave paintings, of precious 
archaeological and religious artifacts (e.g. cloth, wood, 
bones, etc.), of iron age tools, of deep ground water and of 
establishing the periodicity of natural phenomena such as vol
canic eruptions, earthquakes, landslides and variations in the 
intensity and direction of the earth's magnetic field. 

The new ultra-sensitive mass spectroscopy technique can 
be employed to detect other nuclear isotopes both stable and 
unstable. The Rochester work on the detection of CI has 
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been described above. Other radioisotopes of interest ' are 
shown above in Table 7. Of these H is presently being mea
sured in many laboratories including the Nuclear Physics 
Research Unit at the University of Witwatersrand in Johannes
burg, South Africa. Preliminary work on Be is underway at 
Grenoble ' and Berkeley '. No attempts have been reported 
using the new technique for any of the other isotopes on this 
list. The use of negative ions has definite advantages for 
Al and I as well as C because the interfering element 

does not form negative ions. 
The new technique represents an increase in sensitivity 

of at least four order of magnitude over even very sophisti
cated mass spectroscopy. The most important applications may 
not yet have been dreamt of. Certainly the detection of the 
radioisotopes listed in Table 7 will be of outstanding impor
tance. In addition the ultra-sensitive detection of radio
active tracers in nuclear medicine could have an important im-

271 
pact on medical research '. The measurement of very low con
centrations of stable isotopes in various matrices of elements 
close in atomic mass and number ' may also have interesting 
industrial applications. It may also be possible, with the 
new method, to answer fundamental questions of astrophysical 

281 interest such as galactic containment time ' and the missing 
291 solar neutrino problem ** as well as the direct detection of 

supernova debris in undisturbed varve deposits •*. 
The vital assistance of T.S. Lund and the tandem opera-
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Table 1 

SEARCH FOR 1 4N~ 

Makes use of fact that CH stripped in terminal to C 
14 -has same magnetic and electric regidity as N stripped 

14 7+ in terminal to N 
Up to terminal stripper both beams have same E/q and same 
ME/q2 in ion source inflector magnet. 

12 At High Energy End of Machine C Ions Have 

E = "if ( V T + V I S ) + 6 V T M " 12 q = 6 

(the factor 12/14 is due to molecular dissociation) 

SO ME/q2 = | (V T+V I S) + 2VT 

and E/q = i < V

T

+ V I S ) + V T 

14 At High Energy End of Machine N Ions Have 

E = (VT + V I S ) + 7 V T M = 14 q = 7 

So ME/q2 = | (VT + V I S ) + 2 V T 

and E/q = j < V

T

 + V i s ) + V T 

2 Note: These two beams also have same ME/q2 = •= (VT + V I S ) 
in terminal magnetic steerer. 



-27-

TABLE 1 

RADIOCARBON DATING BY DIRECT DETECTION 
NUCLEAR STRUCTURE RESEARCH LABORATORY 

(Rochester, New York) 

JUNE 1977 

SAMPLE CPM/pA 
TIME 

MINUTES AGE (a) 

HARDWOOD ^250 (b) 7 0 (c) 

GRAPHITE ^O.OSO (d) 57 65,000 

(a) The half-life of C was taken to be 5568 years. 

(b) Undoubtedly contaminated with bomb carbon and so 
corrected to -\, 166 CPM/pA to obtain the graphite "age", 

(c) Assumed. 

(d) This is presumably the level of contamination. 

(e) Transmission Efficiency e T * 78% (foil stripper) 



TABLE 3 

RADIOCARBON DATING BY DIRECT DETECTION 
NUCLEAR STRUCTURE RESEARCH LABORATORY 

(Rochester, New York) 
DECEMBER 19 7 7 

I 1 7 , .-> TOTAL 
SAMPLE " C U « A J cTRVuA RUN TIME (a) AGE (a) 

MIN. AGE U.S.G.S. 

Mt. Hood, 
Oregon 
W-3629 

1.8 23.2 +_0.9 (f) 90 
(b) 

220+_300 220^150 

Mt. Shasta 
California 
W-3703 

4.1 11.7 +0.2 (e) 180 5700+.400 4S90+.250 

Lake Agassiz 
North Dakota 
W-3663 

2.5 7.9 +J).5 90 8800+600 9150+300 

Hillsdale 
Michigan 
W-3823 

3.3 0.14+/). 02 400 41000^1000 39400+_1000 

GRAPHITE 15.6 0.06+0.01 65 48000+1300 (c) 

(a) The half life of A H C was taken to be 5568 years. 
(b) Assumed. 
(c) This is presumably the level of contamination. 
(d) Transmission Efficiency EJ ^ 11% (argon gas stripper). 
(e) This counting rate would require 5.7 grams of carbon using the conventional method. 
(f) The data for Mt. Hood exhibited non statistical fluctuations which are included 

in this error. 
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TABLE 4 

W-3703 MT. SHASTA 4590 ±250 YEARS (U .S.G.S.) 9 mg 

RUN CYCLES 
1 4C/ 1 3C RATIO 
_CPM/na 
x ot 

COUNTING 
STATISTICS 

at 
RUN 
TIME 
MIN. 

1 
3 

8 
8 

5.35 3.0 
5.29 2.6 

2.8 
2.6 

128 
128 

MEAN (x) a 5.32 0.7 0.7 

TABLE 5 

1850 AD WOOD 100 YEARS 2.8mg 

RUN CYCLES 
14 \% 
C/"C RATIO CPM/na 

o% 

COUNTING RUN 
STATISTICS TIME - MINUTES o% 

2 
4 
6 
7 
8 

8 8.65 7.2 3.0 124 
14 9.69 12.4 2.8 112 
6 8.96 4.1 3.0 46 
8 9.95 6.2 4.2 33 
7 8.29 6.5 4.1 41 

MEAN x ' (5 runs) 8.96 3.0 1.2 
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TABLE 6 

METHOD RATIO (at) AGE OF MT. SHASTA 
SAMPLE YEARS* 

ROCHESTER 
U.S.G.S. 

1.68 (3.1) , 
1.75 (3.1) 

4270 ± 2.v.. 
4590 ± 2o0 

* USING 1 4 C HALF LIFE OF 5568 YEARS AND ZERO BP = 1950 AD. 

L-M 
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Table 7 

Radio
isotope 

Half 
Life 
(Yrs) 

Possible 
Interfering 
Element 

Possible 
Uses 

h 
10 Be 

1 4 C 
26 Al 

32 

53, 

Si 

CI 

Mn 

129, 

12 

1.5x10* 

5730 

7.4xl0! 

650 

S.lxlO1 

3.7x10' 

1.7x10' 

'He 
10. 

14, 

26 
N 
Mg 

32 £ 

36t 

53 Cr 

129 Xe 

Tracing water flow. 

Million year geochronology, 
magnetic field reversals. 
Weathering and sedimentation 
rates (climate), cosmic ray 
constancy. Ice and ocean 
cores. 

Many. 

Million year geochronology 
( 2 6Al/ 1 0Be) cosmic dust in
flux rate. 

Young ground water dating. 

Old ground water dating. 

5 million year geochronology, 
formation of Mn nodules, 
Solar cosmic ray constancy. 

20 million year geochronology, 
volcanism history, cosmic ray 
constancy. 
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FIGURE CAPTIONS 

Figure 1: A schematic drawing of the system first used for 
direct radiocarbon detection and for the attempt 

14 -to detect N ions from a -sputter ion source. 
Only magnetic analysis was employed prior to 
the heavy ion E, dE/dx position sensitive detec
tor. 

Figure 2: A photograph of the University of Rochester's MP 
tandem Van de Graaff accelerator. 

Figure 3: Output of negative ions and molecules from a 
sputter ion source carbon cone as a function 
of the field of the ion source inflection mag
net. 

Figure 4: The mass spectrum of carbon atoms from contem
porary hardwood charcoal and from petroleum 
based graphite. This figure appears in Reference 
10. 

Figure 5: The logarithm of counts in the heavy ion detector 
as a function of the particle energy E = E T0TAT 

and EpTMAi = E - AE. The carbon sample employed 
had a radiocarbon date of 4590 years. 

Figure 6: A schematic of the system presently in use on the 
Rochester tandem. Particles after acceleration 
in the tandem are deflected 90° in the main 
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analyzing magnet, 45° in the deflecting manget 
and 10° downwards through and electrostatic ana
lyzer before detection in the heavy ion counter. 

A photograph of the detection system following 
90° deflection in the main analyzing magnet (not 
shown). The 45° deflecting magnet is shown in 
the upper left. This is followed by a 10° elec
trostatic analyzer which bends the beam downward 
and into the heavy ion detector at the end of the 
beam line shown in the lower right of the photo
graph. 

Logarithmic counts as a function of total energy 
E and energy loss AE for an enriched (left) and 
natural (right) chlorine sample. A typical Z 
window on the chlorine isotopes is indicated. 

35 37 
The "CI and CI peaks are artifically intro
duced into the spectra by changing the field in 
the electrostatic deflector. 

Logarithmic counts as a function of residual 
energy (E - AE) for a CI enriched sample with 
the electrostatic analyzer set for mass 36. The 
ability of the system to resolve adjacent Z in 
this region of the periodic table is demonstrated 
as is the absence of the two stable chlorine iso
topes. 



-34-

Figure 10: Spectra of the logarithm of counts as a func
tion of the energy lost in the final section 
of the heavy ion detector (EpTMAi) using the 
system shown in Figure 6. A natural carbon 
sample is being employed in the source (Mt. 
Shasta). In the upper spectrum no gates are 
set and in the lower gates permit only events 
corresponding to carbon ions to be displayed. 

L_M 
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NUCLEAR PHYSICS IN METALLURGY 

R A Collins, Physics Department, 
University of Lancaster, Lancaster, UK. 

ABSTRACT 

The development of low energy ion-beta techniques received a 
considerable impetus from the realisation that ion-implantation might 
have a number of advantages over thermal diffusion processes in the 
fabrication of microelectronic devices. The application of ion-beam 
techniques to metallic problems has come in the wake of this 
development and it now seems that the use of nuclear physics 
techniques may be of considerable importance in a variety of metal
lurgical areas. In this review a number of these areas are considered: 
in particular, mechanical properties such as friction and wear, 
irradiation creep, swelling and void formation in reactor cladding 
materials and metallic corrosion. 

1. INTRODUCTION 

The aim of this review is to cover briefly a number of areas in 
metallurgy in which nuclear physics techniques have been used to 
advantage in recent years. It is however beyond the scope of this 
paper to cover all areas in which techniques which might be classified 
broadly as "nuclear physics" have been utilised in metallurgical 
studies. Techniques such as nuclear track.auto-radiography are well 
established and documented and it seems most appropriate to consider 
a number of techniques which have come to the fore in recent years and 
which involve ion-beams and their interactions. Foremost amongst 
these is ion-implantation, together with Rutherford backseattering, 
nuclear reaction analysis and Mossbauer spectroscopy. These 
techniques, the equipment involved and typical areas of application 
will be considered in turn. 

2. ION IMPLANTATION 

Ion implantation , as the name suggests, is the introduction of 
atoms (usually impurities) into a target in the form of ions, typically 
at energies of 10 to several hundred keV. As a technique it* 
development received a boost by its application to semiconductor 
device fabrication and a variety of implantation Jiachines have been 



-46-

<2eveloped for the implantation of B, P and similar dopant species into 
silicon slices. For metallurgical research more versatile Machines are 
needed and much of the work described herein has been carried out on 
the Harwell 500 kV Cockcroft-Walton accelerator. This Machine is 

2 3 
described in more detail elsewhere as is the sample chamber which 
allows implantation of samples with dimensions up to several cm. This 
machine is capable of implanting mosu of the elements in the periodic 
table but suffers from a relatively low beam current such that doses 17 -2 of 10 ions cm take of the order of an hour for each sample. Larger 
samples, *v *jm in size can be implanted in the new Harwell 2a chamber, 
which contains its own source. 

The ions are implanted to a depth dependent upon energy and have an 
approximately Gaussian distribution. Typical implant*-ions are to a 
depth * 0.1 um. By multiple energy implantations one may obtain a 
variety of impurity depth distributions. 

The particular advantagec a -* disadvantages of ion implantation are 
listed in Tables 1 and 2. Oi particular importance in metallurgical 
work is the versatility of the technique with regard to ion species, 
such that exotic surface alloys may be formed, and the controllability 
with regard to dose, depth distribution and temperature during 
implantation. The high capital cost, which at present constitutes a 
ijor disadvantage, is likely to decrease if the technique achieves a 

popularity in metallurgy comparable with that in the semiconductor field. 
It should be pointed out also that whilst the shallow treatment nay be 
disadvantageous under certain circumstances (eg. in corrosion control) 
it can be advantageous, leaving the bulk properties of the metal 
unaffected. 

3. BACKSCATTERING AND NUCLEAR REACTION ANALYSIS 

Backscattering and nuclear reaction techniques are well documented 
and need be described only briefly. Typically Van de Graaff 
accelerators in the 1-6 MV range are used. Rutherford backecattering 

16 17 and nuclear reactions such as the 0 (d,p) 0 reaction at 880 keV 
provide much more versatile determinations of oxygen up-take (in 
corrosion studies) than, say, weight gain measurements, as oxide 
stoichiometry can be determined. Backscattering studies also allow 
impurity distributions to be determined and the migration of impurities 
can be followed. 
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4. KOSSBAUER SPECTROSCOPY 

Fe Mossbauer conversion electron scattering has been used recently 
4 by Longworth and Hartley to study nitride formation in nitrogen-

jnplanced iron foils. Mossbauer spectra are Measured by mounting a 
Fe source on a vibrator so as to modulate the energy of the 14.4 keV 

5amma rays prior to absorption in a sample containing Fe. To study 
the surface layers, a backseattering technique is used whereby the 
7.3 kcV internal conversion K-electrons are detected. Additionally the 
subsequent S.4 keV L Auger electrons are observed. This technique has 
..roved useful in studying the stability of iron nitrides as a function 
of annealing temperature. 

5. APPLICATIONS OF ION-BEAM TECHNIQUES 

5.1 Simulation of neutron damage and void formation 
Trie use of ion beams to simulate high temperature neutron damage was 
introduced in 1969 by Nelson and Hazey and was concerned with the 
behaviour of cladding material in fast reactors. Neutron irradiation 
causes swelling (up to 60%) and the formation of voids. Early 
experiments used heavy ions with greater displacement effectiveness 
in causing vacancies than equivalent neutron fluxes in an attempt to 
simulate years of neutron irradiation. Studies were also made of the 
dependence of void formation on the presence of gases (eg. He) normally 
generated in the reactor materials. A number of notable successes 
have been achieved in this work . Firstly, it was found that the 
presence of He is not required for void formation but-that it has a 
drastic effect, greatly increasing void formation, if it is present. 
Secondly, void superlattices were found. If irradiated to a high 
damage state the voids form arrays consistent with the lattice 
structure of the parent crystal. A third area of interest is swelling 
saturation. Ion implantation allows one to surpass the damage levels 
in existing reactors and predict what might happen in the future. 
Figure 1 shows the saturation in swelling behaviour of nickel after 
heavy ion bombardment. Early work suggested that this saturation may 
relate to the formation of the void superlattice and the way in which 
dislocations are absorbed by the voids. A fourth application of this 
work is the ability to predict the swelling behaviour of new alloys 
developed for use in fast reactor cladding. 
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5.2 Engineerj.ic materials and machine tools 
Ion implantation has found a variety of applications concerned with the 
frictional and wear properties of machine tools. Hear measurements using 
a pin and disc wear tester have been carried out at Harwell by 

7 8 Hartley and co-workers ' for a variety of materials. Typical results 
are shown in figure 2. It can be seen that N ion implantation has 
reduced the volumetric wear rate by a factor to 20 to 30. Higher doses 
of nitrogen result in improved performance at higher load levels. 
figure 3 shows the dependence of wear properties on the nitrogen dose. 
An interesting result of this work is that the effectiveness of the 
implantation upon wear resistance of steel is much longer lasting than 
expected. Although the implantation was relatively shallow (< lum) a 
fraction of the implanted material was present at a wear depth of lO Um. 
Clearly the nitrogen (or carbon in similar work) is carried forward as 
wear progresses. 

This work has been interpreted in terms of a surface compressive stress 
resulting from the presence of the implanted ions and also from the 
carnage effects. It was suggested that the nitrogen ions could be 
chemically stabilized by the formation of nitrides and Longworth and 

4 Hartley have used Mossbauer spectroscopy to investigate this. They were 
able to identify the presence of Fell and Fe.N after annealing at various 
temperatures. The effects of implantation at depths considerably greater 
than the implantation depth may be due to local heating resulting from 
frictional work raising the temperature of load-bearing asperities. 
Mobile species such as C and N will migrate by thermal diffusion and 
be trapped by the subsurface dislocation network. The decoration of 
the dislocations by the C or N atoms impedes dislocation movement and 
leads to a hardening effect. As wear proceeds the dislocations and C 
or N atoms advance deeper into the metal. 

9 
Hartley has further described a variety of case-studies where ion-
implantation has been used for manufacturing applications. These results 
are summarised in Table 3. In example A 2o cm. diameter slitter discs, used 
for cutting high gloss paper, were implanted with nitrogen around the 
cutting edges. Large volumes of material are involved in the industrial 
cutting process and a steady throughput must be maintained with minimum 
plant shut-down. Abrasive wear, caused by silicate particles in the paper 
was reduced by a factor of 2. In both this case and case B it is probable 
that improved wear resistance resuxts from the formation of chromium 
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nitrides. Case C concerns taps, costing 60p each, which wear out by 
abrasion after about 1500 operations. A set of taps implanted at a 
cost of about 66p each showed no measurable deterioration after 7500 
tapping operations. A further advantage is this instance is that 
there are no dimensional changes during implantation in contrast to 
alternative surface treatments. Case D is an example of a Co-cemented 
tungsten carbide tool. Approximately half of the expenditure on 
machine tools in the USA is on this material and wear is thought to 
occur by the migration of the Co binder phase leading to dislodging 
of WC grains. Ion implantation promotes the formation of ii.termetallic 
phases within the cobalt, which limits mobility. 

A variety of other engineering components including gear teeth, marine 
bearings and burner tips for oil-fired power stations have shown 

o 
similar improvements in effective life after implantation . 

5.3 Friction under non-lubricated conditions 
Again ion-implantation has played a significant role in this field. 

10 Hartley et al found that all of the species which they implanted had 
Ó significant effect on the coefficient of friction, with the exception 
of the inert gas Kr. Figure 4 shows the variation in the frictional 
coefficient for a number of implants. Whilst frictional coefficients 
are of less commercial interest than wear effects it does appear that 
under appropriate circumstances {eg. in vacuum and space applications) 
it is possible to usefully modify the frictional surface properties 
with suitable implants, 

5.4 Creep 
Associated with the void studies mentioned previously there is much 
interest in the simulation of irradiation creep, this being relevant 
to the swelling of reactor cladding materials. Again, neutron induced 
effects can be simulated using heavier ions, variable energies and at 
different temperatures . 

5.5 Corrosion 
In 1970 it was estimated what the annual cost of corrosion in the UK 

12 was 1.36 s,iga-pounds and in 1975 this figure was revised to GE2.5. 
There is clearly scope for enormous effort in this area and ion 
implantation, Rutherford back-scattering and nuclear reaction analysis 
have proved their worth in recent years. Alloying is one obvious answer 
to the problems, but much of the work on alloys has been empirical and 
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che relevant physical and chemical mechanisms are not well understood 
in many cases. At Lancaster, in conjunction with AERE, Harwell, we 
have used ion beam techniques for several years for preparing exotic 
surface alloys for use in corrosion studies. There are two aims to 
this work, firstly to improve the corrosion resistance of metals, and 
secondly to improve our understanding of the role played by impurities. 
The impurities may act in a number of ways. For example, they may form 
their own protective oxide, they may segregate at grain boundaries and 
impede cation or anion motion, or they may be mobile and form some sort 
ci barrier to diffusion at the metal-metal oxide interface. 

The type of study being undertake,might be illustrated by recent work 
undertaken on the thermal oxidation of copper . Initially in work 
using ion implantation it is necessary to consider radiation damage 
effects. Studies of damage and subsequent annealing revealed a 
complicated recovery process involving the annealing of both point 

14 defects and dislocation loops . Chemical impurity effects were then 
studied by implanting a variety of ions into copper samples at energies 
of 100-300 keV to give projected ranges ̂  400 A. Samples were then 
thermally oxidised and oxygen concentrations determined using the 
0 (d,p) 0 reaction with molecular deuterium c.t 1.76 NeV. The 

migration of the heavier impurities was followed using Rutherford 
16 -"1 

backscattering of 2 MeV alphas. Implanted doses of 2 x lO ions cm 
caused inhibition of oxidation in most cases (by 85% in the case of 
Ti). Only two species caused an enhancement in oxidation and in the 
case of one of these, Xe, this was possibly due to radiation damage. 
Attempts to find a correlation between effect on oxidation and 
chemical parameters such as impurity electronegativity or ionic radius 
were not successful and so a correlation with the electrical behaviour 
of the oxide was investigated. Oxidised copper forms an electrical 
switch and the switching voltage was measured for all the copper 
samples. Figure 5 shows that there is a correlation between the 
switching voltage (from high to low impedance states) and the effect 
of the particular impurity on the oxidation rate. It is found that 
the switching voJtage is proportional to the oxide thickness, with an 
additional potential of about 1.7V in the case of impurities which 
inhibit oxidation. This implies the presence of an electrical barrier 
in the reduced oxidation samples and suggests a tentative model for the 
oxidation process. Thermal Cu.O is a p-type-semiconductor with cation 
vacancies. It oxidizes by the inward flow of Cu vacancies and electron 
vacancies (positive holes). If the flow of holes is impeded it may 
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becone the rate-limiting factor in the oxidation process and this may 
be achieved by creating an n-type region in the p-type oxide. This 
uas tested by making low voltage (below the switching voltage) i-v 
measurements. In support of the model it was found that only the 
saaples with reduced oxidation showed rectifying behaviour, implying 
that those impurities which inhibit oxidation result in an n-type 
region in the oxide, as shown in figure 6. This behaviour is discussed 
in more detail elsewhere . Clearly, the ability of ion-implantation 
co introduce a localised near-surface layer of impurities was of 
particular use in this work. 

Ó.. CONCLUSIONS 

it is clear that ion-beam techniques, with their particular advantages, 
are proving to be of considerable use in both "pure" metallurgical 
research and in practical economic terms. At the present time the 
major problem would seem to be the high cost of the ion-beam machinery 
but it is to be hoped that this will become less of a problem if 
interest in these techniques follows the same trend as in the semiconductor 
microelectronic field. 
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7IGURE CAPTIONS 

7igure 1 Saturation in swelling in nickel after heavy ion 
bombardment. 

Figure 2 Volumetric wear between a stainless steel pin and an 
En 40B steel disc implanted with N ions as a function 
of applied load. 

Figure 3 Dependence of wear properties on the nitrogen dose. 

I'lgure 4 The effect of ion dose on the relative change in 
friction produced by Pb , Se and Mo ions in En 352 steel. 

Figure 5 Variation of switching voltage with effect of implant or. 
oxide thickness. 

Figure 6 Formation of p-n junction in the copper oxide film. 
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Table 1 Advantages of ion implantation 

Versatility (ion species, substrate, dose) 
Controllability 
Low Temperature process 
No build-up 
Clean, vacuum process 
Finished components can be treated 
Electrical monitoring 
Low power 
Conserves materials 
No toxicity 

Table 2 Disadvantages of ion implantation 

High capital cost 
Shallow treatment 
Line of sight process 
Ion sources need development 



Table 3 Case studies on ion-implantation ( « \\. • VW •iV. . ) 

I 

Ref Application Material Treatment 

A Paper slitters 1C 1.6 Cr steel 17 2 8 x lO N/cm 

B Acetate punches Cr - plate 17 2 4 x lO N/cm 

C Taps for drilling 
plastic HSS 17 2 8 X lO N/cm 

D Slitters for 
. synthetic rubber . WC-6% Co 8 X 1 0 1 7 N/cm2 

Result 

cutting life x 2 

improved product 

Life x 5 

Life x 12 
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NUCLEAR PHYSICS IN SOLID-STATE RESEARCH 

James W. Mayer 
California Institute of Technology 
Pasadena, California 91125 U.S.A. 

INTRODUCTION 

Nuclear physics has made an impact on nearly every area of solid-

state physics. Some areas have been well-established for years; i.e., 

neutron scattering and diffraction, positron annihilation, hyperfine 

interactions and radio-tracer studies. Other, areas are relatively new, 

such as the use of synchrotron radiation as a high-intensity x-ray sot—ce 

and ion beams to produce metastable alloys. Of course, solid-state has 

also made an impact on nuclear physics since all aspects of data 

acquisition from the semiconductor detector to the on-line computer are 

based on solid-state physics and technology. 

To be selective, one can consider just one area, the use of ion 

accelerators and prompt charged particles. Even then the topic is too 

broad as Indicated by the numerous books [1-5] and conference proceedings 

[6-8] on the topic. From the period of early.studies [9] to the present [10], 

ion beam analysis has become an accepted tool for the characterization of 

materials. For example, the application of Rutherford backscatterlng 

spectrometry to provide depth microscopy of material composition has been 

the cornerstone of the present understanding of solid-phase reactions [11]. 

One area of the field of applications of ion accelerators that Involves 

crystal structure is channeling [1]. Rows and planes of atoms can steer MeV 

ions; this effect, channeling, has led to further insight in surface studies 
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and atom location in crystals. 

Channeling effect measurements have been applied to a wide variety 

of problems from studies of ion-implanted layers to the determination of 

the relaxation of surface atoms. Four topics have been chosen which 

illustrate the application of channeling to 1) the composition of an 

interfacial layer, 2) the formation of metastable alloys, 3) lattice 

location of impurity atoms and comparison with hyperfine interactions, 

and 4) solid phase epitaxial growth of semiconductors. 

CHANNELING PHENOMENA 

Channeling of energetic ions is well described [1-4] and even a 

cursory glance at a model of lattice atoms would suggest that pronounced 

effects would occur when the crystal orientation is shifted with respect 

to the direction of the incident beam. Figure 1 shows the yield of backscattered 

particles as a function of the angle of incidence of a beam of energetic 

particles incident on a cubic crystal. The scattering yield decreases 

markedly as the crystal Is tilted so the beam is aligned with the planes. 

When the beam is aligned i.ith a crystal axis, the yield decreases further 

as the crystal appears as rows of atoms with only the uppermost atoms in 

the row "visible" to the beam. There can be a hundred-fold decrease in the 

number of backscattered particles when the beam is incident along axial 

directions rather than viewing the crystal as a random collection of atoms. 

Particles that are steered along the channels in the crystal do not approach 

the lattice atoms in the axial rows and planes closely enough to undergo 

wide-angle elastic scattering processes. From an analytical viewpoint, 

one can use the channeled component of the beam as a probe to detect atoms, 
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either host or impurity, that have been displaced from substitutional sites 

by distances exceeding about 0.1 to 0.2 A. 

Schematic backscattering yields as a function of tilt angle are 

shown in the upper portion of Figure 2 for MeV He ions incident on a 

single crystal. Backscattering spectra for a beam incident along a low-

index crystallographic axis (aligned spectrum) and along a nonchanneling 

direction (random spectrum) are shown in the lower portion. The ratio 

H / H of the heights of two spectra taken in the near-surface region for 

aligned and random orientation is referred to as the minimum yield. The 

values for the minimum yield lie in the range of 1 to 3 x 10 for low-index 

axial directions. Below the surface, the aligned yield (dashed line in 

Fig. 2) increases with increasing depth ithiu the crystal as the channeled 

particles are scattered into the random component of the beam (dechanneled). 

For samples with good crystal quality, the amount of dechanneling is 

sufficiently small so that one can determine the lattice site position of 

impurity atoms over depths up to a micron without major interference from 

the contribution of dechanneled particles. 

Figure 3 depicts a beam of incident ions incident on a row of atoms 

(only the first and second atom in the row are shown). Ions incident at 

close to the outer atom undergo large angle scattering (backscattered or 

dechanneled) while those ions with larger impact parameters undergo 

smaller deflections and comprise the channeled component of the beam. The 

channeled ions have a distance of closed approach R to the second atom given 
2 k by R - 2(Z, Z,e d/E) where Z, and Z, are the atomic numbers of projectile 

and target respectively, d is the atomic spacing along the row and E is the 

incident ion energy f12-14]. 

Energy spectra of backscattered particles for 2.0 MeV He incident 
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in channeling and non-channeling directions are shown in Figure 4. The 

peak in the aligned spectrum (the surface peak) corresponds to scattering 

from the surfaces atoms while the aligned yield at lower energies represents 

the dechanneled component. In this case, the area of the surface peak 
o 

corresponds to nearly 2 atoms/row. Here, R » 0.12 A, and the root-
o 

mean-square two-dimensional amplitude, p, of Hie atoms is 0.063 A. Under 

these conditions [14], the second and following atom in the string can 

contribute to small impact parameter processes and the surface peak intensity 

corresponds to scattering from more than one monolayer. 

Channeling effect measurements have been widely used to determine 

the lattice location of foreign atoms in crystals. The crystallographic 

site location can be determined from angular yield profiles of the signals 

from the lattice and foreign or impurity atom. Figure 5 shows a two 

dimensional crystal with an interstitial impurity that lies along <11> 

rows [16). About the <11> axis the backscattering yield from the 

interstitial atom matches that of the host, but along the <10> direction 

there is a narrow peak rather than a broad dip. The peak is consequence 

of the enhancement of the ion flux in the center of the channels (as 

suggested by Fig. 3). 

The flux enhancement in the channeling effect can be used to 

distinguish between specific interstitial sites. An example is shown in 

Figure 6 for deuterium (D) in a tungsten single crystal [17]. There is a 

clear peak in the nuclear reaction yield from D with a full angular width 

of 0.2* whereas the full width of the dip in the W signal is an order of 

magnitude larger. The insert in Che upper portion of Fig. 6 indicates the 

tetrahedral site for 0 as projected along the <100> axis. To confirm 

a site location it is usual to make angular yield measurements along 
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several axial and planar directions. 

APPLICATIONS OF CHANNELING 

1. Surfaces and Interfaces. 

It has been well established that backscattering spectrometry 

provides a quantitative determination of the stoichiometry of thin films 

and surface oxides [4]. Channeling adds the possibility of study of 

surface parameters such as reconstruction and relaxation [12,13]. 

Channeling provides a measure of short-range displacements while the 

conventional technique of Low Energy Electron Diffraction (LEED) requires 

long range ft 100 A) distances for diffraction. 

Since channeling depends on the crystalline nature of the 

substrate, this technique also tests the single crystal quality of the 

interface region [18]. There have been a number of studies of the nature of 

the Si/SiO- interface. The channeling experiments of Feldman et al. [18] 

shown in Fig. 7 have led to greater insight into the properties of the 

interface. They find that there is at least one monolayer and no more 

than two monolayers of disordered Si below the oxide and the interfacial 

region contains less than 6 A of non-stoichiometric SiO». Figure 7 shows 

the increased sensitivity to surface composition that can be achieved by 

use of grazing exit angles. 

2. Formation of Metastable Alloys. 

Non-equilibrium metal alloys can be prepared by several conventional 

techniques which involve rapid quenching. Recently, ion implantation has 

also been used to produce metastable alloys [19, 20]. In these studies, 

channeling effect measurements have been used to determine the lattice 
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location of the implanted atom and transmission electron microscopy (TEM) 

to examine the defects in the implanted region. 

One example is the W-Cu system. Under normal equilibrium 

conditions, W and Cu are virtually immiscible so that heavily implanted 

layers constitute a non-equilibrium system. Indeed, the angular yield 

scans of W implanted Cu (Fig. 8) show that it is possible to produce 

substitutional solid solutions of about one atomic X W in Cu [19]. As 

Indicated by Figure 8c, at high implantation concentrations (= 10 at.2) 

the W occupies random sites within a disordered Cu matrix. The TEH data 

showed no evidence for precipitation of W in agglomerates with dimensions 

greater than a few tens of angstroms. 

Ion beam modification of materials continues to be an active 

field [2, 7]. Channeling provides a natural tool for the examination of 

the implanted layers. 

3. Hyperfine Interactions. 

To determine electric field gradients, hyperfine interactions of 

ion implanted impurities are studied with the assumption that the impurities 

are on substitutional sites. Channeling provides a test of that assumption. 

An example of non-substitutional lattice site location is provided 

by In implanted into Be (hexagonal close packed lattice). Figure 9 shows 

• comparison of the lattice location of Ag and In implanted in Be [21], 

The normalized yields from Ag and the Be host lattice (upper curves in Fig. 9) 

•how that Ag occupies substitutional sites; the yields from In (lower curves) 

•how that the In atoms do not occupy substitutional sites. The.insets In the 

figure show the projections normal to the channeling direction of the octahedral 

and tetrah'edral sites. The data are consistent with about 50% In occupation 

of the tetrahedral site and 50% of random sites. Time-dependent-
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perturbed-angular-correlation measurements were in agreement with these 

site assignments [21]. 

4. Solid Phase Epitaxy and Laser Anneal. 

Studies of crystal growth pervade solid-state physics. In recent 

years attention has focused on the growth of epitaxial layers by vapor or 

liquid phase and more recently solid-phase epitaxy. An example of the 

latter is the use of ion implantation techniques to form an amorphous layer 

without introducing contamination within the amorphous layer or at the 

amorphous to crystalline interface [2.?-24]. An example of the formation 

and epitaxial regrowth is shown schematically in Fig. 10. 

Again, channeling provides an ideal tool for the study of the 

epitaxial regrowth of the amorphous layer. An example is shown in Fig. 

11 of the aligned spectra taken on an implanted and an annealed sample. 

Channeling provides a measure of the location of the amorphous to crystal 

interface with a depth resolution of a few hundred angstroms over a few 

thousand angstrom thickness. As a result of such studies it has been 

possible to determine the growth rates and activation energies necessary 

to construct a model of the growth process [22-24]. 

In the past year, there has been intense activity in the use 

of pulsed laser annealing to crystallize implanted or deposited amorphous 

layers on single crystal substrates. As indicated in Fig. 12, channeling 

has been used as a first step to determine the epitaxial nature of the 

crystallized layer [25]. Transmission electron microscopy was then employed 

to determine more details of the defect structures. 

CONCLUSIONS 

Accelerator-based experiments will continue to play a large role 
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in solid-state experiments. The applications of channeling discussed in 

part here form only a small subset of the interactions between solid-state 

and nuclear physicists. The scope of the interaction is hindered only by 

the administrative barriers that have grown up around the two disciplines. 
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FIGURE CAPTIONS 

Figure 1 

Figure 2 

Backscattering yield from the near-surface layers of 

a cubic crystal as a function of the orientation of the 
4 sample with respect to a collimated beam of HeV He ions. 

The inserts under the angular yield profiles give a 

magnified view of the crystal structure (from Chu et al. 

Ref. 4). 

4 Channeling measurements with MeV He ions incident on 

a crystal along a major crystallographic axial direction: 

(upper) schematic representation of backscattering spectra 

measured as a function of tilt angle and (lower) random 

and aligned spectra (from Chu et al. Ref. 4). 

Figure 3 

Figure 4 

Formation of a shadow cone behind the surface atom with 

the ion beam incident along a row of atoms. The shadow 

cone radius at the second atom is denoted by R. Additional 

interactions and deflections at the second atom are not 

Included in the figure (from Stensgaard et al. Ref. 14) 

4 Energy spectra for 2.0 MeV He ions incident along the 

<100> axial direction (0) and In a random direction (*) 

in a W crystal. The crystals were cleaned by heating to 

1300°K in 10~ 6 Torr 0 2 and then flashing to 1800*K in ultxa 

high vacuum; samples were allowed to cool before channeling 

measurements were made -(from Zuhr et al. Ref. 15). 



-73-

FIGURE CAPTIONS (cont'd) 

Figure 5 Conceptual angular yield profiles for a two-dimensional 

crystal containing impurity atoms lying along the <11> 

rows (from Appleton and Foti Ref. 16). 

Channeling measurements of angular scans through the 

W <100> axis for 3 x 1 0 1 5 D ions/cm2 implanted at 296*K 

into W. A 750 keV He analysis beam was used; circles 

correspond to the backscattering yield from W and 

triangles correspond to proton yields from D caused by 
3 4 the nuclear reaction D ( He, p) He (from Picraux and Vook 

Ref. 17). 

o 

Comparison of backscattering spectra for a film of ^ 15 A 

thickness of oxide on <110> Si for the case of : (upper) 

grazing exit angle geometry and (lower) conventional large 

angle geometry (from Feldman et al. Ref. IB). 

Figure 8 Normalized channeling <110> angular distributions for 

50 keV W-implanted Cu at substrate temperatures of 60*K 

for three different V ion doses. The backscattering yield 

from the Cu substrate is denoted by o and from the implanted 

W by x. At concentrations up to a few atomic % (a,b) the 

W is substitutional, but at higher concentrations the Cu 

matrix is disordered and the W is not on a well defined site 

(from Cullis et al. Ref. 19). 

Figure 6 

Figure 7 
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FIGURE CAPTIONS (cont'd) 

Figure 9 Channeling measurements on Be crystals implanted with 
14 2 = 5 x 10 ions/cm of either Ag or In. Top: angular 

scans about the a axis and basal plane for Ag in Be. 

The results indicate Ag is on substitutional sites. 

Middle and bottom: angular scan about four channeling 

directions for In in Be. The inserts show the projections 

normal to the indicated channel of the octahedral (circles) 

and tetrahedral (crosses interstitial sites). These 

data are consistent with 50Z occupation of In on 

tetrahedral sites and 50Z on "random" sites (from 

Kaufmann et al. Ref. 21). 

Figure 10 Schematic of the formation of an amorphous layer on 
28 single crystal Si by implantation of Si ions at LN_ 

substrate temperatures. During thermal annealing, the 

amorphous layer regrows epitaxially on the underlying 

crystal. 

4 Figure 11 Aligned spectra for 2.0 MeV He ions incident <110> Si 
28 * 

implanted with Si ions to form a 4000 A thick amorphous 

layer: the spectrum taken on the as-implanted layer is 

indicated by triangles, that taken after anneal at 550°C 

by circles (taken from Csepregi et al. Ref. 22). 
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FIGURE CAPTIONS (cont'd) 

4 Figure 12 Random and aligned spectra for 2.0 MeV Re ions 

Incident on <100> and <111> oriented Si samples 

Implanted at LN. to for* a 4000 A thick amorphous 

layer. The aligned yields are measured after Q 

switched ruby laser single pulse of 50 nsec duration 

of 1.5 J/cm 2(a), 2.5 J/cm 2(b), and 3.5 J/cm2(c) 

energy density, respectively. Transaission electron 

aicroscopy indicates the amorphous layer becomes 

polycrystalline in (a) and that no residual disorder 

remains in (c) (from Foti et al. Ref. 25). 
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NUCLEAR PR. BES IN GEOLOGICAL STUDIES 

INTRODUCTION 

In the study and understanding of the structure and 
evolution of the earth and its cosmic environment many 
different parameters are of importance and among these 
the measurement of elemental concentrations plays a 
major role. It is here in the disciplines of geochemistry 
and cosmochemistry that nuclear probes have undoubtedly 
made their major contribution. In fact among the 
earliest applications of neutron activation analysis, the 
most widely used and successful nuclear analytical 
method, were the determination of trace elements in 
meteorites '••''••'. These greatly improved the initial 
estimates of the abundances of many of the elements in 
the solar system. 

Today there are a large number of different nuclear 
methods, diverse both in type and in application. In
strumental neutron activation analysis, because of its 
capabilities for multi-element trace analyses has been 
applied to establish trace element patterns characteristic 
of particular geological formations *• •*. It has also been 
applied in a multitude of other problems; hi the study 

(41 
of phenocryst-matrix partition functions *• J , differentia
tion *• \ metamorphism *• *, lunar geology ', geochemical 
prospecting *• \ ore evaluation *• ', and the assay of 
samples l K For example the most recent review conference 
in this area ' included papers on the identification of 
primary matter in the lunar highlands, cosmochemistry, 
the genesis of deep sea basalts, meteorite studies, the 
study of groundwater flow, the characterization of granites 
and the geochemistry of diamond. 
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Other areas where nuclear methods have had an impact 
include isotope geochemistry, age determinations and 
mineralogy. Particularly in these areas, the nuclear 
techniques used have diversified and now include many 
charged particle methods, such as activation analysis, 
the direct utilisation of nuclear reactions, back 
scattering and particle induced X-ray emission as well 
as photon activation analysis. 

All of these methods have particular properties which 
have enabled them to make significant contributions 
in the understanding of geological problems and they 
promise to enjoy a rapid increase in use in the future. 

The topics concerned are many and the number of publi
cations is legion and a comprehensive review will not 
be attempted. In the following sections some of the 
characteristics of the nuclear methods will however be 
described and some specific examples of applications 
will be given, in an attempt to illustrate how the use 
of these methods has been able to contribute materially 
to our understanding of geology, taken in a broad sense. 

WHY NUCLEAR? 

The question sometimes arises of why nuclear methods 
should be used at all, considering the host of conventional 
methods available, often using much simpler and less 
expensive equipment. The short answer to this lies in 
the special attributes that nuclear methods can bring 
to bear and the complex nature of many of the measurement 
problems involved in geology. 
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2.1 Neutron Activation Analysis 

Neutron activation analysis has the great advantage, along 
with many other instrumental nuclear methods, that the 
signal obtained is independent of the state of chemical 
combination of the element being measured, and the 
activation and measurement processes have a simple 
physical model. This is a particular advantage in 
geological samples which often contain many different 
complex compounds, some of which may, for instance, be 
refractory or insoluble. 

One of the other great advantages of neutron activation 
when appJ-sd to geological materials is the great sen
sitivity of the instrumental method for the trace elements. 
This is not a chance occurrence. It was in fact the 
observation of the approximately inverse relationship 
between the neutron capture cross section and the relative 
natural elemental abundances that led to the pioneering 

f 121 work on nucleo-synthesis by Alpher, Bethe and Gamow *• '. 
The sensitivity of neutron activation analysis for trace 
elements in these materials is an indirect result of 
the role of the s process in the synthesis of the heavier 
elements. 

Neutron activation analysis in geology has reached 
maturity. This can be judged by the steady flow of 
papers in Earth Science journals, as distinct from 
Nuclear journals, describing the use of this method. 
Barring the advent of much improved detectors one can 
foresee that the main development that will take place 
in the future in this field will be a great improvement 
in the accuracy and reliability of analyses when the 
status of the nuclear data and the details of the 
physical model are such that they can be used to cal
culate the concentrations of the elements from first 
principles in the so-called absolute method '•-'»• >. 



-92-

2.2 Charged Particle Activation 

The role of charged particle beams is much more complex 
and it is also at a much more pioneering stage. Here 
perhaps the most useful unique attribute of the luethod 
is the low penetration of the charged particle beam 
into the sample. This lends itself to surface studies 
and to the study of depth distributions *• •*. 

In charged particle activation a radioactive nuclide is 
produced, analogously with neutron activation analysis. 
By changing the bombarding energy and particle type a 
virtually unlimited variety of conditions is available, 
although the constraint provided by the increasing 
Coulomb barrier height, means that the method is most 
valuable, with some exceptions, for light to medium 
weight nuclei; in addition the energy thresholds and 
excitation functions for competing reactions with matrix 
elements impose restrictions on the maximum bombarding 
energy. In practice the method has proved very useful 
for the determination of many trace elements in metals 
and particularly for the light elements such as C, 0, S, 
N, B, Be and D which cannot be determined by thermal 
neutron activation analysis *• •'"*• '. 

The few applications of this method in geological problems 
(221 include one to sedimentary rocks by Sippel and Glover v ' , 

the study by Cobb of Pb isotope abundances in meteorite 
utilising the (a,2n) reactions at 30 MeV *• ' , the 
determination of Fe, Ni, Ca, Ti and Cr in stony meteorites 
by van Zelst using proton activation, the uses of deuteron (251 irradiation by Pretorius and Peisach *• ' to measure the 
major element abundances in tourmaline, and the study of 
boron and nitrogen in diamond^ ' *- . 
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Besides this activation method, which has a history 
going back to Seaborg and Livingood in 1938 *• *, more 
recent analytical development with charged particles 
have used the detection of the prompt radiations from 
nuclear reactions. Under this topic are found some of 
the most exciting modern applications of the charged 
particle method although in most areas their geological 
uses are still in an embryonic stage. 

2.3 Charged Particle Reactions - Prompt Methods 

Included in this broad field we have the use of 
Rutherford back scattering as a sensitive means of 
establishing the thickness of surface films and the depth 
distribution of contaminants. The energy distribution 
of the scattered particles is dependent on the mass 
of the scattering centre and its depth beneath the 
surface. This method is particularly useful where a 
heavy surface layer lies on a light substrate. For 
example, this method has been applied to the examination 
of surface layers in serai-conductors *• ' and metals *, 
but geological applications of the method appear to be few 
and far between at this stage. 

The detection of protons, alpha particles or photons 
from nuclear reactions offers a particularly sensitive 
method in some instances, notably in nuclear microprobe 
examination* of e.g. carbon distribution on metal 
surfaces^ . Among geological uses of this type of 
analysis v -'is the determination of fluorine by means of 
the reaction F(p,ay) 0. 

The existence of the well-defined resonance in this re
action as well as of its inverse ^ 3 3 ) ^ 3 4) HC 1 9F,ay) 1 60, 
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has the consequence that the depth profile of the target 
can be obtained by varying the bombarding energy. 

Another method in which a prompt radiation, albeit an 
atomic radiation not a nuclear one, is detected in the 
method of particle induced X-ray analysis or PIXE. In 
this method the ionisation of the target atoms produced 
by the passage of the heavy charged particle is utilised. 
Characteristic X-rays are produced following the ionisation 
and these can be used for analytical purposes. The 
production cross section for X-rays can be as high as 
100b and this makes the method capable of great absolute 

-12 sensitivity, with amounts of 10 grams of some elements 
detectable under ideal conditions. Another characteristic 
of the method, which increases its sensitivity relative, 
for example, to electron bombardment as in the electron 
microprobe, is the very much reduced intensity of 
bremsstrahlung from the decelerating ions, but other 
contributions to the background such as that due to 
secondary electron bremsstrahlung from the ionised 
electrons or to gamma ray production from the excitation 
of low-lying state make the sensitivities achievable 
with real samples more modest. 

A large number of papers utilising this method have 
been published *• 3'. A controversy developed in 1976 over 
the postulated detection of this method of the super
heavy element number 126 in samples of the mineral 
monozyte containing giant haloes, but subsequent work 
resulted in a retraction, and this episode has illustrated 
the extreme care necessary in the interpretation of the 
X-ray spectra from complex geological samples. 

In spite of this the PIXE method has already found 
several applications in geological studies. Notable 
among these are the determination of hafnium-zirconium 
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ratios of zircons *• '. A comprehensive study of the 
application of this method to a variety of geological 
samples, natural gold, zircon, chromite and diamonds has 
been given by Madiba in a recent thesis *• '. This will 
be discussed more fully below. 

With the advent of techniques for producing charged 
particle beams with cross sections in the micrometer 
range, (micro-beams) , new fields of application 
have been opened up for all of the above charged 
particle methods. These microbeams can be produced 
with a two micron cross section and Heidelberg University 
appears to hold the record *• '. So far these methods have 
found several metallurgical applications, particularly 
in the pioneering work done at Harwell, but they have 
hardly begun to be exploited in geology. In one early 
geological application, also at Harwell, Peirce made use 

27 24 of somewhat coarser beam with the reaction Al(p,a) Mg 
to show the distribution of tourmaline, which contains 

f 391 aluminium, in a quartz tourmaline rock . 

2.4 Other Nuclear Methods 

In addition to the above methods, a number of other 
nuclear techniques have found application in geology. 
Although charged particle methods are of the greatest 
interest * n t n e context of the present conference, these 
will be mentioned for the sake of completeness. 

T n e y include photon activation analysis which has been 
used for the determination of nitrogen in diamond 
by the reaction 1 4N(y,n) 1 3N with 17 MeV photons ^ 4 0) 
and for a number of elements (Fe, Ca, Ti, Sr, Zr, Cr, 
Cs, 11 and Sb) in lunar soils ' 4 1 ) . 
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The products of the CY»H) reaction are usually positron 

emitters and the analysis of complex decay curves of 

positron emitters is often necessary. For this reason 

there is sometimes an ambiguity in the interpretation 

of the results of the instrumental method. This can 

however be removed by the use of radiochemical separations. 

Another interesting method involving photons is the use 

of the resonance fluorescence of gamma rays for the on

line determination of Cu and Ni in ores *• '. In the 

case of Cu for example, a Co source is heated by a 

furnace to obtain resonance. 

In addition to neutron activation there are a number of 

other neutron methods that have found geological 

applications. One of these is the use of prompt gamma 

rays. This involves the detection of the gamma rays 

emitted during the (n,y) or (n,n'y) reactions. In such 

applications the neutron source is either an isotopic 

source,such as Cf-25ï or Am-Bey or a reactor beam. The 

method has been used recently to determine copper, iron, 

and other elements in rocks with a view to its use in 

mineral exploration *• ' and a practical realisation of 

the method is employed in Canada for the logging of 

boreholes in exploration for copper and nickel deposits1, ', 

SOME SPECIFIC APPLICATIONS 

The ways in which nuclear probes can be used in geology 

is complex and this is particularly true of charged 

particle methods. The best way of gaining some insight 

into their use is perhaps to consider some specific 

examples in a little more detail. This will be done 

below in four cases, three illustrating the use of a 

particular method, charged particle activation, the use 

of direct reactions and particle induced X-ray emission, 
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and a fourth example illustrating how a variety of 
nuclear methods have been brought to bear to investigate 
the properties of the mineral, diamond, in a unique 
illustration of the application of nuclear probes 
in geology and physics. 

3.1 Deuteron Activation Analysis of Tourmaline 

f 251 This study v J , by Pretorius, Odendaal and Peisach of 
deuteron activation analysis is interesting in illustra
ting the use of charged particle activation analysis in 
geology. Tourmaline is a complex silicate containing 
boron and aluminium with magnesium, iron and the alkali 
metals present. Different varieties occur as the magnesium 
is replaced by iron or the alkali metals. It forms an 
attractive semi-precious stone occurring in granite 
pegmatities formed during the final stages of the crystal
lization of a mass of granite rocks. 

The interest was in the method to be used in establishing 
the variety of tourmaline. 

Deuterons were chosen as the bombarding particle because 
no interference is produced from deuteron reactions with 
oxygen, silicon and aluminium, which form the main con
stituents in tourmaline but which were not of interest in 
typing the tourmaline. 

With 5.5 MeV deuterons using beam currents of up to 
lOuA and irradiation times of up to four hours, activities 
from eight different isotopes produced by 15 different 
reactions were found. From these Mg, B and Fe could 
be uniquely determined and Al could also be determined 
once corrections had been made for Si. 

The authors reached the conclusion that the method is 
of great use for tourmalines and that it should be useful 
for determining major elements with concentrations greater 
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than 0,11 by mass. 

This example is interesting in that it illustrates the 
power of the method and also some of the complexities 
involved. With a microbeam a similar method could be used 
to establish the type of a tourmaline grain in a thin 
section of a rock after it has been isolated under a 
microscope. 

3.2 Direct Nuclear Reactions-Determinations of 
Fluorine and Hydrogen 

One can judge the state of development of an applied 
method by the journals in which its use is described. 
As it gains acceptance and the contribution that it can 
make in a particular field is appreciated, the articles 
move from nuclear journals to specialised journals 
in that field. One of the four geological applications 
of direct nuclear reactions that have reached this stage 
of acceptance (with the exception of the diamond work 
described later) is the determination of fluorine^ ' *• ' 
through the reaction F(p,ay) 0 and the determination 
of hydrogen *• ' through the inverse reaction H( F,OY) 0. 

In both cases the prompt gamma rays at 6,13 and 7,12 
MeV from the excited 0 nucleus are measured. The 
high eneigy of these gamma rays together with the 
existence of a well-defined resonance structure in the 
excitation functions make these particularly favourable 
analytical reactions. 

Fluorine was first determined by this method in 1957 
by Rubin *• ' who used it to analyse opal glass. 

Much later Allen and Clarke *• ' used it to determine 
fluorine in geological standards and in the Allende meteorite. 
They used 2,5 MeV protons and found that these samples 
were homogeneous. 

I—M. 
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This reaction has proved very useful in lunar and meteori-
tic studies. In the lunar studies Goldberg, Leich, Burnett 
and Tombrello *• ' were able to establish that the samples 
had been contaminated by the teflon bags used to contain 
them. This was achieved by examining the depth profile 
of fluorine; by scanning the energy and making use of the 
resonance structure to examine the concentration of 
fluorine as a function of the depth of penetration of 
the proton beam. They were able to examine the first 
micron of the outer sample layer with a resolution of 
about 500 A 0. 

Work in the same laboratory using the inverse reaction 
H( F,oy) 0 for the determination of hydrogen ^ ' , 
again with depth profiling using the same method,allowed 
a penetration of about 4000A° with a resolution of 200A°. 
The difference in penetration and resolution reflecting of 
course the use of a light or heavy ion as the projectile. 
Depth distributions of different shapes were found and 
their interpretation showed that components from terres
trial contamination and a lunar origin - probably the 
solar wind, were both present. 

3,3 T TXE Analyses in Geology 

Since its inception this method has found perhaps its 
greatest application in the analysis of aerosols l ^ *• . 
Most of these have been related to air pollution but 
some are concerned with the establishment of the natural 
aerosol background *• , a more directly geological con
cern. Its usefulness in this field is a direct consequence 
of its great specific sensitivity and resulting ability 
to analyse small samples, as we mentioned above. 

Another geological use arising from this characteristic (51) is for the analysis of separated mineral fractions v ' . 
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Particularly in the case of accessory minerals, it is 
often only possible to assemble microscopic amounts of 
sample and therefore the PIXE method has great advantages 
in this field. 

An early attempt of its use was the determination of 
Zr:Hf ratios in zircon samples *• ' and in a recent thesis, 
Madiba *• ' has examined its use for the analysis of gold 
grains, zircons, chromites and diamonds. He has con
cluded that it is particularly useful for chromite 
where the elements chromium, iron, nickel, copper, zinc 
and titanium could be determined. In particles of 
native gold it proved to be possible to detect silver, 
copper, nickel and iron as well as the gold itself. The 
silver to gold ratio, known as the "fineness" is providing 
useful information in investigations of the origin and 
deposition of the Witwatersrand gold ore deposit. In 
zircons the ratio of zirconium to hafnium was measured, 
while titanium, manganese iron, nickel and yttrium 
were also detected, although it is probable that some of 
these elements could be contaminants. An examination 
of single zircon grains showed a large variation in the zir
conium to hafnium ratio, not found in the bulk samples. 

It is clear from this investigation as well as others, 
that the PIXE method can be used for the determination 
of a number of major and even minor constituents of 
separated minerals and that small samples and even single 
grains can be used. What is not yet completely clear, 
in spite of some studies, is how the PIXE method really 
compares with other methods of inducing X-ray emission 
by electron and X-ray bombardment in common use, in the 
case of these and other specific types of geological 
samples. 
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3.4 The Diamond Saga 

Diamond is perhaps the best known of all the more than 
2000 listed minerals. It is fascinating both because 
of its unique physical properties, its hardness, high 
refractive index and thermal conductivity and because 
of its geological origins. It is thought to be formed 
at the roots of kimberlite pipes in the region of 
the upper mantle v "•'. 

Because of the unique place that diamond occupies 
among minerals and the resulting high level of interest, 
all the power of the various nuclear probes has been 
brought to bear in the elucidation of its properties 
and origin. 

Although diamond is often thought of as a very pure 
substance it does contain impurities. In fact some 
58 elements have been determined in diamond *• '. Fifty 
three of these elements were determined by nuclear methods 
and 34 of them have only been determined by nuclear 
methods. 

The heavier trace elements in diamond have been determined 
by neutron activation and the work of Fesq et al *• ' 
has shown that the diamonds contain element associations 
typical of the garnet-diopside group of minerals, and 
it has been postulated that the data also shows the 
existence of sub-microscopic inclusions with the com
position of the parental magma from which the diamonds 
crystallized *• •'. In these studies concentrations down 

12 to one part in 10 were measured, illustrating the 
capabilities of this method. 
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The light elements in diamond are of great interest 
because they influence the physical properties, and 
nuclear probes have played a central role in the 

f 571 elucidation of some of these properties *• J . 

In order to appreciate the role that nuclear probes have 
played, it should be understood that diamonds are 
divided up into Type I and Type II on the basis of 
their ultra-violet absorption spectra, moreover Type I 
is sub-divided into la and lb, which exhibits an e.s.r. 
signal, while a sub-division of Type II designated lib, 
is a semi-conductor. Type la diamonds also show spikes 
in their X-ray diffraction spectra caused by clusters of 
defects in the'{100} direction. 

Charged particle methods have played a uniquely im
portant role in elucidating the nature of the defect 
structure in diamonds that produces the various special 
features and in studying superconductivity in diamond. 

Early investigations by Kaiser and Bond *• ' used vacuum 
fusion and mass spectrometry to show that nitrogen is 
a major impurity in diamond and showed that it played 
a role in the defect cluster phenomenon, interpreted 
as platelets of nitrogen. Subsequently three nuclear 
methods have been used to investigate nitrogen in 
diamond. These are: 

1) Rutherford back-scattering *• ' of protons 
and alpha particles. 

2) Photon activation *• ' utilising the reaction 
1 4 N ( Y , n ) 1 3 N 

3) Charged particle activation *• > with the 
reaction 1 5N(a,n) l 8F 
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In the choices of reactions it is of course vital 
that interference from the carbon matrix should be 
suppressed and this is possible in the above re
actions by energy selection. 

Using these methods (particularly method (3)), it 
has been shown that nitrogen occurs in all diamonds 
but that the aveiage for la diamonds is 780 ppm 
compared with 20-40 ppm for types lb, Ila and lib, 
indicating a broad distinction between type la 
diamond on the one hand and all the other types grouped 
together ^ 5 7 ) . 

Rutherford back scattering has been used to obtain 
a rough depth profile of the nitrogen concentration 
and a fascinating contribution has recently been 
reported by Fearick *• ' from the study of clunnelling 
and dechannelling in diamond. The dechannelling is 
related to the presence of lattice defects but 
it is not related to the total nitrogen content. 
On the other hand there is a good correlation be
tween the dechannelling cross-section and an infra
red absorption band at 7,3um. This feature is 
interpreted as being related to the presence of 
planar faults on the'{100} planes and the inter
pretation of the dechannelling data indicates that 
in this direction it is due to a stacking fault at 
the platelet sites. 

Some diamonds (type lib) exhibit the phenomenon 
of semi-conductivity *• K The semi-conductivity 
is p-type and the problem of the identification of 
the acceptor centre has been solved by nuclear methods. 
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10 7 A neutron method based on the reaction B(n,a) Lt 
with detector of the alpha particle by a track etch 
technique was used to determine boron in artificial 
semi-conducting diamond *• ' but its limit of detection 
(3 ppm) was too high for naturally semi-conducting 
stones. 

A charged particle activation analysis method based 
on the reaction B(p,a) Be has been applied *• ' ^ •* 
and boron h*s been found in a number of semi-conducting 
stones at the level of 0,24 to 0,01 ppm. It has 

11 8 also been found by the use of t!-.e reaccion B(p,cO Be 
•* 2a with the detection of the prompt a particles ^ b i \ 
As a result of the application of these nuclear methods 
it now seems fairly clear that the impurity producing 
ser.i-conductivity in diamond is boron at a level 
of less than 0,5 ppm. 

Nuclear techniques have also played a major role 
in the determination of the volatile elements in 
diamond. 

Two heavy ion reactions have been used for the 
determination of hydrogen. The one is the conjugate 
of one of the reactions used for the determination of 
boron, i.e. H( 1 1B,o) Be-»- 2a and the other ^ 5 7^ is 
the conjugate of the reaction used for the determination 
of fluorine in rocks i.e. H( F,ay) 0. 

By the use of depth profiling with this second reaction 
it has proved possible to differentiate between 
surface and bulk hydrogen and hydrogen levels of 
between 100 and 1000 ppm by weight have been 
measured in diamond l K 
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Recently a nuclear method has also been used to 
measure oxygen *• •* in diamond with the reaction 
1 60( 3He,p) 1 8F. 

This high content of volatile in diamond is con
sistent with the ideas of water-rich magma droplets 
being trapped in diamond. 

CONCLUSION 

Nuclear methods offer several unique features in the 
determination of the composition of materials. Neutrons 
and gamma-rays can probe inside a sample to determine 
its bulk composition non-destructively, while charged 
particles can sensitively analyse the surface and 
near surface layers. Methods that depend on the nuclear 
properties are insensitive (in general) to the state of 
chemical combination and this offers particular 
advantages in accuracy of element determination, where 
complex compounds are present. Many nuclear methods 
also offer great sensitivity and specificity. For 
instance in the case of charged particles the type 
of projectile and bombarding energy can be varied in 
an almost bewildering variety of ways to suit the element 
and the matrix. 

Geology, as the study of the earth, has as its subject 
matter highly complex materials interacting in a 
complicated system. Its understanding involves the 
use of the most powerful analytical techniques and 
nuclear methods have a major role to play. 
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This has thus far been most apparent for neutron 
activation analysis which has found wide application 
and will continue to be a major tool in geology. 
Charged particle methods have not established them
selves to the same extent but they have been used in 
meteorite and lunar studies. The analysis of diamond 
is an example of the range and quality of the informa
tion that can be produced by nuclear methods applied 
to a particular problem. One can venture to predict 
that these methods wi?l find increasing application 
in the fields of raicrobeams, with the charged particle 
microprobe establishing itself as an important analyti
cal instrument, particularly in geology. 

Other nuclear methods, photon activation neutron 
methods with the detection of prompt radiation, 
resonance fluorescence and the use of radio-isotope 
sources should find steadily increasing applications 
in the allied fields of mineral exploration and 
mineral processing. 

Three phases can be distinguished in the development 
of these nuclear methods. There is the discovery 
of a phenomenon that can be used and the establishment 
of its characteristics; there is the identification 
of a problem or class of problems that are potentially 
solvaDle by the use of this phenomenon, and there 
is the often long and arduous development of the new 
approach to produce a practical method. 

In the case of the charged particle methods there are 
very many phenomena that can be used, and several 
types of geological problems that can be identified, 
but the number of instances where the practical method 
has been developed is much smaller. One reason for 
this is the centralised nature of most nuclear 
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facilities, another is the relatively unsophisticated 
state of development of the application hardware. Com
pare for example a modern scanning electron micro
scope with a current charged particle microprobe. 

Deliberate steps are necessary to make these techniques 
more widely available. For example every major accele
rator facility could include beam line devoted to 
these applications of ion beams and equipped with as 
much thought and money as a typical major nuclear 
experiment. 

It is clear that in the future these methods, as well as 
other nuclear techniques not mentioned here, such as 
the use of synchroton radiation and ion implantation, 
will contribute substantially to our understanding and 
control of the natural world. 
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ABSTRACT 
Recent advances in the application of heavy ions to analysis 
of biological materials are critically reviewed. Examples 
are selected to illustrate the "state of the art". Limita
tions to more widespread applications are identified: the 
need for automated analysis and data handling, the need for 
a clearer statement of problems on the biological side. 
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INTRODUCTION 

Rather than attempt an encyclopaedic survey of the already 
extensive literature on this topic I have attempted in 
this review to select - from the current literature and 
from projects in which I have participated - examples of 
those techniques and applications of greatest current or 
potential interest. Such a review still has limited 
value if it merely eulogises one's chosen field - I have 
also attempted to identify and discuss frankly the limita
tions of heavy ion techniques and the blocking points to 
futher progress. Since the emphasis of this symposium is 
on applications, I have avoided in-depth discussion of the 
physics of the respective methods. 

Heavy ion applications in biology have centered around 
elemental analyses, and so the bulk of this paper will 
concentrate on this aspect. Isotope production using 
accelerators is a we3.1 established technique with a 
successful history of application in the bio-medical 
field; however such use of isotopes is regarded as an 
indirect application of heavy ions and thus falls outside 
the scope of the present review. Particle Induced X-ray 
Emission (PIXE) analysis has generated the largest number 
of contributions to the field of analysis. Although much 
of the discussion will centre around this technique, many 
of the issues raised - such as target preparation and the 
need for automated sample and data handling - will apply 
to other techniques. 
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TECHNIQUES IF HEAVY ION ANALYSIS 

Heavy ion analysis is essentially an elemental analysis 
technique and the biological problems which can be tackled 
must be selected with this in mind. The complexity of 
biological systems is such that important questions can 
seldom be framed and answered solely in terms of elemental 
concentrations. For this reason elemental analysis of 
biological systems must not be regarded as an end in itself. 

The eleven bulk constituents and fourteen known essential 
trace elements for mammals are marked on the periodic table 
in Fig. 1. Most of the essential trace elements fall into 
the group of transition metals. Certain elements are known 
to be highly toxic at extremely low concentrations, e.g. Be, 
As, Hg. and Pb. For most other elements, including the 
essential trace elements, there is a narrow range of 
tolerance, above which concentration the normal function 
of the organism will be perturbed. Fluorine, an element 
particularly well suited for heavy ion analysis, is 
possibly the most controversial of all, with beneficial 
effects being claimed by some at the same concentrations 
that others claim to be toxic. The object of the game is 
thus to establish element concentrations and dynamics in 
normal and abnormal biological systems and their environ
ment. An extensive compilation of the elemental composition 
of human tissues and body fluids has been presented by 
Iyengar et al. (1978). Because of the complex interactions 
and substitutions between elements, an understanding of the 
role of a particular element will frequently necessitate 
the simultaneous analysis of several other elements. 
Multi-elemental analytical capability is thus highly de
sirable and often essential. 

The generic term "heavy ion analysis" covers a broad range 
of techniques. For discussion purposes it is useful to 
consider an analytical system in terms of a number of 
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logical components, and then to examine the choices avail
able for each component. From these the potential user 
can synthesize the system most applicable tc his needs. In 
Fig. 2 a schematic diagram of the alternative components 
and possible modes of combination with an indication of 
the probable use is presented. The defining characteristic 
of a system is generally the detected radiation, although 
several existing systems simultaneously operate two or 
more detector systems. Other important characteristics 
are the target vacuum conditions, particle type and energy, 
and resonance or integrated reactions. Depth or lateral 
scanning will necessarily be performed on whole samples not 
reduced by digestion or ashing. 

Example 2.1 Detection of volatile elements - Hg 
Eecause of their toxicity, the volatile elements Hg and Se 
are of great current concern to environmentalists. Their 
measurement presents difficulties, firstly because toxicity 
levels are low compared to the limits of current analytical 
techniques, and, secondly, because their volatility makes 
them sensitive to loss during target preparation and analysis. 
While ion beam methods have adequate sensitivity, the combina
tion of beam heating, in high vacuum, creates ideal conditions 
for volatile element losses. In a very elegant presentation, 
Jolly et al. (1978) have shown that Hg in a biological 
target is stable under bombardment in an atmosphere of He 
at a pressure cf 100 torr. A plot of Hg X-ray count rate 
vs time is reproduced from Jolly's paper in Fig. 3. This 
shows that a rapid drop in count rate followed the pumping 
of the chamber to high vacuum. In this experiment, the 
proton beam was extracted from the vacuum through a 8.2 pm 
Kapton foil, which also served to diffuse the beam. The 
limited life of the Kapton foils (6000 at 1 uA) is a dis
tinct disadvantage, and a constant hazard to the accelerator. 
For PIXE analysis the use of metallic foils is precluded. 
Extraction of particle beams through differential pumping 
apertures has been reported, but this limits the beam to 
milli- or micro-size and ultimately the 
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sensitivity. Se determination is discussed in Example 3-3. 
(Shroy et *1. 1978) 

Example 2.2 External beams - light element 
determinations by gamma rays 

The difficulties mentioned in the previous example con
cerning the stability of the plastic beam exit-foil largely 
fall atíay if thin metallic foils are used. These endure 
a much larger irradiation dose, provided a critical 
intensity is not exceeded. Deconninck and Bodart (1978) 
have explored extensively the analytical r pabilities of 
heavy ion analysis at atmospheric pressure. They give a 
list of foils for use in PIXE analysis each of vhich inter
feres with only a snail interval of the spectra, only 
slightly reducing the multi-elemental capability. 
Advantages are: 

i) the capability of analysing liquids; 
the example discussed is human albumin; 

ii) ease of sample changing; 
iii) possibility of target cooling during irradiation 

(important for the integrity of certain biolo
gical sampler,; and 

iv) possibility of in vivo analysis (see Example 2.3). 

The charge integration difficulties inherent in an 
external beam set up are avoided by using either an 
internal monitor in liquids, or the x- or gamma-radiation 
from the exit foil itself as a monitor. Deconninck has 
also demonstrated the detection, using 2.5 MeV protons, of 
P, Na and Mn with a tantalum foil as a monitor, and Mg, /1 
and P with Al or Mg evaporated on a Ni foil as monitor. 
Still employing a Oé(Li) detector, the determination of the 
important biological quantity, the nitrogen/carbon ration, 
has been demonstrated, by bombarding the sample with 2 MeV 
d^uterons. These measurements were made by taking the ratio 
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of the l UN(d,n) 1 5O(7.30 and 6.79 MeV) and 12C(d,p)13G(3.090 
MeV) reaction yields. The high detection limit of 1? is quite 
adequate for biological specimens. Obviously these latter 
determinations must be executed in a helium atmosphere and 
not in air. 

Example 2.3 Resonance reactions for depth profiling 
- 1 9F, UK 

The property of ion beams, that only the near surface region 
of a thick target can be analysed, can be exploited to 
perform depth profiling by measuring the yield as a function 
of particle energy. By choice of suitable reactions, resolu
tions of a fraction of a micron can be obtained for analyses 
down to several microns depth. The most dramatic example of 
a biological application of this technique has been in the 
study of the fluorine distribution in tooth enamel. Using 
the yF(p,a-y) 0 reaction at the E = 3^0 keV resonance, 
Jones et al. (1978) have studied the 1 9 F distribution in 
tooth enamel to a depth of 1.5 Mm and also laterally, as 
shown in Pig.4. in Pig.5 a schematic diagram of particle energy 
depth in the sample, plus the thin target excitation function 
show how the sampled depth can be precisely selected, and how 
the sampled width is a function of beam resolution, resonance 
and beam straggling. 

As caries attack is a surface phenomenon, it is the surface 
concentration of trace elements that is of relevance. The 
fine depth resolution, non-destructive and repeatable nature 
of heavy ion reaction analysis are unique features of this 
method. Prom the biological side the questions relating to 
the role of trace elements in caries inhibition are well 
defined and of wide-spread interest. This represents the 
ideal example of an application of heavy ions ,o a biological 
problem. 

Tooth enamel has been investigated by other techniques as well. 
Ahlberg et al. (1976) have investigated PIXE for measuring the 
heavy metal trace elements: this appears to be a promising 
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line of investigation. The wider availability of proton 
milli- and microprobes has great potential for improving the 
lateral scanning capability in these dental applications. 
Depth profiling using PIXE has been demonstrated with syn
thetic sampler (Vegh et al. 1978, Ahlberg, 1977), but the 
analysis is both more complex and less precise than is the 
case for resonance reactions. 

Deconninck and Bodart (1978) have also used their e/'î rnal 
19 beam technique for measuring ?P in tooth enamel. This 

external bea^ has on occasion been used for in vivo analysis 
on humans I Calculations ~nd measurements showed the radi
ation to be within the regulated limits. The radiation damage 
to the enamel surface was unobservable. Considering the 
vvide-spread public interest in this topic, the possibility 
of following in vivo the dynamics of topical fluoride 
applications is an exciting prospect. 

A method of nitrogen depth distribution in single seeds, 
which is also applicable to average concentrations, has 
been developed by Sundqvist et al. (1976) using the 
N(d p)"^N reaction. The nitrogen concentration in grains 

is of importance because it is correlated with the protein 
content. At present nitrogen is determined by the Kjeldahl 
method, which is time consuming and destructive. As a very 
large number of these analyses are performed every year, 
the development of a irapidnuclear method offers the possi
bility of making a valuable contribution to agriculture. 
To evaluate the usefulness of the method to plant breeding, 
a programme of nitrogen determinations has been started, 
measuring the effect on depth distribution of biological 
parameters such as level of fertiliser application and time 
of harve?ting. (L. Gflnczi et al. 1978) 

Further examples which illustrate the techniques are given 
in a subsequent section. 
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BIOLOGICAL TARGET TYPES AND PREPAriATJON 

The method of presenting biological target material to 
a particle beam is determined by three factors: 
i) type of material - liquid, solid hard, soft 
ii) ease of preparation and risk of contamination 

iii) homogeneity of the sample 
Practical considerations separate the discussion of target 
types into thick and thin targets. A summary of the 
target types and method of preparation is presented in 
Table 1. As it is frequently *'->e target preparation and 
not the analysis itself which is the limiting factor in 
an analytical technique, a careful consideration must 
alway? be made between the time taken in preparation and 
the risk of contamination or loss in such steps. 

Thick targets include the hard body tissues such as enamel, 
bone, hair and finger nails. These materials are simply 
prepared by washing and mounting on some suitable frame, 
care being taken not to abrade the surface if this is of 
interest, or to alter the specimen by ion exchange with 
the cleaning solutions. These samples are non-homo
genous and indee 1 it is the variation of elemental con
centration within the sample that is the most interesting 
aspect. Tooth enamel has already been discussed as 
Fxample 2.1. 

Example 3.1 Trace element analysis of hair: 
The trace element content of hair is of interest both 
because it constitutes a record of the body concentration, 
and because pollutants accumulated from the atmosphere 
are an indication of environmental exposure. The role 
and analysis of trace elements in human hair has been 
comprehensivly reviewed by Valkovic (1977). In com
parison with atomic absorption, for instance, the prepa
ration of hair for ion beam analysis is exceedingly 
simple, requiring only washing and mounting on a frame. 
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As the hair can be mounted without a backing, light 
elements below chlorine can be analysed, including C, 
0 and M, using Proton Elastic Scattering Analysis, PESA, 
(Nelson and Court.v;y, 1977). A PESA spectrum of hair is 
shown in Pig. 6. Hair roots or a section taken close to 
the scalp are used Í.J indicators of the body burden of 
trace elements, on the supposition that the root has 
not been exposed to environmental contamination. For 
example, Nelson and Kassouny (1978) are engaged in a 
study, by hair root analysis using PIXE, of the influence 
of oral contraceptives on the body levels of Cu. For 
analysis of environmental pollutants, such as lead, 
measurement at successive postions along the strand are 
required. Kaufman and Nelson (1978) have a:i elegant 
system to do this; they have mounted strands of up 
to 300 mm on a streaker frame (Nelson et al., 19765 • 
normally used for aerosol analysis. This enables the 
hair to "3e analysed in 2 mm step along the entire length, 
without cutting and multiple sample preparation. 

Example 3.2 Microtome slicing of soft tissue 
Soft tissues have been used in the form of thick targets 
both as microtome slices and as pellatised material. 
The ideal in taking microtome slices would be to slice 
so thin that the sample would be thin in terms of beam 
penetration and radiation absorption. Th^ limit for 
unembedded samples is ^30 ym (Kubo, 197*0. Thinner 
samples, down to 10 ym have been prepared from sample? 
impregnated with a supporting medium. However, this 
introduces the risk of contamination and an increased 
bulk of light m^ss elements, in essence a dilution of 
the sample which reduces the sansitivity. Microtome 
slices are useful either in the case of very uniform 
tissue of which liver is perhaps the only satisfactory 
example, or if variations across the tissue are re
quired, with a minimum resolution of the order of 10 urn. 
Although there is one such example in which the trace 
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element concentration across the wing bud of an embryo 
chick was measured, there does not appear to be a well 
defined interest from the biological side in such measure
ments. CL'::er'.vÍ3e the advantages of microtome slices are 
offset against the non-representative nature of the very 

2 S'>all amount sample analysed. Supposing one used a 1 mm 
beam of 3 MeV protons for a PIXE analysis. The effective 
depth would be ^50 pm, so the mats analysed would be 50 ug. 

Example 3.3 Se determination.in blood serum by 
ashing and pellatising. 

The sampling difficulties inherent in microtome slices 
may be overcome by mixing a more representative mass of 
target material. Thick targets can be prepared in this 
way by ashing and pellatising. 'Although this involves a 
more complicated sequence of preparation, it i.lso allows 
an increase of sensitivity by eliminatir."" the bulk of the 
low mass elements. A good example of the excellent 
sensitivity that can be achieved when this method is care
fully performed has been reported by Berti et al. (1977). 
Their sample material was blood serum, but any soft tissue 
could be treated similarly. P̂ .Cl̂  was added as an internal 
standard, followed by ultrasonic mixing and dry ashing 
at 60°C for 1 hour. The ash was ground in agate and com
pressed with 20% graphite into a 12 mm diameter pellet. 
PIXE analysis using a k MeV proton beam at 90 nA for 30 
min. achieved a sensitivity for Se of 10 ppb. blood levels 
of Se fall in the range 20 - 100 ppb. Thick targets have 
been prepared also by spotting whole blood onto target 
backings after addition of suitable standards CO and 
ultrasonic blending (e.g. Spoelstra, 1979). As expected, 
the ease of preparation is offset by higher detection 
limits, resulting in the measurement of only the more 
concentrated trace elements, K, Ca. Pe, Ou, Zn and Br. 

Numerous examples of thin target preparation have been 
reported, the majority using blood or blood serum. 
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Various soft tissues and plant materials have less 
frequently been analysed. The preparatory steps involve 
the destruction of the original matrix by either wet 
digestion or dry ashing. Dry ashing followed by grinding 
and mounting of a thin powder layer on a backing membrane 
using a starch solution or other adhesive red' -FS con
tamination to a minimum, but suffers from absorption 
problems as even the finest grinding tends to leave 
particles thick in terms of beam penetration and X-ray 
absorption. There are further difficulties with the 
addition of standards and the quantitative transfer of 
material to the backing. 

v.'et digestion in acid produces a completely homogeneous 
sample from gram sized samples. There is a risk of con
tamination from added chemicals, but this can be controlled 
at the cost of preparing and analysing reagent b'.ank 
samples from each stage of the sample preparation. This 
additional effort is off.~et by the ease of adding internal 
standards. The use of internal standards both for relative 
and absolute calibration has been extensively used since 
it simplifies the final step of target preparation, i.e. 
transferring a drop of solution to the target backing. 
With internal standards the evaporation need not be 
uniform, nor even confined within the beam area. The 
techniques of acid digestion using autoclaves have been 
extensively developed for atomic absorption spectroscopy 
(Perkjn-Elmer). Both in biological and geological appli
cations heavy-ion analysts appear to have ignored this 
extensive experience in target preparation gained in another 
area. 

Wet digested samples can be used without internal standards 
by quantitatively transferring a volume of the sample onto 
the backing and allowing it to evaporate within an area 
smaller than that of the analysing beam. As a drop of a 
few microlitres will spread on a wettable surface into 
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a spot a centimetre diameter, this transfer is not 
straightforward. Successive spostings of one or two 
microlitres at a time, to build up sufficient mass, is a 
tedious error-compounding task. An alternative strategy 
of disturbing the material in multiple (up to 50) small 
isolated droplets has been successfully used (Jolly, 
1978, see example 2.1), but for obvious reasons is not 
suitable for large scale application. 

Example 1A Wax ring method of liquid sample 
preparation 

A method of confining a deposited droplet within a defined 
area has been developed by Annegarn and is reported here 
for the first time. The method, a modification cf the 
wax ring targets developed for XRF targets by Smit and Van 
Grieken (1977), consists of impressing a hydrophobic wax 
ring of 3 to ^ mm diameter onto a Nuclepore or Mylar 
backing. To obtain a thin deposit, the wax is deposited 
with a neoprene stamp from a k% solution of paraffin wax 
in cyclohexane. A 3.5 mm wax ring can contain a 10 \il 
drop without spillover, allowing a more rapid and precise 
target preparation. Although the evaporate does not dry 
uniformly, as all the material will lie within the area 
of a uniform beam, quantitative analysis is possible. The 
distribution of material within the spot has been measured 
using the proton microprobe of the Florida State University 
focussed to 100 urn- the concentration of elements from a 
standard solution were ten times higher at the perimeter 
than at the centre (A Roy, 1978). 

Example 3.5 Uniform targets from suspended material 
Biological material which occurs naturally as, or can be 
reduced to a fine suspension can easily be deposited in a 
uniform layer by filtration onto a suitable membrane 
(Nuclepore 0.4 urn pore diameter) using a straight sided 
filter funnel. The total mass and thus areal density can 
be determined by weighing. This method has successfully 
been used in a study of nutrient and pollution uptake in 
algae by Burnett and Winchester (1978). 
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"STATE OF THE ART" IN BIOLOGICAL ANALYSIS 

It is apparent from the foregoing that heavy ion analysis 
has matured beyond the research-development stage and has 
begun to take its place on a competitive basis with other 
analytical techniques. Of these the most important are 
X-ray fluorescence, atomic absorption,neutron activation 
and electron induced X-ray spectroscopy. Several recent 
articles have made comparison between PIXE and various 
of these other techniques (Reuter and Lurio, 1977, Ahlberg 
and Adams, 1977). 

Too often these techniques intercomparisons are made, and 
read, in a partison spirit of attempting to show the 
superiority of one or other of the methods. This un
fortunate attitude has hindered recognition and exploi
tation of the common factors, certainly among heavy ion 
analysts, most of whom have a nuclear physics background. 
To my mind two important examples of neglected relevant 
work from other are: 

i) the absorption and secondary fluorescence of 
X-rays in thick targets which, for electron 
microprobes, extensive results are available; 

and 
ii) the sample digestion techniques of atomic 

absorption spectroscopy referred to already 
i.e. Section 3. 

Here I wish to confine myself to discussing a few state of 
the art examples which demonstrate the strengths of the 
heavy ion techniques, as well as identifying aspects which 
are limiting further exploitation. 

Example 4.1 Multi-elemein al capabilities 
The expression multi-elemental should be understood in a 
broader sense than just listing those elements which are 
detected in a particular sample type. Any element for 
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which quantitative detection limits can be set, should 
also be included on the "analysed elements" list. In 
this spirit Jolly et al. (1978) have demonstrated that 
tb*» PIXE technique can analyse 52 elements with dry weight 
sensitivities of 0.1 to 1.0 ppm for Z>?0. The sample was 
wet digested starfish analysed for 1 000 uC incident 
charge and acquisition time of 1 000 seconds 

For simultaneous detection of elements in the range 
13<Z*20 and Z>20 by PIXE, the detector sensitivity can be 
modified by use of a funny filter, a thin plastic 
absorber with a holy typically of area 10? of the 
detector area. Difficulties do arise with the fitting 
of X-ray peaks in the region of 2 keV (phosphorous,sulfur); 
this is the position of the bremstrahlung maximum so the 
background does not have a simple linear or quadratic 
form: there may be interference from Pb M lines; self-
absorption even in thin targets is non-negligable. In 
this case spectrum reduction by stripping techniques or 
simple peak fitting may not be adequate. Only routines 
that are based on a realistic physical model, 3uch as 
the code REX (Kaufman et al. 1977)» can accurately extract 
concentrations in this region. REX uses known Kot/KB 
ratios to calculate absorption for low energy X-rays, as 
well as an estimate of the H,C,N,0 content of the sample. 
Even so, at low concentrations ambiguities between the 
peak areas and the fitted background can arise unless the 
detection system is operated at optimum resolution i.e. 
<170 keV. 

Elements Z<18 can be analysed by Particle Elastic 
Scattering Analysis,PESA, using the same targets that are 
suitable for PIXE, (see Fig. 6). However, analysis of C 
and 0 is confounded by the inevitable presence of these 
elements in the backing material. Nelson (1978) has pro
posed using a fluoring containing plastic, i.e. Teflon, 
as a target backing, and using the F response and the 
known stoichiometric ratio F:C to separate out the ŷ .eld 
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of C from the target material. 

Example 4.2 Automation 
Since PIXE analysis burst on the scene in 1970 
(Johansson et al.), there have been hundreds of papers, 
developing techniques md emphasising the potential of 
chis analytical method. Disappointingly little of this 
great promise has been translated into practice, in the 
sense that the output of papers on applications of the 
method has been meagre. I believe that one reason for 
this lies in the historical development of PIXE: 
almost all those involved in the development of PIXE 
have been nuclear physicists by training; the nature of 
their experimental discipline is that analysis of single 
or few targets yields all potential information. The 
concept of analysing hundreds of essentially similar 
targets has no intrinsic appeal. Having demonstrated 
the properties of the new method (and their prowess in 
being able to perform the analysis), they felt it was 
up to someone else to use it, if they wished. The 
nature of analysis in biology is fundamentally opposed 
to that in most instances the meaningful questions can 
only be answered by the statistical analysis of large 
numbers of samples. To compete with other analytical 
methods then requires not only comparable or superior 
detection limits, but accessibility and time-cost 
efficiency. The inevitable implication of this is that 
analytical systems need to be automated. 

Comparatively few of the laboratories vith PIXE systems 
have been prepared to invest the not inconsiderable man
power and instrumentation necessary to achieve auto
mation of sample irradiation and spectrum reduction. 
Yet without these the applications must be limited to 
very small, highly specialised research topics. Auto
mation has most successfully been applied in the analysi 
of aerosols by the groups of Cahill at the 
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University of California, Davis, and of Winchester and 
Nelson at the Florida State University, Tallahassee. 
Cahill has discussed in general terms the design requirements 
of an automated system. (Cahill 1977). Le Compte et al. 
(1978) have described in careful detail their on-line 
system for trace element concentrations in serum samples, 
one of the few automated systems motivated for biological 
analysis. Their set-up is regarded as a good model of 
what is required for a viable automated system. The 
sample bombardment, target changing and spectrun re
duction are completely automated under control of a 
CDC-3100 computer with 32K memory with ADC and CAMAC 
interfacing. The target changer is a modified Kodac 
Carousel slide changer. Spectrum reduction is performed 
on-line based on the stripping procedure using reference 
spectra. 

Example 4.3 Data handling 
Once one has a working automated .system, the next require
ment is to have automated data handling routines. The 
number of individual data points from a multi-elemental 
automated analytical system rapidly exceeds human cap
ability extracting meaningful trends and correlations. 
Automatic plotting routines and a repertoire of statistical 
techniques are essential. Among the techniques that are 
applicable for extracting the underlying patterns from 
large masses of data are those of Mahalanobis (Hawkins 
and Rasmussen, 1973), principal component analysis (Nie 
et al., 1975)i minimal spanning tree (Boulle and Peisach, 
1977) and bivariate and multivariate analysis (Cahill, 
1977). 

Although computers and statistical analyses appear to fall 
outside the scope of the present topic, I believe this to 
be a major hindrance-in further applications. The 
physicist, with his closer contact with and use of com
puters and statistics is better placed than the biologist 
to develop this aspect. 
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uUAVY IONS FOR RADIATION THERAPY 

Gamma radiation and neutrons have been extensively used 
and discussed for radiation therapy of cancer. The use 
of heavy ions for therapeutic purposes has by comparison 
received scant attention. For deep-seated treatments, 
in the range 20-30 cm, the energy loss characteristics 
of charged particles offer distinct conceptual advantages 
to ions over neutrons or gamma-rays; maximum energy loss 
occurs over a short distance at the end of the range, 
which can be precisely controlled via the incident 
energy; energy loss along the entry path is comparatively 
small producing minimal damage to healthy tissue. Since 
the particle energies required vary from 200 to 500 
MeV/amu, practical and cost factors are limiting in the 
more extensive'research and application of hoavy ion 
therapy. 

Preliminary design criteria for a heavy ion synchrotron 
for hospital installation have recently been uiscussed 
by Leeman et al. (1977). They considered also in detail 
a sector focussed superconducting FM-cyclotron, but 
favoured a synchrotron on the basis of lowe-* cost and 
greater availability of beams and beam energies. Their 
synchrotron system was specified for a maximum *J15 MeV/ 
amu (range in tissue ^28 cm for carbon), providing beams 
from protons to neon. The emphasis on cost effectiveness 
and reliability reflects an obvious and necessary change 
in the move from research to applications. 

CONCLUSIONS 

The major applications of heavy ions to biological re
search have been in the field of elemental analysis. A 
versatile array of techniques has been developed for 
analysing elements across the entire elemental table in 
a wide variety of biological tissues. Some of these 
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techniques, such as non-destructive depth profiling, offer „ 
capabilities unique to ion beams. Where automated hard
ware and data reduction facilities have .been installed, ion 
beam analysis has been shown to be competitive on a cost 
basis with other routine methods. 

Yet, (measured by reports of experiments using ion beams 
in the biological and medical journals) the translation of 
these powerful ion beam techniques has been disappointing. 
The reasons for this may be sought with the physicists, who 
should perhaps make greater efforts to sell their wares to 
the medics and biologists in the form of joint research 
proposals. However, I think the real weakness lies in the 
framing of crucial questions on the role of trace elements 
in biological systems and especially in disease. The 
following is a typical phrase indicating the lack of 
direction among trace element analysts: "Some of the 
elements appear to hold much promise as a clinical test in 
several pathological conditions". (Valkovic, 1977). The 
possible role of trace elements in cancer remains largely 
conjectural. The responsibility for sharpening up these 
questions surely lies with the bio-medics. In the absence 
of such indicated relevance, it is not surprising that not 
many nuclear laboratories have made the investment which a 
fully automated and partially dedicated analytical system 
demands. 

My predictions are that heavy ions will play an important 
role in those areas where they offer unique analytical 
capabilities, of which analysis in whole enamel is the best 
example. Competition with other techniques will limit 
applications in more routine analysis; growth will be 
determined more by the availability of accelerators and 
systems assembled for other purposes, e.g. aerosol analysis, 
rather by choice, despite the many acknowledged features 
of heavy ion analysis. 
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SYMPOSIUM SUMMARY - APPLICATIONS OF HEAVY IONS 

Janes V. Mayer 
California Institute of Technology 

Pasadena, California 91125 

I. Introduction. 

The techniques and tools used in nuclear physics pervade all 

areas of science and technology. Although this symposium focused on 

one area of nuclear physics, namely ion-beams and particle-solid inter

actions, the techniques used in this area have a broad impact in many 

fields. Ion b»ams, for example, are used for analysis in such diverse 

areas as toe h enamel, moon rocks, water pollution, semiconductor devices, 

and plating on bin-cans. Ion bombardment can also be U3cd to modify the 

surface of materials to improve corrosion resistance or reduce wear. 

The speakers in this symposium have provided examples of the 

major applications of ion beams which utilize accelerators: l) accelerators 

as ultra-sensitive mass spectrometers, 2) nuclear microanalysis of 

inorganic and of biological samples, 3) channeling measurements of lattice 

disorder and atom location in crystals, and k) ion beam modification of 

materials. In the area of analysis, it has become apparent that the great 

strength of nuclear techniques lies in the capability for accurate, 

quantitative determination of composition and impurity concentrations. 

In effect one turns around the standard nuclear problem of reaction cross-

section measurement to use known values of cross sections to determine 

atomic concentrations from measured yields. In the area of material 

modification one gains external control of the introduction of impurities 

by implanting measured numbers of energetic ions to depths that are 
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predetermined froa knowledge of stopping powers. Essentially, it is the 

rich heritage of precision measurements provided by the nuclear physics 

community that provide the backbone for the applications. 

These papers in the symposium proceedings lead to the impression 

that there is strong coupling between the nuclear physics community and 

those in other fields of science who could profitably utilize nuclear 

techniques. This is not true. In spite of the fact that most of the 

techniques were known in the UO's and 50's, it is only recently that 

accelerator-based techniques have been utilized by non-nuclear groups. 

Even then, there have not been wide-spread applications; instead, the 

pattern has been for a few individuals to find partners to collaborate 

with in a given area. It is clear that there are interesting problems, 

and there are accelerator groups who are willing to participate in joint 

projects. The difficulty seems to be the barriers to communication 

between the disciplines and in the absence of any strong force promoting 

an interaction. In some instances, a decrease in funding for the accelerator 

group has provided the motivation for collaboration. Commonly, an 

individual in one group learns the language and customs of the other 

group and plunges in. 
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II. Symposium Papers. 

In the following sections, I vill give my impressions of the 

fields covered by the speakers. These impressions are highly subjective 

and are influenced by a previous evaluation of South African viniculture. 

I have added a few general references. 

A. Radiocarbon Dating vith Tandem Electrostatic Accelerators (Gove). 

Accelerator groups are superb at massaging ion beams. The 

application of & tandem as a mass-spectrometer is simple and elegant. 

It permits orders of magnitude higher sensitivity than conventional 

mass-spectrometers and is based on the beam handling capabilities of 

tandem labs. Prom the standpoint of the accelerator group it is ideal 

because the only new feature is the ion source. From the standpoint of 

dating, the increased sensitivity opens new horizons. 

At present, the work has concentrated on isotopes. It is not 

yet established that the same sensitivity could be obtained with widely 

separate atomic masses where major changes in magnetic fields and beam 

line parameters. My belief is that the major area of concern is with 

the sputter ion source. Sputtering of composite targets is known to be 

frought with yield variations due to preferential sputtering, cone forma

tion and other artifacts. Nuclear physicists are known for beautiful 

measurements on poorly prepared samples. On the positive side, it is 

known that stoichiometric sputtering can be achieved. Consequently, 

reproducible and accurate ion yields can be obtained. The results of the 

present paper indicate that the ion source was not a problem. 

As an extraneous issue, I point out that the tandem concept is ideal 

for long duration space-lab type experiments. The source and target can 

be at "ground" potential inside the spacecraft, the analyzers can be electro-
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static and hence light weight, and the equipotential shells along the 

column can be inflatable. What better place for graduate students than 

a space station. 

•B. Nuclear Physics in Metallurgy (Collins). 

The major thrust of this talk dealt with the use of ion implanta

tion to modify the properties of materials. At first glance one would 

think that this field is far from nuclear physics. Yet, much of the 

early work was carried out in nuclear labs with isotope separators, many 

ot the early research workers entered the field from development of nuclear 

particle detectors or from studies of stopping power and nuclear micro

analysis based on accelerators has been one of the keystones in the 

analysis of implanted layers. In fact, the impetus for development of near-

surface analysis by Rutherford backscattering and nuclear reactions stemmed 

from the requirements for analysis of the depth distribution of implanted 

species. 

It is obvious from Collins' paper as well as other work at Harwell, 

Sandia and the Naval Research Laboratory that ion beam metallurgy offers 

novel and useful means for modifying material properties. Aside from 

improvements in friction, wear and corrosion, there have been new insights 

into formation of superconductors, silicides, and metastable phases. From 

» my viewpoint, the major advantage lies in the fact that one can take a 

durable, inexpensive substrate and alter the outer-layer in a controlled 

fashion. With the advent of laser annealing one can envisage energy-

directed processes in which only the outer-layer is implanted and heat 

treated without recourse to the energy-consuming standard heat-treatment 

cycles in which the entire sample is heated. 
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Extensions of this concept of ion implantation is offered by ion-

mixing. In this case one deposits a layer of material and induces a 

reaction with the substrate by the penetration of energetic ions through 

the substrate. The advantage over conventional implantation is that 

orders of magnitude lower ion doses are required and the composition 

is not limited by sputtering effects. 

I believe that the recent developments in near-surface metallurgy 

offer exciting possibilities for interactions between the accelerator 

users and metallurgists. Whether it be nuclear analysis or development 

of implantation systems, the two groups have an opportunity to explore a 

new area. 

C. Nuclear Physics in Solid-State Research (Mayer). 

A burst of modesty prevents me from evaluating the impact of my 

own work. 

D. Nuclear Probes in Geological Studies (Watterson). 

Nuclear techniques have been used extensively in geology in areas 

of mineral analysis, trace element determination, isotope geochemistry and 

age determination. Although neutron activation analysis has played a large 

role in this field, accelerator techniques such as charged-particle 

activation analysis, Rutherford backscattering and proton-induced X-ray 

analysis are also used. In the latter case, one recalls the efforts of 

Tom Cahill at the University of California, Davis, who saved their cyclotron 

from shutdown by use of ion induced X-rays to analyze aerosals, smog and water. 

In that instance, the key was an on-line computer and automated sample 

handling which led to an analyses cost per element that was significantly 

less than conventional element analysis techniques. Although outside the 
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area of geology, ion induced X-rays could be used in vine analysis (of 

interest in South Africa) to correlate trace elements in the leaf, the 

soil and the vine. 

It vas only appropriate that Vatterson presented the diamond story. 

Vhat better setting than the University of Witvatersrand to describe the 

extensive analysis of diamond from the use of neutron activation analysis 

to determine 53 of the 58 impurities (inclusion chemistry) to the use 

of channeling to determine lattice location and defects. 

I mention the analysis of moon rocks carried out by the Lunatic 

group at Caltech. Here the investigations have been concerned vith the 

influence of the solar wind on hydrogen profile through studies of 

sputtering and analysis by nuclear reactions such as F(p, a,y) 0. 

In this case, as in many geological samples, one must be concerned about 

sample uniformity and the presence of inclusions. 

The impression one gains is that nuclear techniques provide a 

natural match to geological studies. There does not appear to be the 

barriers to collaboration that exist vith other solid-state studies. 

E. Nuclear Approaches in Biological Investigations (Annegarn). 

In human biology vith 20 elements to be analyzed, accelerator 

based techniques must compete vith X-ray flourescence, atomic absorption 

and neutron activation. The technique that appears most promising from 

a competitive standpoint is proton-induced-X-ray emission. It has been 

demonstrated that large numbers of samples can be handled, multi-element 

analysis is routine and data handling can be achieved vith appropriate 

computer codes. I am fascinated by the possibilities afforded by the 

external microbeam technique vith the beam exiting the vacuum chamber 
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through a thin foil into a sample chamber containing helium to reduce 

absorption. The M.I.T. group (Grodzins) and the Namur group have 

demonstrated the utility of the external beam. 

In biological investigations, sample preparation is all important. 

The loss of volatile elements in vacuum is not important in tooth enamel 

or hair, but is crucial with blood serum and soft tissue. With external 

beams, one must ensure that the samples do not oxidize. In this case a 

helium ambient can be used. 

The impression that I have gained from this talk and previous 

discussions vith DeConnick (Namur), Ansel (Paris) and Peisach (SUM) is 

that biological investigations vith accelerator techniques are feasible 

and provide advantages over conventional techniques. The major obstacle 

is only that of finding a partner vith a biological problem requiring 

multi-elemental analysis. 

III. Summary 

Accelerator techniques can be and have been used to great advantage 

in fields outside of nuclear physics. Interesting fields of study exist 

everywhere. The burden is placed upon the accelerator group to provoke 

and promote the interaction. 
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