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It is shown that elastic scattering of an intermediate mass projec-
tile like an e-particle is an efficient way of determining the elemen-
tal composition of any material (biological, environmental,
geological, metallurgical, etc.) in one measurement. This method
is particularly suitable for detecting heavy elements (4> 16) in
the presence of a bulk of light elements and also for determining
the elemental composition of biological matter. In the former

1. Introduction

It has been shown’:?) that the nuclear scattering
technique can be profitably employed for elemental
analysis of materials. The technique is particularly
suitable for detecting and measuring heavy elements
in the presence of a bulk of light elements because:

a) The energy of a particle elastically scattered from
a light element is smaller than that of a particle scat-
tered from a heavy element.

b) The inelastic scattering process and energy
degradation of the incident beam at beam defining slits
etc., both give particles only in the low energy part of
the spectrum. This means that in the absence of any
external background (cosmic rays, ambient radio-
activity, etc.) the sensitivity for detecting the most
energetic particles (scattered form the heaviest elements)
is quite high.

The object of the present paper is to examine the
scattering process in some detail, with a view to under-
standing the conditions that enable one to achieve
maximum sensitivity and efficiency in its application
to elemental analysis. In the following sections it is
shown that the chief value of the elastic scattering
technique lies in the fact that, unlike conventional
techniques, one can get information about all the ele-
ments in the sample in one good energy resolution
measurement. However, analysis by this technique
requires access to a low energy nuclear scattering
facility. Quite a few of such facilities are within easy
reach of several laboratories.

In the following section, we briefly describe the nu-
clear scattering process. Also presented are estimates
of the energy resolution required to identify the various
elements in samples of varying complexity. Examples
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case sensitivities for detecting heavy elements in atomic concen-
trations of 106 to 109 are easily achieved with measurement
times of the order of a few tens of minutes on several currently
operational Van de Graaff and cyclotron accelerator facilities.
Higher sensitivities are possible at beam currents much greater
than a microampere. Results of elemental analysis on specimens
of whole fish, whole human blood and cow’s milk are presented.

of elastically scattered a-particle spectra from thin
film deposits of whole fish, human blood and milk
are presented and discussed in section 4.

2. Nuclear scattering

In the nuclear scattering technique, the sample to be
analysed is bombarded by projectiles of mass m and
energy E;... After an elastic collision with an atomic
nucleus of mass A, the incident particle emerges with
an energy loss AE=FE, ,,— E;;,. Which can be shown
to be given by

AE = 2E;, /(1 + A[/m) (0

for a scattering angle of 90° (chosen for simplicity);
i.e. it depends on the ratio of the masses of the incident
projectile and the target nucleus and also the incident
energy. Thus, for a given E;,. and m one can measure
the mass 4 of the target nucleus by measuring AE,
the energy lost in the scattering process. The mass A
of the target nucleus does not tell one anything about
the element the nucleus belongs to except in a few
cases of mono-isotopic elements. However, each ele-
ment has a characteristic isotopic abundance which
serves as its signature (both in terms of the average
atomic mass of the element and the relative abundance
of its isotopes).

Aplotof E,,,/E; . vs scattering angle both for protons
(m=1) and o-particles (m=4) is shown in fig. 1 for
various atomic masses. As expected, the energy loss
upon scattering is appreciably greater for a-particles
as compared to that for protons, particularly for lighter
nuclei, indicating that the a-particle scattering is a more
sensitive probe for differentiating masses of neigh-
boring elements. An index of the sensitivity of a nuclear
scattering measurement for separating nuclei of diffe-
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rent masses is the mass resolution. This can be defined
as the rate of change of E,,, with 4 and for scattering
at 90° can be written as

AE u/Eine = 2 m/(A"‘m)z- 2)

Here AE,,, is the energy difference between particles
scattered from two nuclei that differ by 44=1 mass
unit. 4E,,,, 1s, therefore, the energy resolution required
to separate two nuclei that differ by 1 mass unit.
Table 1 gives values of 4E,,, for both protons and
a-particles of E; =20 MeV, for 4=25, 50, 100, and
200 a.m.u. and at 8=40°, 80°, and 120°. It is apparent
that the energy resolution requirements for protons
are three to four times as stringent as those for «-parti-
cles of the same energy. The energy resolution capabi-
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lities of modern low-energy nuclear scattering facilities
aretypically AE/E~1/(5x 10*) which means that theener-
gy resolution, AE=4keV for 20 MeV particles. Table |
shows that for «-particles this is quite adequate for
a mass resolution of 44=1 at A=200 and 6>120°
even after allowing ~5 keV contribution to energy
resolution from target thickness effects. However,
a mass resolution of 44=1 at A =200 is almost never
necessary. As we shall see later, one can greatly increase
the efficiency of the measurement by a suitable choice
of the scattering angle where the mass resolution is
just adequate for separating the various elements of
interest.

In addition to the higher mass resolution achieved
by using «-particles in preference to protons, there are
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Fig. 1. Comparison of the kinematic energy loss suffered by «-particles and protons upon scattering at different angles from nuclei of
different masses.
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TABLE 1

Values of Egeatt(keV) for Eine =20 MeV for different A and
scattering angles for both protons and a-particles and A4 = 1.

Protons a-Particles

120° 80° 40° 120° 80° 40°

A= 25 83 48 14 236 160 54

A= 50 23 12 3.7 75 46 14

A =100 6 35 0.9 21 12 3.7

A =200 1.5 0.9 0.23 5.7 3.2 0.9
TABLE 2

Differential scattering cross-sections (mb/sr) for 20 MeV w«-parti-
cles and protons for 0Ni, 120Sn, and 208Pb,

0 = 40° 0 = 80°
a-Particles Protons a-Particles Protons
60N 366 130 5.9 20
120Sn 2920 100 117 5.0
208pp 5800 500 470 40

other advantages accruing from the fact that the
charge of the wa-particle is twice that of the proton.
These are: a) that for nearly Coulomb scattering the
cross section will be greater for a-particles by a factor
of 4 as compared to that for protons of the same incident
energy, and b) that the Coulomb barrier is twice as
high for a-particles meaning that bombarding energies
near the o-particle Coulomb barrier, the inelastic
a-scattering from heavy nuclei will be greatly suppres-
sed thus minimizing the background for detecting
elements somewhat lighter than the heaviest elements
present in the sample. These points together with
the fact that the Coulomb scattering cross-section
increases as 1/E2, suggest that E,,. should be the lowest
energy that will enable one to separate all the elements
of interest in a sample.

However, there is a price to be paid for the choice
of a-particles in that their specific energy loss, dE/dx, in
all materials is 10 times that for protons of the same
energy (20 MeV). [The situation is much worse in
the case of heavier ions like '°0O. This fact together
with the present unavailability of heavy ion beams of
sufficient intensity and techniques for detecting heavy
ions with good energy resolution has led the authors
to abandon the exploration of heavy ions for use in
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TABLE 3

Energies of scattered a-particles for an incident energy = 20 MeV.
Column 3 lists the energy differences of a-particles scattered from
consecutive elements.

Target Egscatt at 40° AE at 40°

nucleus (MeV) (keV)

207pp 19.8193
89.8

1388 19.7295
23.3

127§ 19.7062
19.6

1198n 19.6866
109.4

88Sr 19.5772
72.4

BAs 19.5048
93.1

63Cu 19.4117
72.4

56Fe 19.3393
258.3

40Ca 19.0810
23.1

3K 19.0579
105.0

35C1 18.9529
95.6

328 18.8573
35.8

3ip 18.8215
395.0

23Na 18.4265
6560

16Q 17.7705
301.2

14N 17.4693
398.8

12C 17.0705

the present measurements.] This means that the thick-
ness of the sample and, therefore, the yield (purely
from the target thickness standpoint) will be lower by
a factor of ten for g-particles to maintain the same
energy loss as in the case of protons so that the overall
energy resolution is the same for both particles.
The yield, however, also depends on the scattering
cross-sections which have been compared for 20 MeV
a-particles®~'%) and protons!!) in table 2 for nuclei
of masses A=60, 120, and 208. It is highly unlikely
that a typical sample will contain all the elements
(particularly the very heavy elements) in the periodic
table in equal abundance. Table 3 shows a more pro-
bable list of elements of comparable abundance in a
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typical sample (only the most abundant isotopes in these
elements have been tabulated). All the elements in such
a sample can be easily resolved from one another at 40°
with an energy resolution much poorer than that
routinely achieved (10-15 keV) in several low energy
nuclear physics laboratories. If several neighboring,
very heavy, elements are present then the measurements
have to be made at a larger angle like 80° (table 4)

TaBLE 4

Energies of scattered w«-particles with an incident energy of
20 MeV. Column 3 lists the energy differences of «-particles
scattered from consecutive elements.

Target Egeatt at 80° AE at 80"
nucleus (MeV) (keV)
207Pp 19.3692
21.8
200Hg 19.3474
9.8
197Au 19.3376
276.9
138Ba 19.0607
79.4
127] 18.9813
66.7
1198 18.9146
368.9
888y 18.5457
241.4
DAs 18.3043
307.1
83Cu 17.9972
236.6
36Fe 17.7606
38.3
55Mr 17.7223
788.9
40Ca 16.9334
72.5
3IK 16.8609
328.1
35C] 16.5328
294.9
328 16.2379
109.8
3ip 16.1281
1178.9
23Na 14.9492
1841.5
160 13.1077
800.4
14N 12.3073
1019.4
12C 11.2879
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to resolve these elements. At both of these angles
the o-particle scattering cross-sections for the heavy
elements (Pb-Sn) are at least an order of magnitude
greater (table 2) than the proton scattering cross-
sections, so that the loss in yield due to a smaller
target thickness is cancelled by the increase in yield
due to the larger a-scattering cross-sections. However,
the advantages of greater mass resolution and the low
inelastic scattering background due to the higher
Coulomb barrier for a-particles still remain.

Another factor that needs consideration is the kine-
matic “line” broadening of monoenergetic a-particles
after scattering from a light atomic nucleus. This is
due to the finite angular acceptance of the detection
system. Thus, when large solid angles are to be used
(as is necessary for greater efficiency), some cancella-
tion of kinematic broadening is necessary and is achiev-
ed by using a magnetic spectrograph'?).

The largest solid angle that has been used with
adequate kinematic compensation on the Enge split-
pole spectrograph in the Michigan State University
Cyclotron Laboratory is 4x 107 3sr. Table 5 shows

TABLE 5

Count-rate/h for an impurity of mass=A4,

abundance =10-% in an organic matter (avg.

A=10) target (thickness=100 ug/cm2) for

20 MeV 4He*+ beam; intensity= 1.0 uA;
solid angle =4 % 10-3 sr,

Or,aB =40" 80*
A= 60 2.5x 102 5
A=120 2 x103 102
A =208 5 %108 5x102

the number of counts/h for an organic target of thick-
ness 100 pg/cm? and an impurity of mass=4 and
fractional atomic abundance 107%. The scattering
cross-sections used are taken from table 2. It is appa-
rent from an examination of table 5 that, for samples
typified by table 3, atomic concentrations of various
elements to the levels of 107° to 10~ 8 can be measured
in an hour with 1 uA of beam intensity. (Approximately
[10-100 counts are needed to identify an element
depending on whether it is monoisotopic or not.)
However with a high intensity source that delivers
100 pA of current (such sources are becomingavailable)
concentrations of the order of 107° - 107! can be
measured inan hour. Higher beam intensities, however,
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need special handling to avoid thermal damage to the
thin film targets. A high speed (up to 10000 rpm)
rotating sample holder'®) is in principle capable of
solving the thermal damage problem at beam intensi-
ties > 1 yA.Its usefulness at 100 pA of 10-20 MeV
o-particles remains to be tested.

3. Measurements and analysis

Examples of measurements of elemental composi-
tion of whole human blood, milk, whole fish and a
composite elemental target are presented and discussed
in this section. The composite target was used prima-
rily to gererate a mass calibration curve for the whole
fish spectrum, and was prepared by evaporation of
Au, Zn and Mg on a substrate of Formvar. Thin
targets of whole fish, human blood and milk were
prepared also on a backing of Formvar using an ultra-
sonic probe and a nebulizer. Details of this technique
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Fig. 2. A compilation of a-particle elastic scattering cross-sec-

tions for 12C, Mg, S, 40Ca, 58Fe, Ag and Pb at the incident particle

energies shown within parentheses. The data for these elements
were taken from refs. 3—10.
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have been discussed elsewhere!*) and, therefore, will
not be repeated here.

The four targets mentioned above were bombarded
with 22 MeV a-particles (the lowest energy a-particle
beam currently available from the MSU Cyclotron)
and the scattered particles were analysed either with
a solid state surface barrier counter telescope or a
magnetic spectrograph. In the case of the counter
telescope, the front counter (~ 300 pm Si) was a totally
depleted detector thick enough to stop the most ener-
getic a-particles while other less ionizing particles
went through the first detector (most of them losing
a very small amount of energy in it) and were stopped
in the second detector. The pulses from the second
detector were used to reject all pulses in the first
detector that did not originate from a-particles.

For measurements with the Enge split-pole spectro-
graph, the a-particle tracks were recorded in Kodak
NTA nuclear emulsion plates where the reaction pro-
ducts were distinguished from o-particles either by
the different grain density of their tracks or their
reaction Q-values. Ilford K-1 plates are preferable for
the present application. Unfortunately, these plates
were not available at the time, of the present measure-
ments.

The atomic concentration of an elementin the sample
is determined from the observed elastic scattering
yield, Y, by measuring the total number of incident
o-particles N,, their scattering cross-section at the
incident energy o(8,FE) and the solid angle, dQ2, of the
detection equipment, i.e.

Number of atoms of y

element of interest unitarea = ————————, 3)
(0, E)dQ N,

Thus a knowledge of the scattering cross-section at
the incident a-particle energy is necessary. Unfortu-
nately the number of a-scattering cross-section measu-
rements at or near the 22 MeV bombarding energy
is limited. Fig. 2 shows the angular distributions of
elastically scattered particles from several elements
spanning most of the periodic table. For heavy elements
the ratio of the scattering cross-section to the Coulomb
scattering cross-section does not change very rapidly
from element to element so that approximate values
of the scattering cross-section may be estimated for
elements not shown in fig. 2 .For more accurate ana-
lysis, a library of a-scattering cross-sections is essential.
Good sets of optical model parameters for a-particles
of various energies incident on the most commonly
observed elements in various materials may also prove
to be equally useful.
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It may be noted that for the heavier elements the scat-
tering cross-section (and, therefore, the detection sensi-
tivity for that element) increases rapidly as we go to
very forward angles. But simultaneously with this
increase there is a decrease in the energy separation
of the a-particles scattered from the various elements
in a given sample (see tables 3 and 4). Also note the
large oscillations in the cross-sections for the light
elements. The latter fact is very significant in biological
samples where C and O are usually very abundant.
As aresult, in a scattering measurement on a biological
sample one may see overwhelming numbers of C and O
scattering events possibly masking relatively weak
peaks from neighboring elements and also subjecting
the solid state counter (if one does not have access to
a magnetic spectrograph) to excessive radiation damage
if the measurement is primarily seeking traces of
heavy elements. Fig. 2 shows that by a suitable choice
of a forward scattering angle (e.g. 44° at 21.3 MeV)
onc may simultaneously increase the yield from the
heavy elements and reduce that from C. In other words
the best choice of scattering angle for biological
samples may be the smallest angle where the various
elements of interest are still resolved and where the
cross-sections for C and O go through a minimum.

However, if one has access to a magnetic spectro-
meter, the efficiency of these measurements can be
increased by an order of magnitude or more by exploi-
ting both the kinematic compensation and the higher
energy resolution (and therefore the possibility of
making the same measurements at a still smaller
angle like 28° at E,=21.3 MeV with a consequent
large gain in the scattering cross-section) capabilities
of a magnetic spectrograph. Since most samples contain
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a wide range of masses, for simultaneous kinematic
compensation for all elements, the focal plane has
a very unusual orientation, particularly for large
scattering angles. The spectrograph plate holder has,
therefore, to be designed keeping this limitation in mind.
The plate holder in the MSU Cyclotron Laboratory
was not designed for the present application and,
therefore, we could not achieve complete kinematic
compensation for the lighter elements in the fish and
the mass calibration spectra presented in the section
below.

4. Results

The first two spectra presented below (whole human
blood and cow’s milk) were measured with a counter
telescope while the last two measurements (composite
calibration target and a sonicated whole fish sample)
were made with a magnetic spectrograph.

Human blood: A spectrum of the elastically scattered
22 MeV u-particles from a thin target (thickness
~40 ug/cm?) of human blood deposited on a backing
of Formvar is shown in fig. 3. Some of the carbon and
oxygen in the spectrum is from the backing. Quite
a few elements heavier than 4=16 are seen. Most
prominent are >*Na, Cl, *'P, Ca, Fe and Pb. The ques-
tion mark near Pb and Ba simply means that the ele-
ment identification may be somewhat uncertain due
to the limited mass resolution in this part of the spec-
trum. The mass resolution is limited on account of
the small scattering angle and the fact that there is no
kinematic compensation in measurements made with
a solid state detector. That is why a small solid angle
(2x 107 %sr) was adopted for the solid state detector
measurements as a compromise between efficiency and
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Fig. 3. Elastic scattering of 22 MeV a-particles from a ~ 33 ug/cm?2 deposit of whole human blood on Formvar. See text for details
of extracting abundances of various elements in the blood sample (solid state counter telescope spectrum).



ELEMENTAL ANALYSIS

kinematic broadening (the broadening is particularly
noticeable in the elastic peaks from '2C, *N, and *60).

A comparison between the relative abundance of
the various elements seen in the blood of an average
human (ref. 15) and those observed in the present
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Fig. 4. A comparison of the relative abundances of various

elements in whole human blood found in the present work and

those obtained from ref. 15. The two sets of data are normalized

to have equal abundance of K. See text for a discussion of the
significance of this comparison.
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work in a single human blood specimen is shown in
fig. 4. The two sets of data are normalized to have equal
abundance of K. Agreement is reasonably good in
view of the large variance of the relative elemental
abundance from one sample to another!®). The abun-
dance measured in the present work is that of the
prepared thin film sample used in the a-scattering
measurement. In the process of depositing blood on
Formvar, it is apparent that one loses water and pro-
bably some other substances with a very high vapor
pressure at room temperature. Consequently the data
obtained in the present measurement have to be corre-
ted for this source of error. Correction has also to be
applied for the fact that the deposit exists on a sub-
strate of Formvar which might have its own heavy
element impurities together with those accidentally
introduced during deposition. The latter correction,
however, is easily applied by making a second «-scat-
tering measurement with pure water (same as that
used in diluting the blood sample) deposited on Form-
var using the same apparatus as that used in the prepa-
ration of the blood deposit. The object of the present
measurements is merely to indicate the potential and
the problems of the a-particle scattering technique
for elemental analysis. Once the process and its peculiar
features are well understood, it is hoped that stan-
dardized procedures can be easily developed to apply
this technique routinely for elemental analysis of any
material.

Milk: An o-particle spectrum from a deposit of
milk on Formvar is shown in fig. 5. This spectrum
was measured with a solid state detector at a laboratory
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Fig. 5. Elastic scattering of 22 MeV a-particles from a ~ 60 ug/cm? target of whole cow’s milk deposited on a backing of Formvar
(solid state counter telescope spectrum).
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angle of 45°. The most prominent peaks are those of
C, N, O (an appreciable fraction of the C and O peaks
are from Formvar) P, Cl and (K + Ca). But, in addition,
there are also traces of F, Si, S, As and Pb(?). Both
K and Ca are probably present in the spectrum in fig. 5
as the (Ca+K) peak is broader than the Cl peak.
The relative abundances of most elements in fig. 5
qualitatively agree with those listed in ref. 15.

Whole fish and the composite (Au, Zn, and Myg)
sample: An earlier analysis of a fish sample’®) using
the a-particle scattering technique with a surface
barrier detector and also a position sensitive detector
in our Enge split-pole magnetic spectrograph revealed
the presence of Hg in great lakes Salmon. It was,
therefore, of some interest to see what other heavy
elements can be found in the same fish sample. An
energy spectrum of a-particles elastically scattered from
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the various elements in the sample (on Formvar back-
ing) was measured using Kodak NTA nuclear emul-
sion plates in the focal plane of our magnetic spectro-
graph. The focal plane orientation was adjusted as
far as possible for simultaneous kinematic compensa-
tion for all elements from C to Pb. To obtain an “in
situ” mass and/or energy calibration for the fish
sample measurement, an exposure was also made
with a composite thin target (~20 ug/cm? each of Au,
Zn, and Mg on Formvar) in place of the fish sample.
The spectrum from the composite target is shown in
fig. 6 indicating the peaks from Au, Zn, and Mg in
addition to those from the Formvar backing. The
energy resolution for the heavy mass peaks is 11 keV
(1/2 mm for 22 MeV a-particles). Of particular interest
is the elastic scattering from Zn where the elastically
scattered «-particles from the three even isotopes of
Zn (°*Zn 49%, ®°Zn 28%, *8Zn 19%) are clearly
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Fig. 6. Elastic scattering of 22 MeV a-particles from a thin deposit of natural Mg, Zn, and Au on a backing of Formvar. The
gradual broadening of the peaks towards the light mass part of the spectrum is due to inadequate kinematic compensation for reasons
of physical limitation {(magnetic spectrograph spectrum).
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peaks towards the light mass part of the spectrum is due to inadequate kinematic compensation and target non-uniformity.
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separated. This is one demonstration of the power
of the elastic scattering technique with a high resolution
device. Also note the impurity peaks like Ag and Ba
not intended to be in the calibration spectrum. The fish
spectrum (fig. 7) shows a fairly strong Hg peak in
addition to those from K, Cl, P, Na, O, N, and C.
There are also small peaks from Br, Sr, and Ba.
The atomic concentration of Hg is estimated to be
0.2 ppm in the original fish specimen. The concentra-
tions for Br and Sr are probably even greater because
their scattering cross-sections (see fig. 2) at 70° are
~ 1% of the cross-section for Hg. The light mass peaks
are broad because, as explained earlier, complete
kinematic compensation for these peaks could not be
achieved because of the physical limitation of orienting
the focal plane at the unusual angle required for the
above purpose. Also the Hg peak is not as narrow as
some heavy element peaks in fig. 6 because Hg has
several equally abundant isotopes and furthermore
the fish target was not as uniform as the evaporated
composite target.

The examples presented above are not meant to be
accurate measurements of the elemental composition
of the various substances discussed but only as illustra-
tions of the value of the a-particle scattering technique
for elemental analysis of materials.

5. Conclusion

The main points brought to a focus by the present
work about the elastic scattering technique are as
follows:

a) The chief value of this technique for elemental
analysis lies in its ability to provide information on all
the elements in a sample in one measurement at a
suitably chosen angle (i.e., one commensurate with
the experimental energy resolution and the elemental
complexity of the sample).

b) The elastic scattering technique is particularly
well suited for elemental analysis of biological samples
(particularly in the areas of microbiology, pollution
studies, and the role of heavy elements in the biosphere).
Other techniques currently in use are severely limited
in the detection of light elements whereas the a-scat-
tering technique is particularly simple for measurement
of light ¢lements since the energy resolution require-
ments are the least stringent.

c) Low energy o-particle scattering offers better
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kinematic separation and possibly lower inelastic
scattering background as compared to protons of
the same energy without any loss of efficiency.

d) The sensitivity for detecting heavy elements in
the presence of a bulk of light elements (e.g. Hg pollu-
tion of fish) is very high because of the practically
non-existent background for the heavy elements.
The limitation comes from the available beam current
intensities. With the currently available intensities,
concentrations of a few isolated heavy -elements
~1077-10"8 can be measured in a few tens of minutes.
In favorable cases much higher sensitivities are achie-
vable.

e) The best a-particle energy for these studies lies
in the 7-15 MeV range although the technique can also
be used at much higher energies with the possibility
of some interference from inelastic scattering.

The authors are particularly indebted to Professor
C.R. Gruhn for help and very valuable suggestions in
the initial stages of this program. The assistance of
Miss M.K. Zigrang in various phases of this work
is thankfully acknowledged.
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