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INTRODUCTION

This paper presents a method to quantitatively, as well
as qualitatively, determine contaminants in biological samples.
The technigue described below was applied to flour samples made
from corn, wheat, and milo in order to determine if lead or
mercury were present,

Biological samples are composed primarily of hydrogen,
carbon, nitrogen, and oxygen. These elements alone make up most
of the atoms in proteins1 and carbohydra‘bes.2 Oxygen ions incident
on such materials can not scatter into angles greater than 90° in
the laboratory frame of reference.

This can best be visualized by considering the process
of elastic scattering. The kinetic energy and the momentum of the
system is conserved for elastic scattering. In the laboratory
reference frame M1, the incident particle, collides with Mg, the
target particle which is at rest. In the center of mass referenee_
frame both particles have the same speed and are traveling toward
each other. The incident particle scatters intec and angle & with
respect to the incident direction and retain their original speed
in that direction. Irom the above considerations, the relations
between laboratory and center of mass velocities can be found.

Figure 1 shows the geometrical relation between laboratory

1. "Proteins," The Incyclopedia Americana, 1949 ed., XXII,
ps 676,

2. TPerris, "Carbohydrate," The fncyclopedia Americana, 1949 ed.,
vV, p. 587.




scattering and center of mass scattering;
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where laboratory scattering angle

center of mass scattering angle

< © £
L}

= center of massg velocity before scattering
V41 = laboratory velocity of incident particle, M., after

scattering

o
il

center of mass velocity of incident particle, My,
after scattering

M, = incident particle mass

M, = target particle mass
From the figure it can be seen that v} is less than V for all
cases where M, is less than M,., In any real scattering situation
the triangle must close. That is for ¥ greater than or equal to
90°, va must be greater than V, the base of the triangle. This is
true if and only if M, is greater than M1.

M1 is the oxygen ion and M, is either a contaminant or
the flour, Oxygen is heavier than the atoms that form the carbo-
hydrates and the proteins in flour. Therefore, Y in this will
always be less than 90°., But, for contaminants heavier than

oxygen, V' can be greater than 90°, Therefore, any massive atoms



such as lead or mercury will scatter the oxygen ions backwards
while the flour itself will not. By detecting the backscattered
oxygen ions and plotting the number of particles against the
energy of the backscattered particle, the amount of a particular

contaminant and its identity could be determined.



KINEMATICS OF ELASTIC SCATTERING FROM AN INFINITELY THICK TARGET

An oxygen beam of energy, EO, incident on an infinitely
thick target has an energy, £/, at the time of elastic scattering
as shown in plate I, The difference between the incident energy
E, and EE) is AEO and is due to the energy loss over the range of
travel of the oxygen ions before elastic scattering. The
scattered oxygen, M4, has an energy, £}, which becomes E4 due to
energy loss AE; as it exits from the target,

If the oxygen ion is scattered from the surface of the
target, the scattered energy, E1, becomes a maximum, This is
true because there is no energy loss in that process.

FProm conservation of momentum and energy for elastic

scattering, the ratio of E4/Eq is given bys:

NS CASN (GOSN

where the "+" sign is used unless M1 is greater than M,., Two

simple cases are for Y= 1800

E./Bq = (Mq - Mp)2/(M, + M,)2
for Y= 90°
E./Ey = (My = M )/(My + My)

Plate II shows the ratio E4/Ey as a function of the
laboratory scattering angle Y. TFor nuclear masses less than or
equal to that of 160 the ratio becomes zero for Y equal to or
greater than 90°, TFor ﬁuclear masses heavier than 160 the ratio
has a finite value for all angles up through 180°, Plate II
shows that oxygen ions will only scatter into angles greater than



EXPLANATION OF PLATE I

Plate I A schematic drawing of the kinematics
of elastic scattering from a thick
target.
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900 for target masses greater than 190,

The above arguments give a means of determining the
nuclear mass from which the incident oxygen ions are scattered.
The maximum energy of the backscattered oxygen ion determines the
heaviest contaminant in the flour sample. In order to determine
the amount of this contaminant, the mumber of particles scattered
into a particular solid angle must be known,

The particle yield, Y, from a thin target is given by
the following expression.3

Ydx = Mo ;e j‘-’j”;A_rz.

number of inecident ions

where Ne
. = number of target atoms per cm?
AJL= solid angle subtended by the detector
g%; = differential cross section per unit solid angle
In order to calculate the total particle yield from a
thick target, the sum of successive thin target particle yields

must be taken.

_ de dE
SYCI‘X -)fo'nA_Q_ I h. J-E/c](g'x)

A program was written to calculate this total yield and sample
calculations are tabulated in a later section.,

The Rutherford differential cross section is defined as

3. Leighton, Principles of Modern Physies, p. 490,



EXPLANATION OF PLATE II

Plate II A graph of E1/Eo as a function of
the laboratory angle'wﬁfor

geveral different target nuclei.
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the collision area effective for producing scattering into a unit
solid angle for a particular angle ©,p, where the angle Oy is
the scattering angle in the center of mass system.

The Rutherford differential cross section? per unit

solid angle,j%i , is given by

2.2
de -~ e Z/Z,
497 W EF simd (02
T

where By

the incident particle energy

44 = the atomic number of the incident particle

49 = the atomic number of the target particle

Bop = the center of mass scattering angle

In order to convert from the center of mass system to
the laboratory system,‘“"(eg is given in terms ofda(y),

la W Maa  LGRY-sev]?
da (9>w (Ml"'Mz)" (E.!/E.)

Also, the center of mass angle 8,; is given in terms of ¥,

Oem= YV + Sim-i(-—N—’-'- S'I'u’u")
M-
Because the energy loss for the 169 ion in flour is needed +to
calculate the thick target yield, this is the next process to
consider..
The most significant contribution to the energy loss
process is due to ionization. As a fast moving charged particle

passes near or through an atom, it interacts with the orbital

4, French, Principles of Modern Physics, p. 332,
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electrons as well as atomic nucleus., In this process an
electron is occasionally given sufficient energy to escape from
the atom to which it is bound. This energy is acquired at the
expense of the fast moving incident particle, with the result
that the moving particle is decelerated and may gradually be
brought to rest. Electrons ejected directly from the atom by
ionization mey have energies up to 4m.E, /M, which is about 0.002
E, of the initial energy of the ionizing (incident) particle.5

There are also radiation energy losses for energetic
particles. They are Bremsstrahlung or braking radiation and
Cerenkov radiation or radiation due to particle velocities above
the velocity of light in that particular medium. For example,
the ratio of particle velocity to the speed of light, v/c¢, for
30 MeV oxygen is approximately 0.0635. Therefore, the most
energetic particles used in this method were clearly non-relati-
vistie. These processes can be neglected for oxygen ion of
energies below 30 MeV.G

"Range and Stopping-Fower Tables for Heavy Ions," by
Northcliffe and Schilling,7 was used to determine the stopping-
power of oxygen ions in flour samples. As stated before, the

major constituents of flour samples are oxygen, carbon, nitrogen,

and hydrogen. Carbohydrates have a general chemical formula

5. Paul, Nuclear and Particle Physies, pp. 99-100.
6. Paul, loc. cit.

7. Northeliffe and Schilling, "Range and Stopping-Power Tables
for Heavy Ions," Nuclear Data Tables, p. 268,
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ngﬁgpop.a For proteins, carbon is present in amounts varying
from 50 to 55 percent, hydrogen from 6.9 to 7.2 percent, oxygen
from 19 to 24 percent, nitrogen from 18 to 19 percent, and sulfur
from 0.3 to 2.4 percent,? Plate III shows a graph of dE/dx as a
function of energy &,. The difference between polyethylene and
water is slight., The plate also shows the approximation used

for flour which is bracketed by (CHp), and H,O0,

8. Ferris, loc, cit.

9, "Proteins," [The Encyclopedia Americana, loc. cit.
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EXPLANATION OF PLATE III

Plate 111 A graph of stopping-power dE/dx as
a function of the incident energy
E, for several organic compounds
as well as the approximation used

for flour,
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EXPERIMENTAL PROCEDURE

Initially flour samples were simply mixed with distilled
water and allowed to dry on aluminum target holders, Targets that
were incompletely dried created several problems. It was very
difficult to pump the chamber down with "wet" targets and the
vacuum became much worse when the beam was allowed to hit the
target. Also, spectra taken under such conditions could not be
reproduced when the targets began to dry out. Although satis-
factory spectra could be obtained from dry targets made in this
manner, several samples fell from the holders under vacuum,

For calibration and identification purposes, small
amounts of lead, bromine, and mercury were mixed with flour
samples, Several spectra were obtained before a satisfactory
method was developed to make these samples. ©OSmall masses of
PbNO=, HgN03, and KBr were dissolved in one liter of distilled
water, Then one milliliter of the mixture was pipetted and mixed
with a known mass of flour. The mixture was then allowed to dry.
In the next step, the flour and the contaminant were powdered and
mixed with a known mass of polystyrene dissolved in benzene.

This mixture was allowed to dry under vacuum on aluminum target
holders., Different masses of polystyrene were used in order to
make the flour targets durable.

It was found that polystyrene in amounts greater than
twenty percent of the total mass of the target gave unreliable
spectra, As polystyrene is a good insulator, a positive charge

builds up on the sample., A discharge results which causes high
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level noise pulses in the particle detector at a high rate, thus
distorting the spectrum,

The eight flour samples discribed below were made
simply by using distilled water while all of the calibrated flour
targets were produced using the polystyrene method.

Initially, only particles scattered between 165° and
175° from the incident direction were detected. A schematic of
the target chamber used is shown in plate IV, In order to detect
scattered particles at 90°, the target chamber shown in plate V
was used.

Accelerated beams of oxygen ions of charge states three,
four, and five were obtained from the Kansas State University's
Tandem Van de Graaff accelerator with energies from 12 to 30 MeV,
The beam currents available varied with conditions of the source
and overall machine conditioning. The currents on target ranged
from one half nanocampere to several hundred nanoamperes.

The target current and total beam current were measured
separately. The targets were removed from the beam and the ion
current was measured in a faraday cup. The targets were then
replaced and the current on the targets was measured., Because
the charged partiecles incident upon the target ejected electrons,
the measured target current was more than the true beam current,
This was found to be true for the flour targets where the beam
spot was smaller than the targets. This procedure was used as a
check on all runs where the total yileld was calculated,

A block diagram of the electronics used is shown in

plate VI, Pulses from the detector were amplified with the



Plate IV

EXPLANATION OF PLATE IV

A schematic drawing of the target
chamber used to detect particles

scattered into 1800.

kF
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Plate V

EXPLANATION OF PLATE V

A schematic drawing of the chamber
used to detect particles scattered

inte 90°,
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Plate VI

EXPLANATION OF PLATE VI

A schematic diagram of the electronic
circuit used for integrating current

runs.,
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appropriate gain in order to give a good spectrum for tantalum.
The amplified pulse was then routed to the analog-to-digital
converter (ADC) connected to & multichannel analyzer, The beam
current incident on the target was collected in the integrator
circuit, which gave a digital output proportional to the collected
charge, A scalar recorded the number of counts from the current
integrator. The ADC and scalar were both stopped and started
simultaneocusly by gating the ADC with a DC level from the scalar

which was +5 volts when the scalar was on and 0 volts when off,
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SPECTRA OBTAINED AT 170° FROM 30 MEV, 24 MEV, AND 12 MEV 16O TONS

Plates VII through XI are spectra obtained from 169

scattered into 170° from different targets. Tantalum was used for
calibration throughout the development of this method., A typical
tantalum spectra Tor 24 MeV 160 scattered into 170° is shown in
plate VII, OSince the energy does not vary strongly with angle
near 180°, one can approximate the scattered energy expected by
the formula for 180° scattering (see plate II). The following
formula

Eq/Eg = (M, = Mp)2/ My + My)2
yields an energy ratio of 0.7021 for the "tantalum edge,'" and the
exact calculation gives 0.703%2.

After the tantalum edge was determined, the atomic mass
of the target was plotted as a function of channel number. This
curve wag fitted to the channel number of the tantalum edge. This
fitted curve is shown in plate VIII., Several different targets
were used in order to verify this curve. Potassium and the
bromine edges were plotted on the fitted curve. Aluminum targets
were also used for 24 MeV 160 ions., The results, shown in plate
VIII, show good agreement with experimental data and the kinematic
curve.,

After the process was shown to be effective for targets
made of a high concentration of a known element, a sample of flour
was tried., Plate IX shows a spectrum for 24 MeV 160 gcattered
into 170° from 100 ppm PbNO3 in flour. As can be seen, there is
a marked difference in the spectrum shape of the flour and

tantalum,
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In order to explain the spectra obtained, different
incident energies were used, It was found that the spectrum
gshape was a function of incident energy. Plate X shows 12 MeV
160 scattered into 170° from 100 ppm PLNO; in flour. At this
energy the spectra very closely agreed with the shape of the
tantalum spectrum. This was also true for different contaminants.
For this spectrum the lead or mercury edge was detected and the
energy of that edge agreed with the predicted energy.

Plates XIa and b show the same spectrum with different
scales, Plate XIb shows a pure flour spectrum for 30 MeV 16
scattered into 170°. This spectrum shape differs greatly from
that of tantalum., Plate XIa shows a predicted spectrum for
20TPy in flour superimposed on the pure flour spectrum. The
predicted spectrum shape shows good agreement with the 12 MeV

spectra and the initial spectra.



Plate VII

EXPLANATION OF PLATE VII

Spectrum of 24 MeV 160 scattered
into 170° from 18174,
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EXPLANATION OF PLATE VIII

Plate VIII Calibration curve for 24 MeV 160

scattered into 170°.
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PLATE VIII

00¢

d38ANNN

TINNVHD
00l

i

vivad “IVINIWIY3IdXT +
3JAHEND dILVINDIVO —

00l

00¢

OINOLY

SSVYIN



Plate IX

EXPLANATION OF PLATE IX

Spectrum of 24 MeV 160 scattered
into 170° from 100 ppm PbNO, in

flour,
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Plate X

EXPLANATION OF PLATE X

Spectrum of 12 MeV 160 scattered
into 170° from 100 ppm PbNO; in

T1onr.
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PLATE X
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EXPLANATION OF PLATE XI a AND b

Plate XI

Spectrum of 30 MeV 16¢ scattered into
170° from flour.
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PLATE XIb
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PREDICTED SPECTRA

It was found that spectrum shapes varied with target
types and with energy. In order to determine which spectrum
shape should be considered "good" and which spectrum shape should
be "bad,'" a model spectrum was needed., A program code shown in
plate XII was used to calculate the shape of the spectrum for
elagtic scattering from a thick target.

The program used the kinematics previously discussed
and gave a value for the integrated yield from any one element
considered as a contaminant. The integrated yield, Y;, is

proportional to the following integral, Yb, the particle yield.,
do dE
< ¢ —_— = = o
Yp SY“"‘ Scm Te/dig = X2

In addition to the above calculation, predicted spectra

were obtained for comparison with experimental spectra, For

JE da '
each A x or Je/d (™) a value for T was calculated, Thus

the calculated spectra were generated as a graph of é%i V8. X

Plate number XIII shows a predicted spectra for 24 MeV 160
scattered into 170° from Br.

Plate XIa shows a predicted spectrum for 30 MeV 169
scattered into 170° from 207Pb, This spectrum shepe also approxi-
mates the spectra obtained from 12 MeV 100 scattered into 170°
from 100 ppm PbNO3 in flour.

In order to give a better representation, equal parts
of sulfur, bromine, mercury, and lead were used to generate a

predicted spectrum., Plate XIV shows this spectrum for 13 lMeV 169



Plate XII

EXPLANATION OF PLATE XII

The program code used to calculate
the spectra shape for elastic

scattering from a thick target.

38



39

PLATE XIIa
g EIN = ENERGY INCIDENT
¢ PROGRAM TO CALCULATE THE SPECTRUM SHAPE FOR ELASTIC
C SCATTERING FROM A THICK TARGET.
G DX/DS = INTEGER.GT.1, THETA IN DEGREES
g DX,DS IN MG/CM**2, DEDS IN MEV/MG/CM**2
c gomsg IS A NUMBER T0 SCALE THE CROSS SECTION VALUE, Y = CONST
1*DSI
DIMENSION DEDS(100), EX(100), B(200), BB(200), NC(200)
READ (1,2)(DEDS(K),K=1,100)
1 READ(1,2)EIN,A1,%1,A2,%2,THETA, DX, DS
READ(1,2)CONST
2 FORMAT (8F10. 5)
DO 60 M = 1,200
B(M) = O,
60 BB(M) = 0.
SUM = 0.0
RAD = 180./3%.1415926
PSI = THETA/RAD
DO 65 K = 1,100
65 BX(K) = FLOAT(K)
WRITE(3,4) ((EX(K+L-1),DEDS(K+L-1),K=1, 100,20),L=1,20)
4 FORMAT(1H1, 'DE/D(RHOX) IN MEV/(MG{CM**z) VS MEV'/1HO,7,'E',
1'6X,'DEDS' /(1H , 5(F10.1,F10.3 ))

WRITE (3,3) EIN,A1,Z1,A2,%2,THETA,DX,DS

3 FORMAT (1HO, 'INITIAL ENERGY =' F6,1,' MEV',5X,'A1 =' F8.3,
1 5X'%Z1 =' ¥5,1,5X,'A2 =' F8,3,5X,'%42 =' F5,1,5X, 'LAB ANGLE
2 =' P6,1 / 1HO, 'RANGE STEPS IN QVERALL CALC. OF F8.3, ' MG/
3 (cm;fa) RANGE STEPS IN DELTA E CALC. OF' F8,%, ' NG/(CM
4 **2
WRITE (3,5)

5 FORMAT (1HO,6X, 'X', 7X, ‘DE1',6X, 'E1',6X, 'E3','DE2',6X,
1 'EPF',8X,'R',6X%,'I',5%,'II',8X,DISC',9%, 'Y
WRITE (3,61)

61 FORMAT (1H)
C SCALE EIN TO NCH, SC2 TO NCH = 100 MEY
WCH = 100

SCALE = FLOAT(NCH)/EIN
SC2 = FLOAT (NCH)/100
X = DX
10 CALL DELTA (EIN,X,DEDS,EX,DS,DE1)

E1 = EIN - DE1
CALL CROSS (E1,A1,21,A2,%2,PSI,DSIG)
CALL KINE (£1,A1,A2,PSI,E3)

CALL DELTA (E3,X,DEDS,EX,DS,DE2)

EF = E3 - DE2
R = EF/EIN

I = IFIX(EF*SCALE + 0,51)
II = IFIX(EF*SC2 + 0.51)
Y = DSIG*CONST

S = SUM + Y*DX

B(I) = Y*DX



