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ABSTRACT
TRACE ELEMENT ANALYSIS OF LIQUID
SAMPLES, BY PROTON INDUCED X-RAY FLOURESCENCE
by
Robert J. Boustany Jr.

A method of spectroscopic analysis of trace ele¬
ments in solutions has been developed.

The solution is

converted to a mist and analyzed by proton induced x-ray
flourescence in a helium atmosphere.

Related problems

in the development of proper droplet size and apparatus
design are discussed in detail and in chronological or¬
der.

A sensitivity of the order of 1 ppm can be

achieved with the final apparatus.

A qualitative dis¬

cussion of the bremsstrahlung limiting the sensitivity
is also included.
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INTRODUCTION
Various types of elemental analysis have been used
in recent years.

Chemical analysis, electron microscopy,

neutron activation analysis, x-ray spectroscopy and others.
With the increase in technological and theoretical advance¬
ment smaller effects unknown in previous years become im¬
portant.

In order to measure these small effects more

exacting means of analysis are necessary.

J. L. Duggan

et al. have summarized some of the techniques used and
their relative sensitivity.^

Of the methods surveyed pro¬

ton induced x-ray emissions spectroscopy has the greatest
sensitivity.

X-ray spectroscopy using high resolution solid

state detectors allows sensitivity to a few parts per mil¬
lion or less.
X-ray spectroscopy is very useful in the study of bio¬
logical materials.

Complex systems can be greatly altered

by minute changes in trace elements.

As an example,

vanadium was thought to play no major role in body processes
because of the infinitesimal quantities that are found in
mammals, but it was recently found that it is intimately
associated with the healing process and promotes accelera2
tion of healing.
The x-ray spectroscopy group, at T.W. Bonner Nuclear
Laboratory, has been involved for some time in the trace
element analysis of various biological materials and, in
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particular, blood.

In blood analysis the serum levels of

different metals are of interest.

Correlation between

the variation of the trace metal levels and several clinical conditions has been previously studied. 3 ' 5

A study of

trace metal levels requires the analysis of large numbers
of blood samples.

This is necessary to determine what is

the normal trace metal serum level, and to find what varia¬
tion of this level undergoes, if any, with age, activity
and a number of other factors which could influence perma¬
nently or cause fluctuations in the trace metal serum
level.

Furthermore, it is necessary to determine if the

increase in this level in diseases is distinguishable over
other variations not caused by disease.
The problem of a suitable target which may be uniform¬
ly and rapidly reproduced is then of major importance.
Since blood cannot be made into a thin self supporting
target, a backing must be used.

This backing has to be

strong enough to withstand the stress placed across it by
blood as it dries, and have good heat conduction properties
to reduce heating of the target by the beam and so lengthen
target life in addition to reducing evaporation of elements
of interest in the target.

Also the choice of the material

used in the backing should not produce radiation within the
energy range of the detector used when bombarded by pro¬
tons.

The thickness of the backing should be on the order
2
of a few hundred micrograms/cm to minimize bremsstrahlung
produced in the target without sacrificing the needed

3

strength,

various backings have been used successfully. fi ' 7

One such backing, which was developed at Bonner Laboratory,
is aluminized formvar.

g

Formvar is a plastic manufactured

by Monsanto which provides the mechanical strength needed
in a backing.

Aluminum layers are evaporated onto the

formvar to provide the heat conduction needed in the tar¬
get.

In some instances these targets may be reused.

Little

blood is necessary for their preparation, but background in
the form of bremsstrahlung produced in the targets goes up
rapidly with the thickness.
necessary.

Therefore, thin targets are

The targets are not of uniform thickness and

uniform production is both tedious and time consuming.
Large numbers of target holders are necessary to avoid
frequent recycling of available holders to make new targets,
and so that many targets may be made and held in reserve.
The use of ladders of targets alleviates the problem (see
reference 9), but even with 15 to 30 targets to a ladder
measurements need to be interrupted to change ladders.
Clearly, a technique of blood target preparation which
would lend itself to mass production is necessary.
In this regard, the use of a directly bombarded blood
spray was suggested as a solution to the target problem
(G. C. Phillips, private communication).

The use of a

backing is eliminated and any resulting background from
a backing.

Since no vacuum chamber is employed, rapid

handling and automation of target samples is possible.
In addition, the target thickness presented to the beam
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may be continuously controlled by varying the spray
conditions.
Several problems must be solved in the development
of blood droplet targets.
1) What is the approximate droplet size and density?
2) How may this size be produced?
3) What chamber design is best to insure a practical
density of droplets in the target without con¬
tamination of the detector window, etc.
To determine the appropriate size anddensity of droplets
to be used in the target requires the study of the range
of protons in water (as an approximation to blood).

A

detailed discussion of the target parameters and geometri¬
cal considerations appears in Chapter II.

Some observa¬

tions about the necessary specifications of the proposed
system can, however, be made from general arguments.
Graph 1 of figure 1 shows that to obtain a spectrum which
is essentially free from self absorption effects targets
2
with a total thickness of less than 10 mg/cm need to be
used.
Experience with proton induced x-ray measurements
on dried targets (Valkovic, et al. reference 64) indicate
that a 3.00 MeV beam (see figure 2) minimizes bremsstrah2
lung effects and that a 1 mg/cm target is the minimum
dried target thickness which will yield a tolerable peak
to background ratio for normal blood serum targets.

Mass

loss of blood targets in drying is a factor of 10 (Ted Zabel,

FIGURE I
Graph 1 : Absorption of iron K in water droplets as a
function of droplet diameter
Graph 2 s

Droplet diameter expressed as a fraction of
the 3 Mev proton range in water
2
Graph 3 : Number of drops in a 1 mg/cm target for
drops of a given average diameter

FIGURE 2
Shift of bremsstrahlung hump with incident proton energy
on thin targets
(A 0.1 cm polystyrene absorber has been used to eliminate
pileup peaks from abundant low z elements)

NUMBER OF COUNTS
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private communication). The final target thickness should
2
2
be between 1 mg/cm and 12 mg/cm . Further, graph 1 indi¬
cates that absorption effects are small for these target
thickness.
Assume :
d = droplet diameter
p = number of droplets/cm

2

1 = length of the path of the beam through the target
n a= number of droplets seen by a given proton
2

then pi is the number of droplets in 1 cm . Therefore,
2
l(rrd /4) is the effective area seen by the beam. For
100% probability of one drop being seen:
l(rrd2/4)^-l cm2
For n drops to be seen:
l(nd2/4) ^.n cm2
Graph 2 shows the fraction of the range of 3 Mev pro¬
tons corresponding

to i ' drops of diameter d.

The equa¬

tion relating range (f) to droplet diameter (d) is

Graph 3 shows n as constrained by the 3 MeV range and
2
calculated from n ^ pi d TT/4 for various values of d. Note
that as d decreases the target thickness increases. For a
2
target of a few mg/cm thickness, d should have a value
between 30 microns and 60 microns.

This droplet diameter

corresponds to 1/5 of a 3.00 Mev proton's range.

FIGURE 3
Air-Gap Chamber
Side View
(Detector Window on Right)

FIGURE 4
Schematic Layout of the
Air-Gap Chamber

FIGURE 5
Air-Gap Chamber
Foil Holder

I
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FIGURE 6
Air-Gap chamber
Associated Apparatus
Gas flow is from right to left from
the air source through a regulator,
flow meter and nebulizer

O

FIGURE. 7

Nebulizer and
Lucite Funnel
used with 10 cm
aluminum cube

HELIUM
INPUT

LUCITE
FUNNEL

LIQUID
INPUT

FIGURE- 8
Slits and Foil Holder

of 10 cm Al cube
Chamber

GASKETS

-4
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I I
i :

FIGURE 9
Lucite Housing and Covers
For 10 cm Aluminum Cube

LUCITE
HOUSING

0

—COVERS

CARBON BAFFLE

FIGURE 10
10 cm Al cube
Chamber
Cutaway-view

FIGURE 11
Block Diagram of
Data Acquisition System
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CHAPTER I
INDUCED X-RAY EMISSIONS
When a target is bombarded by proton or heavier ions
electrons are ejected from the atomic shells.

When these

levels are filled by free electrons or electrons from a
higher shell, x-rays characteristic of the target are
emitted.

This was first observed by Chadwick‘S; when he

exposed several elements to sources of particles.

The

problem was studied further by Bohr 11 and Rutherford 12
Early theoretical and experimental work has been summarized
by Merzbacher et al.

13

.

Ogurtsov

14

has summarized modern

theoretical and experimental work on ion induced x-ray
emission.
Proton induced excitation of K,L and M characteristic
x-rays has been studied mostly for thick targets at low
bombarding energies.

Yields of the x-rays have been

15-33
studied for nearly all elements from carbon to uranium
;

much of this work has been summarized by Merzbacher and
Lewis 13 , and by Duggan et al. 1 .
The first theoretical approximations were performed
using the Born approximation for inelastic collisions.
Another nonrelativistic theory frequently used, which agrees
well qualitatively with the available x-ray cross section
state, is classical binary-encounter theory.
In "binary-encounter" the interaction between the
classical electron and bombarding ion is considered.

7

The atomic features of the electron are taken into con¬
sideration by use of a proper velocity distribution.

From

momentum conservation laws the energy transferred to the
electron can be calculated, and approximate corrections
for nuclear repulsion can be made 34 . However, the motion
of K electrons in heavy atoms is not well represented by
non-relativistic wave functions since the speed of these
electron

is near the velocity of light.

Relativistic

theories such as that of Jamnik et al. 35 have been used
successfully in predicting inelastic electron collision
cross sections for atomic and molecular systems.
In 1934 Coates first observed characteristic x-rays
from a number of elements which were bombarded by mercury
ions.

X-ray production studies resumed in the early 1960's

and since then He, C, N, 0, among others, have been used
38—55

as projectiles on a variety of targets.
has summarized some of this work.

Duggan et al.

"L

The complex collisions

and resulting ionization are described by use of the sta¬
tistical model^®.

In this model ionization is treated as

an evaporation of electrons from an atom "heated" by colli¬
sion.

The excitation energy acquired by the atomic particles

after the collision is distributed among outer shell elec¬
trons, resulting in the ejection of one or more electrons.

8

CHAPTER II
APPARATUS
The source of the proton beams used in these experi¬
ments were the model E.N. Tandem Van de Graaff and 5
Mev Van de Graaff accelerators of the Rice University
T.W. Bonner Nuclear Laboratory.

The beams were a 3.00 Mev

proton beam and a 2.5 MeV proton beam of 150 nA and l|j,A
respectively.

The estimated energy spread is under 5

kev.
The detector was a lithium drifted silicon detector
manufactured by the Kevex Corporation. Energy calibration
.from the
57
was obtained
spectra of Co 55
and Fe
sources.
The resolution expressed as the full width at half maximum
of the Fe K^line was between 185 and 200 kev.
per channel was on the order of 14

The energy

ev, and a biased ampli¬

fier was used to set the range of interest between 3 and
30 kev.

A typical arrangement of the data acquisition

electronics is shown in figure 11.
As a means of droplet production in the 30-50 micron
range two methods of droplet production were considered.
One of these methods, electrostatic droplet formation
(reference 57), could not be used since the conductivity
of blood interfered with production of small droplets.
Atomization followed by the breakup of spray on some object
is the process which was used y this process is called
"nebulization".

Two nebulizers were used.

One of these
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was a commercial nebulizer which was used for initial feasi
bility studies.

The commercial nebulizer produced droplets

in the right size range, but could not produce a particle
density high enough to insure adequate target thickness.

A

specially designed nebulizer was constructed from standard
Hoke swagelok pieces and a Butterfly-21 infusion set (see
Figure 7).
The needle of the infusion set was filed flat and
mounted as shown in figure 7.

The liquid input tube of

the nebulizer was attached to the needle of the infusion
set and the low pressure created by the driving gas of the
nebulizer over the needle orifice caused droplets to enter
the gas flow at a fixed rate.
Figures 7 and 9 show a lucite funnel and housing
used in conjunction with the nebulizer mouth to cause
further breakup of droplets.
The funnel was also used to focus the spray.

The lu¬

cite housing reduced the spray floating in the chamber and
minimized diffusion of the spray to the chamber windows.
Inset lucite covers on the housing shown in figure 9 pre¬
vented large droplets, which inevitably build up on the
funnel from being seen by the beam (since they run down the
housing wall).

The apertures along the beam axis in the

lucite housing were both 2.54 cm in diameter.
The liquid input tube of the nebulizer had 1 mm dia¬
meter.

The mass transport could then be measured by measur

ing the velocity of a unit of the liquid being used.

In
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this way the mass transport and so the target thickness
can be varied by varying this velocity.
can be varied in two ways.

This velocity

First, the gas flow can be in¬

creased or the pressure in the liquid input tube of the
nebulizer may be increased by varying the height of the
container holding the target solution relative to the
nebulizer mouth.

Since the gas flow was set to produce

droplets of proper size variation of target thickness by
this means is not possible.

However, variation of the

height of the container of target solution is much more
convenient since very little change in droplet size results
and the resulting change in target thickness is much great2
er (about ±0.5 mg/cm ).
The driving gas of the nebulizer was helium.

Helium

was used since it reduced the background which air would
produce and does not present as large a stopping power to
protons.

The flow rate for helium was 78.6± 1.5 ml/sec

to the entrance to the nebulizer.
By measuring the maximum height large visible droplets
reached before beginning to fall the initial velocity of
the droplets was calculated.

Larget droplets were used

since air currents in the room strongly effected smaller
droplets.

The droplets were illuminated from above and the

difference in the maximum height reached by the smaller and
larger droplets (smaller droplets appeared as a mist) was
approximately 20 cm.

The initial velocity of the droplets

was calculated to be 700 cm/sec (see Appendix D).

A more
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exact measurement of the velocity requires a more con¬
trolled atmosphere and consideration of air friction.
The effect of air friction is to make the actual velocity
of the droplets higher than the measured velocity.
The chamber used for these measurements is shown in
figure 8.

The chamber was a 10 cm aluminum cube.

The size

was chosen as a compromise betweem maximizing detector
solid angle and minimizing the energy loss of protons in
transversing the chamber atmosphere to the target.
limiting factor was the diffusion of spray.

The

The cylinder

of spray from the nebulizer was 2.54 cm in diameter.

De¬

viation from this cylinder of spray was not more than
0.5 cm.

The detector window and foil were placed 3.5 cm

from the edge of the cylinder of spray (i.e. 2.3 times the
radius of the cylinder of spray) to minimize contamination.
A 0.0025 cm mylar window 0.5 cm in diameter protected
the detector window from the spray. This allowed the de2
tector to see 6 cm of the target, resulting in a 0.03 sr
detector solid angle.

Opposite the detector window a 3.8 cm

lucite window was placed which allowed the spray from the
nebulizer to be viewed, and prevented the detector from
seeing flourescence from the opposite wall of the chamber.
The nebulizer was set in a 0.63 cm deep and 4.44 cm
diameter aperture followed by a 2.54 cm aperture 1.90 cm
in length (see figure 10).

Opposite the nebulizer a 5.08 cm

diameter pipe of approximately 20 cm length was attached to
the chamber.

This pipe was used to allow the high velocity
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helium to exit without producing a shock wave large
enough to result in more spray floating in the chamber.
The pipe was placed in a pan to recover the iron doped
water used as a target.

Iron was used since it is a typi¬

cal element of interest in blood analysis.
Before reaching the chamber the beam passed through
two carbon slits 0.63 cm thick with a 0.31 cm aperture
(see figure 8).

Carbon was used because it produces no

radiation which might be seen by the detector.

On the

face of each slit a quartz disk was mounted with epoxy.
A 0.46 cm aperture was bored in each disk.

The slits

were set in a 2.54 cm diameter brass tube; they were held
apart by 10.16 cm aluminum spacers, and both the slits and
casing were insulated from the surrounding beam pipe and
the entrance foil holder by the lucite insulator shown in
figure 8.

The quartz disks were used to monitor the beam

visually by observing the face of each disk through the
glass windows in the beam pipe holding the slits.

A

feedthrough in the beam pipe was used to monitor the cur¬
rent on the slits.
The choice of entrance foil will be discussed at
length in Appendix A.

This foil was held between two

viton gaskets of 0.78 cm aperture (figure 8) and 0.14 cm
thickness.

The foil itself was of larger diameter than

the gaskets so it could be grounded to the brass pieces
holding the gaskets.

The entrance foil, foil holder,

chamber and the beam pipe holding the slits were insulated

13

from the slits and the rest of the beam line so that the
beam on the entrance foil could be monitored.

As an addi¬

tional protection from spray condensing on the entrance
foil a carbon slit 0.63 cm thick and with a 0.63 cm aper¬
ture acted as a baffle; the foil was recessed 1.9 cm from
the foil holder face.

14

CHAPTER III
HYDRODYNAMIC CONSIDERATIONS
In this chapter general hydrodynamics of droplet break¬
up will be discussed and an approximation of the droplet
size distribution will be given.
The following discussion is based on the papers of
Hinze

58

and Harper et al.

59

The breakup of accelerating liquid drops in a high
velocity stream is primarily according to two modes.
First, waves are induced on a drop's surface and from
their crests aerodynamic forces tear droplets away.

Se¬

condly, vortices in the air stream opposite the windward
face and symmetric about the stagnation point (the point
where the flow velocity is zero) also tear droplets away.
These modes act separately and in unison under certain con¬
ditions of flow.

The Weber (W) and Bond (BQ) numbers are

dimensionless numbers characterizing the hydrodynamic flow
and are defined as:
B

o - Ptro 9/P

M

e - ParoD>

rQ = droplet radius
g

= acceleration undergone by the droplet
= density of the liquid of which the drop is made

pa = density of the gas forming the "air" stream
= the initial relative velocity of the drop to
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the surrounding flow
a = coefficient of surface tension
The equations of motion were solved to obtain the fol¬
lowing conditions for droplet stability.

If the Bond num¬

ber governing the motion is above 11.3 unstable normal
modes of vibration can cause droplet breakup.

This gives a

means of calculation of drop size approximately, but the
production of droplets by a nebulizer is such that parti¬
cles are not of uniform diameter.

Droplet size may be

chosen, however, so that particles are on the average of
the desired radius.

Several articles are available which

describe various ways of measuring droplet size.

These

methods range from weighing droplets on an automatic balance
below a settling tower (a cylinder several hundred centi¬
meters high into the top of which spray is introduced) to
holography.
Y. Tanasawa et al.

60

have measured droplet distributions

produced by nozzles similar to the one employed, but of
slightly larger driving gas apertures.
shifts to

This distribution

higher droplet sizes as the viscosity of the

liquid used increases.

The curve shown in figure 12 is

an upper bound approximation of the distribution of nebu¬
lized water droplet diameters since this calculation is for
a liquid of viscosity 10 times that of water.

If one re¬

stricts the mass transversed by an average 3 Mev proton in
4
a single droplet encounter to one-half its range 5 x 10
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droplets of 50^ diameter are necessary to form a 1 mg/cm
target with an average of two encounters per drop.

2

Droplet

sizes shift to smaller values for a liquid of less than
10 cp viscosity, and about 75% of the droplets have diame-4
-4
ters between 20 x 10
cm and 80 x 10
cm for a viscosity
of 1 cp.

It would then be expected that the diameter of
_4
water of water droplets is between 20 - 80 x 10
cm if
the droplet size does not change rapidly as a function, of
viscosity.
Experience with dry targets has shown 64 that to cut
down on bremsstrahlung in the target yet insure a reasonable
2
count rate, a 1-5 mg/cm target thickness is necessary.
Assuming that the droplets produced are in the 50 micron
diameter range, the number of droplets necessary to give
5
3
this target thickness is 10 drops/cm . With commercial
nebulizers this density was not realizable within the limita¬
tions of the structure and design of the apparatus.

FIGURE 12
Approximation of Droplet Diameter Distribution

"b

APPROXIMATION OF SIZE DISTRIBUTION
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CHAPTER IV
EXPERIMENTAL PROCEDURES AND RESULTS
Preliminary measurements were performed with the appara¬
tus shown in figures 3-6.
The experimental setup and entrance foil holder are
shown in figures 4 and 5 respectively.

The entrance, foil

was 0.00025 cm thick nickel.
The detector was a high resolution Si(Li) detector
from Kevex.

Data collection was done with a model 500

printer, model 404 four hundred channel pulse height
analyzer and model 560 readout indicator (all from T.M.C.).
The source of the beam was the Rice University 5 Mev
H.V.E.C. Van de Graaff electrostatic accelerator.

Beam

energy was 2.5 Mev.
Blood serum droplets were produced by a commercial
nebulizer driven by pressurized air.

The spectra showed

no lines over background in a 15 minute run, but nickel
K

and

o'

p

lines were present with a count rate of several

hundred counts per second at a beam current of 1|J.A.

A

1000 ppm solution of iron in water was next used with the
nebulizer.

The spectra taken over 10 minutes again showed

only nickel K lines.

Background from protons on air and

nickel x-rays Compton scattered into the detector at 90°
appeared to be the problem.
Calculations (see appendix C) showed that 1.95 x 10
Compton scattered x-rays per second from nickel were en-

3
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tering the detector at 90°-

Therefore, the entrance foil

was changed to a material with a Z low enough that the
x-rays produced would be absorbed before entering the detec¬
tor.

Beryllium was chosen for reasons of strength and low

proton stopping power.
The next run was done with the apparatus in figures
7-9.

The source of the beam was the 12 MeV EN Tandem

Van de Graaff.
The specially made nebulizer (see Chapter III) was
first used to produce droplets of a 10 ppm solution of iron
in water.

The spectra produced showed no iron peak in the

10 minutes in which the spectra was taken.
A 5000 ppm solution was prepared and used with the
nebulizer.

After 10 minutes of data collection a small

peak was seen above the background.

It was decided that

the nebulizer was working but that the background was higher
than that expected for the liquid target.

The possibility of

Compton scattering from gamma rays produced in the brass
foil holder was suggested, but the use of 5.08 cm of lead
to shield the detector from all sides and even the front
failed to decrease background to any extent.

However,

since the neutron threshold of beryllium is 1.85 MeV pro¬
tons on the beryllium foil were producing neutrons which
could have caused the background. Mainsbridge et al. 95
n

have shown that contributions from the

A

a

A/-

Si(n,<y) °Mg

reaction may produce a 1 Mg/1 count rule in a silicon
detector.
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An aluminum entrance foil was used to eliminate all
background (see appendix A for a summary on entrance foils),
except for that due to bremsstrahlung.

The iron K peaks

produced by a 5000 ppm solution was clearly seen, and a
10 ppm solution was visible in a 10 minute run.

Figure 13

shows the spectra of these two solutions of iron in water.
The sensitivity of the apparatus may be estimated as
the minimum thickness of trace elements which will give a
yield of greater than three standard deviations of the
background.
AQ

If one measures N counts above a background of

counts with a beam current Bg run for a time tg with a

trace element concentration Tg ppm, then

k

» =

'Wo >

3Æ

0

where k is a constant.
The sensitivity, Sg is given by
3/Ac
S

0

=

3v/Â

T

0 ~&7

0

kB t

0 0

The sensitivity improves as one runs for a longer time,
since the numerator increases as

(Bt)

1/2
'

and the denominator

as Bt
C
i.e,

s

/

* V0

where C is a constant.
The test run was run for 10 minutes at 150 namps with
a 10 ppm iron solution, yielding an iron peak of 275 counts
above a 330 count background for a sensitivity of

FIGURE 13
Run 1 500 ppm solution of iron in water
Run 2 10 ppm solution of iron in water

E

-ON Nna

O-SZ

= 3TV3S ITU
T>

T

-GN Nm

O-SZ

= 33V3S TTU

20

10(3)/330
« 2 ppm

S

0 "

275

To obtain a 1 ppm sensitivity, the product of beam cur¬
rent and time must be increased by a factor of
,Bt \ _

S 2
2
0 ...
iiil

S

fa

=

e.g. a 20 minute run at 300 namps or 10 minutes at 600 namps
will give a sensitivity of 1 ppm for iron.
The source of the background appears to be bremsstrahlung.

The shape of the background hump (as attenuated by

a 0.1 cm polystyrene absorber) is similar to that of bremsstrahlung seen in bombarding thin foils and thin biological
targets.

An increase of the energy of the beam to see if

the hump moves up in energy, as in the case of metal foils,
is the next step in identifying the background as bremsstrahlung.

The energy of the beam must be kept below the

neutron threshold of aluminum to eliminate neutron back¬
ground.

Initially, the source of the background was con¬

sidered to be one of two sources.
A possible source of background is bremsstrahlung pro¬
duced by protons in the target or Compton scattered brems¬
strahlung produced in the aluminum foil.

However, brems¬

strahlung from secondary electrons in the aluminum window
or target is expected to be a stronger effect because the
cross-sections decrease as the inverse square of the projec¬
tile mass and because of the larger number of electrons
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than protons.

It is interesting to note that the energy a

3.00 MeV proton transfers to a stationary electron is a
few kev which is in the same energy region as the hump of
the background observed.
CONCLUSION
The final apparatus meets the necessary requirements to
achieve 1 ppm sensitivity over reasonable data collection
periods (less than an hour) at beam currents of a few
hundred namps.

Development of the apparatus is necessary

to decrease the amount of blood used by the nebulizer and
improve the sensitivity below 1 ppm.

If this can be done

this technique can be a practical analytic tool.
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APPENDIX A
The entrance foil which was finally chosen was a
0.5x10

-4

cm thick aluminum foil.

Attempts were made to

use other foils (nickel and beryllium) but all produced
intolerable backgrounds.
In the case where a 0-0025 cm thick nickel foil was
used (geometry shown in Figure 4 mounted as in Figure 5)
the 3.00 MeV protons used in the experiment produced
3
1.95x10 Compton scattered x-rays at 90° (calculations in
Appendix C).
A 0.0025 cm thick beryllium foil of high purity was
used in conjunction with the apparatus shown in Figures
O

9, 10, and 11.

The 3.00 MeV protons produced 2x10

neutrons/

second when bombarding the beryllium foil.

The neutrons pro29
duced interacted with the detector in the Si
(n,a)Mg
reaction, Q *» 0.03 MeV to produce a substantial background
counting rate.
The neutron threshold of beryllium is 1.85 MeV? 2.00
MeV protons have a range of 0.003 cm in water compared
a range of 0.0063 cm of 3.00 MeV protons.

to

Therefore, 2.00 MeV

protons are more readily absorbed by the dropLets used in the
experiment.

With the available equipment the droplets used

in the experiment could not be reduced the factor of 2 in
size necessary to do the experiment.
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Other foils considered for use as an entrance foil
either lacked strength or produced interfering radiation.
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APPENDIX B

If the detector sees a cylinder of radius r and
length L illuminated by the beam, and there are n drops per
unit volume of radius a and density p, then the mass per
4 3
unit volume is n -j TTa p and the target thickness presented
43
2
to the beam is n -j TTa Lp.
For a 1 mg/cm target and
L = 0.3 cm, a = 2.5x10

—3
3
cm, p = 1 gm/cm

_ Ixl0~3
j TTa3Lp

10

_

j

-3

n(2.5xl0-3)3(0.3)(1)

^ , -.«4
_ 5.1x10
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APPENDIX C
Compton Scattering from a Nickel Foil
3

The density of nickel is 8.9 gm/cm ; target thickness
was 2.54xl0-4 cm.

Target thickness in gm/cm^ is then

22.6xl0-4.
There are 56 gm/mole of nickel; the number of nickel
atoms per square centimeter is:
2.4x10

19
2
particles/cm

If a is the x-ray cross section, f is the solid angle of
interest as seen from a circle of diameter A looking a
distance D at a circle of diameter S.

In this case the

number of nickel x-rays produced per second by a circular
area of beam of diameter S which travels D centimeters to
reach a circular target of diameter A is:
Nx x-rays/sec = (of)
(2.4x10
—
S6C
dll
since: o - 18 b/Sr (as extrapolated from data of Ref. 96)
A = D = 5.08 cm and S = 0
Beam = 150 n amps = 9.38x10^ protons/sec
f ~ .75 sr
Ni x-rays/sec = 3.0x10

g

x-rays/sec

The differential cross section for Compton scattering was
taken from the prediction of the Klein-Nishina equation

-2
given in reference 67 as 4x10” barns/sr.
The solid angle subtended by the detector was calcu
lated as above where S = D = 2.54 cm and A = 0.63 cm;
under these conditions f

65

0.06 sr.

Assuming nitrogen as an approximation for air,
2
number of electrons/cm was calculated as follows:

density of air = 1.29x10

the

—3 3
gm/cm

air molecules/cm^ = (1.29x10 ^ gm/cm^(6.02x10^ mole)/
(28 gm/mole)
air molecules/cm

2
19
2
= 2.77x10
particles/cm

With the assumed 14 electrons/particle there are
3.18x10

20

2
electrons/cm .

Compton scattered x-rays
second
= (4.OxlO-26

S Jz

(0.06 sr)

x (2.1x10® 2ÆSX»)

(3.88xl0^® electronSj
Z
cm

SGC

Compton x-rays at 90° _ ^ 95x10^
second
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APPENDIX D
The calculation of the velocity of the droplets
initially used simple mechanics.

The drops accelerated

upward with an initial velocity VQ and reached a maximum
height s:
v

2

= v

2 . ± 2gs
3
o

since v = 0
vQ = (2gs)
Since s was measured to he 258 cm

vo = [(2) (980 -SS-j) (258cm)]
sec
VQ

= 700 cm/sec
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