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ABSTRACT

Highly efficient radioactive sources for use in radioisotope metrology have been prepared on
ultra-thin layers of electrosprayed ion-exchange resin. The efficiency of these sources can be
reduced for the purpose of radioactivity standardisation by coating them with conducting silver layers
which are also produced by electrospraying. A description is given of improvements to the
electrospraying methods, together with details of the rotating, oscillating source-mount turntable.
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1. INTRODUCTION

1.1 The Advantages of Resin-based Source Mounts

In the field of radioisotope metrology, radioactive sources of the highest efficiency are required for
use in the methods of efficiency extrapolation and mixed efficiency-tracing [Sherlock 1987;
Lowenthal et al. 1973; Lowenthal et al. 1982; NCRP 1985]. Such sources are prepared by absorbing
radioactive ions in ultra-thin layers of electrosprayed ion-exchange resins, as described by
Lowenthal and Wyllie [1973a, 1973b]. This method reduces to a minimum the self-absorption of
radiation in the resulting quantitative source.

In work related to the determination of radon in the environment, radium-226 sources prepared
on electrosprayed resin have been used for studying the desorption of radon-222 by moisture [Gan
etal. 1986].

1.2 The Use of Silver Layers Produced by Electrospraying

The counting efficiency of sources measured in the proportional counter can be reduced by
coating the sources with silver by an electrospraying technique [Wyllie and Lowenthal 1982]. This
reduction in efficiency is required in extrapolation methods. The silver layers have the advantage of
low electrical resistance.

1.3 Scope of the Report

Improvements to the electrospraying methods are described together with hitherto unpublished
details, in particular, the design of the rotating-oscillating turntable on which the source mount rests
during electrospraying.

2. PRINCIPLE OF ELECTROSPRAYING

In electrospraying, certain organic solvents containing solids to be deposited in thin layers are
ejected from the end of a capillary tube as a fine spray by the action of an electric field applied
between the solvent in the end of the tube and the electrically conducting surface which is to be
sprayed [Bruninx and Rudstam 1961; Robinson 1966]. For good spraying, both the viscosity and
surface tension of the solvent should be low, and the vapour pressure should be high enough to
allow the solvent to evaporate before the droplets of solution reach the conducting surface.

Preliminary studies by the author have shown that a suspension of finely-ground ion-exchange
resin in ethanol can be electrosprayed on to VYNS plastic film which has previously been vacuum-
coated with gold-palladium alloy. The film was prepared from VYNS vinyl resin supplied by Union
Carbide Australia Ltd, Sydney. However a drop of water deposited onto electrosprayed cation-
exchange resin broke up the resin layer completely. An anion-exchange resin layer was less
disrupted by the addition of water but was still insufficiently stable for source preparation. A
satisfactorily stable and adherent layer was produced by simultaneously spraying cation resin from
one capillary and anion resin from an adjacent capillary; during spraying, the sprayed surface was
rotated and oscillated to produce intimately mixed strata of the two types of resin on the gold-coated
VYNS film.

The cohesion of the mixed resin particles appears to be due to an attraction between the
sulphonic acid groups of the cation resin and the quaternary ammonium groups of the anion resin.
This can be demonstrated by mixing portions of the two types of resin suspension. Once this is
done, the particles coagulate and precipitate, leaving a clear layer of alcohol above the coagulated
resin. The structure of ion exchange resins is discussed in DOWEX [1964].

3. GENERAL DESCRIPTION OF THE APPARATUS

A general description of the apparatus is given in this section; further details are given in
sections 4, 5 and 6. The spray head is shown in figure 1. Cation and anion exchange resin
suspensions in the outer glass syringes (1) flow through lengths of hypodermic tubing (2) which are
encased in plastic tubing. The exit ends of the hypodermic tubing are located between two
electrodes (6 and 7) made from thin aluminium sheet. The hypodermic tubing is electrically
connected to the top electrode (6). Resin is sprayed onto a source mount (8) through apertures in
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the focussing electrode (7) and the Perspex box (5). The source mount sits on a holder which
rotates and oscillates in a horizontal plane to produce a uniformly-mixed layer of resin on the source
mount. The holder is earthed.

The central glass syringe (3), to which a drawn-out glass capillary has been fused, is used for
spraying silver acetate. It is shown in the retracted position which it occupies when resin is being
sprayed. Electrical connection between the silver acetate solution in the syringe and the top
electrode (6) is made via the platinum wire 4. One end of the wire dips into the solution and the
other end is attached to a stainless steel rod which rests on the top electrode.
Polytetrafluoroethylene (PTFE) caps resting on top of the syringes 1 and 3 prevent evaporation of
solvent.

The rotating and horizontally oscillating source-mount holder is shown in figure 2. The holder
and its driving mechanism are mounted on a platform which can be raised and lowered.

The entire apparatus described above is contained in a Perspex glove box, 61 cm high x 46 cm
wide x 38 cm deep; the box has a glove port on the front through which the source mount is
introduced and the movable platform operated. During spraying, nitrogen is passed through the box
to reduce the humidity and sweep away the alcohol vapour produced by the evaporation of the
electrosprayed droplets. A separate variable EHT power supply is provided for each of the two
electrodes. To ensure safety the current output is limited to - 10 uA

4. THE FEED SYSTEM FOR RESIN SPRAYING

4.1 Description of the System

In the original equipment, the resin suspension was fed from a glass hypodermic syringe through
a stainless steel syringe needle whose internal cross section was reduced by a piece of stainless
steel wire to maintain the electrospraying at the required flow rate. Despite initial treatment of the
needle and wire with silicone polymer, anion resin eventually built up an adherent layer on the
stainless steel surfaces, and the annular space became blocked. The needle could not be cleaned
and had to be discarded. Because of the variation in the bore of syringe needles, it was difficult to
arrive at an appropriate combination of needle and wire for obtaining the desired flow rate.

The feed system now used is shown in figure 3. The combination of needle and wire is replaced
by 105 cm of 25 gauge stainless steel hypodermic tubing which is soldered into the Luer fitting of a
19 gauge syringe needle as follows (see figure 4). The needle is sawn off the fitting at point A. The
glass syringe (2 mL capacity) used as the reservoir for the resin suspension is inserted into the
fitting, and the hypodermic tubing is threaded through the fitting so that the top end of the tubing is 3
mm above the zero mark of the syringe. The syringe is removed, and the annular space between
the tubing and Luer fitting is filled with solder, from point A to point B.

To reduce the possibility of the tubing becoming blocked by adsorbed resin, the inner surface is
treated with silicone as follows. A solution is made up of 10 vol.% Dow Corning 1107 Fluid in
cyclohexane. The solution is sucked through the tubing, followed by a stream of air to remove
excess solution and to evaporate the solvent. The silicone coating is heat-cured at 175°C for 15
minutes.

In the assembled spraying system, the'reservoir syringe is held in position by a metal clip which
allows it to be adjusted vertically. The exit end of the tubing is held in position by a 19 gauge syringe
needle attached to another syringe (see figure 3). The hypodermic tubing is encased in a length of
plastic tubing which acts as an insulator.

The spraying rate depends on the height of the surface of the resin suspension (in the reservoir)
above the hypodermic tubing outlet. This height can be adjusted by sliding the reservoir in its metal
clip. The syringe is usually set so that the tubing inlet is 1 cm above the outlet, and the height of the
suspension surface varies from 1 to 2 cm above the tubing inlet. If the spraying rate is too high, the
electrosprayed layer becomes wet with alcohol, and this may lead to non-uniformity in the resin
layer.

The head of liquid shown in figure 3 is not sufficient to produce flow of suspension by gravity
alone. This is because of the back pressure arising from surface tension in a meniscus of small
radius. However, this pressure is overcome by electrostatic repulsion when electrospraying takes
place.
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Figure 1 Upper section of the electrospraying apparatus.
Suspensions of anion and cation exchange resins in the outer syringes (1) flow through
hypodermic tubing (2) and are electrosprayed through the apertures in the focussing
electrode (7) and the Perspex box (5) onto a source mount (8). The central syringe (3),
used as a reservoir for silver acetate solution, is shown in the retracted position.

Figure 2 The rotating and horizontally oscillating source-mount holder and its driving mechanism
are mounted on a platform which can be raised and lowered.
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support the
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19 gauge syringe
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tubing in position
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the reservoir and
hypodermic tubingi
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tubing

Figure 3 The feed system for electrospraying a suspension of ion-exchange resin, together with
the syringe for filling and rinsing the reservoir.

Figure 4 Insertion of the stainless-steel hypodermic tubing into a Luer fitting. The annular space
between A and B is filled with solder.



- 5 -

4.2 Filling the Spraying System

The syringe used tor filling ihe reservoir is fitted with a 19 gauge needle which has a square-cut
end. Holding the Luer fitting of the reservoir in one hand, the hypodermic tubing is filled with
suspension by pushing the filling needle firmly into the bottom of the reservoir and firmly depressing
the plunger of the filling syringe, as shown in figure 3. After electrospraying is finished for the day,
the remaining suspension is sucked out of the reservoir which is washed several times with alcohol,
and the hypodermic tubing is rinsed by forcing alcohol through with the filling syringe.

5. THE MOVING SOURCE-MOUNT HOLDER

A front elevation of the rotating and horizontally oscillating brass source-mount holder is shown in
figure 5(a), together with the driving equipment. A plan of the equipment, with the holder omitted to
simplify the diagram, is shown in figure 5(b).

Stainless steel
( 3 m m . dia.) PTFE

Brass

Sprocket
wheel (14 teeth)

•Motor

Brass source
mount holder

Stainless steel

Brass

Stainless
steel (2 mm dia)

PTFE

Brass

Stainless teel
disc (14cm dia)

Sprocket wheel
(36 teeth)

Bearing

Figure 5(a) Front elevation of the equipment for rotating and horizontally oscillating the source-
mount during electrospraying.

The brass source-mount holder rests on a cylindrical block of PTFE which slides from side to side
over the 14 cm diameter stainless steel disc. This oscillating motion is imparted by the crank
mechanism shown on the left-hand side of the diagram. The crank throw (i.e. amplitude of
oscillation) is altered by loosening the adjusting screw (see plan), turning the amplitude-adjusting
disc, and re-tightening the screw.

A stainless steel rod of 2 rnm diameter embedded in the side of the PTFE block slides to and fro
in a hole through a PTFE disc of diameter 12 mm. The disc has an angular oscillation within the
brass bearing mounted on the edge of the 14 cm stainless steel disc. The latter disc is rotated by the
motor under the crank mechanism via a chain. The revolving PTFE disc gives a slightly non-uniform
rotatory motion to the holder.

The PTFE block rotates in a stainless steel ring which is attached to the twin connecting rods of
the crank mechanism. The ring has an oscillatory angular motion relative to an enclosing brass ring
which in turn oscillates about the brass bearing shown at the bottom of the plan. Thus the oscillatory
motion of the holder is along the arc of a circle.

Figures 5(a) and 5(b) show the holder at the central point of its oscillation. To simplify the
diagram, the crank mechanism and twin connecting rods are shown as they are when the holder is at
the left-hand limit of its oscillation.

The various sliding surfaces indicated above are lubricated by a thin film o1 oil. The holder is
earthed via a carbon block, indicated in figure 5(b), which is pressed onto the cylindrical surface of
the holder by a spring under compression. The earthing device, which can be seen in figure 2, is
mounted on the outer brass ring.
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Figure 5(b) Plan of the equipment for rotating and horizontally oscillating the source mount during
electrospraying. The brass source-mount holder is not shovn.

When initially setting up the equipment, the stainless steel disc is rotated by hand until the crank
mechanism is in the position which puts the holder half-way between top and bottom dead centre.
The two screws holding the twin connecting rods, then the clamping screw on the bearing shown at
the bottom of the plan are loosened, and the holder is moved so that it is concentric with the
stainless steel disc; the three screws are then re-tightened.

The motion of the holder is illustrated in figure 6(a) to (f). In this sequence of photographs, the
source-mount holder completes nearly one rotation in the clockwise direction, and two and a half
oscillations from side to side. In figures 6(a), (c) and (e), the holder is in its extreme left-hand
position, and in figures 6(b), (d) and (f), it is in its extreme right-hand position.

As shown in the photographs, the apparatus is too compact to permit the amplitude of the
oscillations to be increased much beyond 4 mm; increasing the crank throw causes the 2 mm
stainless steel rod to clash with the screw which fastens the boss of the crank mechanism to the
shaft of the motor. Figure 5 shows the crank mechanism and holder sufficiently far apart to allow
the amplitude to be increased to 15 mm.
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Figure 6(a) The rotating and horizontally oscillating source-mount holder in its extreme left-hand
position at the start of a clockwise rotation.

Figure 6(b) The holder in the extreme right-hand position, half-way through the first oscillation.
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Figure 6(c) The holder in the extreme left-hand position at the end of the first oscillation.

Figure 6(d) The holder half-way through the second oscillation.
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Figure P(e) The holder at the end of the second oscillation.

Figure 6(f) The holder half-way through the third oscillation.
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6. MASKS FOR THE SOURCE MOUNTS

To produce a circular layer of ion-exchange resin with a well-defined edge, the source mount is
covered with a mask before spraying commences. The masks are made from free-machining
aluminium alloy. A cross-sectional view of a mask is shown in figure 7, in which the vertical scale
has been exaggerated. The edge of the aperture of the mask must be very thin and it must be as
close as possible to the surface of the source mount.

This surface rests on
the source ring.

Figure 7 Cross-section of an electrospraying mask. The vertical scale has been exaggerated.

7. PRODUCTION OF ION-EXCHANGE RESIN SUSPENSIONS

7.1 Redistillation of Ethanol

The resin suspensions are prepared with ethanol which has been redistilled in the sub-boiling still
shown in figures 8 and 9. The distillation procedure is as follows. Stopper F in figure 9 is removed
and absolute ethanol poured through the socket into pot I (of diameter 13 cm) until the surface of the
ethanol is 2 cm below aperture H. The stopper is replaced and tap water is set flowing through the
two concentric coils of the condenser on the right-hand side of figures 8 and 9. The water flows in
through tube G,'thence flows in parallel through the inner coil D and outer coil E, and passes out
through tube C.

The power is turned on for the heating tape which is wrapped around the pipe B and the top of
pot I (see figure 8). The heating tape improves the upward convective flow of the mixture of air and
ethanol vapour through pipe B. In addition, because the hot tape keeps the inner surface of pipe B
dry, there is no possibility of ethanol from pot I creeping along the surface of the pipe B to the
condenser.

The power to the heating mantle under the pot is then turned on and regulated to maintain the
ethanol at a temperature of 50 to 55°C. Distillate flows out through tube J at the rate of 2 mL min"1.
To prevent dust from getting into the flask in which the distillate is collected, a canopy, made by
cutting the stem off a plastic funnel, is slid up around tube J, as shown in figure 8.

Distillation in the sub-boiling still has the advantage that less dissolved and suspended solid
material is carried over with the vapour than is the case with a conventional still in which ebullition
causes droplets to become entrained in the vapour leaving the pot. Trials have been carried out to
increase the distillation rate of the sub-boiling still by replacing cone A with a mechanism driving a
propeller on a vertical shaft. However, attempts to produce a propeller and gland of adequate
efficiency and inertness have so far been unsuccessful.

7.2 Choice of Resin

The cation resin suspension is prepared from Bio-Rad AG 50W-X12 resin 200 - 400 mesh
hydrogen form (supplied by Bio-Rad Laboratories, Richmond, California). The anton resin
suspension is prepared from Bio-Rad AG 1 X-10 resin, 200 - 400 mesh, chloride form. These resins
have a. high degree of cross-linkage between the polystyrene chains. Compared with resins of lower
cross-linkage, their specific volumes change less as they absorb or lose moisture Thus the wetting
of a dried, electrosprayed layer of high cross-linkage resin is not likely to result in resin particles
drifting away from the layer. Furthermore, resin layers which shrink less on drying are less likely to
break their supporting VYNS foils.
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Figure 8 The sub-boiling still and the heating mantle on which it rests are supported by an
aluminium alloy framework. Heating tape is wrapped around the top of the pot and the
pipe above it. The flask receiving the distillate is to the right of the condenser.

Figure 9 The sub-boiling still: cross-sectional front elevation.
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7.3 Grinding and Suspension in Ethanol

To produce a resin suspension, the resin is first of all washed with 2 M hydrochloric acid, followed
by distilled water. The resin is ground by a mechanically driven agate pestle and mortar (see figure
10). A gram or two of resin, wetted with distilled water, is added to the mortar and the grinding
started; more water is added from time to time to produce a paste-like consistency. If too much
water is added, the resin ceases to act as a lubricant between the agate surfaces. This results in
wear and tear of the agate, and increases the amount of inert silica in the ground material. If
insufficient water is added, thermal degradation of the resin will occur. The ground resin is dried in
an oven at 50°C and then shaken up in redistilled ethanol. After standing for a few weeks, the
suspension is decanted and diluted to minimise further settling of the resin particles. The
concentration of the suspension is obtained by evaporating 1 mL to dryness and weighing the
residue on an electronic microbalance.

Figure 10 The mechanical grinding equipment with agate pestle and mortar, manufactured by
Herbert Alexander and Co. Ltd, Leeds, England.

8. ELECTROSPRAYING A SOURCE MOUNT WITH RESIN

After filling the reservoirs with cation- and anion-exchange resin suspensions, the power supply is
turned on. The EHT of the top electrode and the hypodermic tubing is adjusted to +8000 V; and the
EHT of the (bottom) focussing electrode is adjusted to +1000 V. An aluminium disc is placed on the
source-mount holder. With the motor turned off, the holder is raised to the spraying position, i.e. with
the aluminium disc 3 to 4 mm below the focussing electrode. After a minute, the holder is lowered.
The disc is removed and inspected to check that spraying is taking place from both outlets, and that
the resin spots are only a few millimetres in diameter. The size of the spots can be reduced to some
extent by altering the EHT settings and the positions of the ends of the tubing. The source mount is
then placed on the holder, a mask is placed on the source mount, the motor is switched on, the
holder is raised to the spraying position, and the timing clock is started.
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When preparing a source which is to be measured in a gas-proportional counter, the amount of
mixed resin required on the VYNS source mount is of the order of 5 u.g, sprayed through a mask with
an aperture of diameter 9 mm. If the radioactivity is in the cationic form, a convenient ratio of cation
resin to anion resin in the sprayed layer is about 2 to 1. The rate at which resin is sprayed can be
determined by spraying an aluminium disc for 2 hours, weighing it on the electronic microbalance,
wiping off the resin, and reweighing the disc. To obtain the required ratio of cation resin to anion
resin in the sprayed layer, the resin suspensions can be diluted with redistilled ethanol.

9. COATING A RESIN-BASED SOURCE WITH SILVER

9.1 Principle of the Method

A solution of silver nitrate reacts with a neutra, formate solution to produce a white precipitate of
silver formate [Vogel 1955]:

AgNO3 + HCOONa -> NaN03 + HCOOAg

On warming, the precipitate decomposes to a black precipitate of silver:

2HCOOAg -> 2Ag + HCOOH + CO2

Since silver acetate is sparingly soluble in water, it seemed that solid silver acetate ought to react
with a mixture of formic acid vapour and water vapour to produce insoluble silver formate and acetic
acid vapour. To determine if this was so, a layer of fine silver acetate crystals on a watch glass was
exposed to formic acid vapour and then heated. The resultant silvery layer had a very low
resistance. Thus to silver-coat a source, it must first be ehctrosprayed with silver acetate.

9.2 Electro-spraying Silver Acetate

The solvent used to prepare the silver acetate electrospraying solution consists of 0.4 vol.% 5 M
acetic acid and 25 vol.% water in ethanol and contains about 280 ng Ag ml_~1.

Referring to figure 1, the exit ends of the resin-spraying tubes are raised. The silver acetate
syringe (3), which is held in a metal clip, is lowered so that the lower end of its capillary is about
half-way between the electrodes (6 and 7). Silver solution is added to the syringe; the flow rate
through the capillary is about 0.1 ml h~1. The EHT power supplies are turned on and the upper and
lower electrodes (6 and 7) set to +8000 and +1000 V, respectively. The spray pattern is first
checked on a stationary aluminium disc. The source is placed on the holder, the motor is started,
the source is raised to the spraying position, and the timing clock is started. After spraying has
finished, the remaining solution is sucked out of the reservoir (3), which is rinsed with water and then
ethanol. These solvents are forced through the glass capillary by means of a glass syringe with a
square-cut steel needle.

9.3 Conversion to Silver

After spraying, the source is immediately placed for five minutes in an atmosphere containing the
vapours of water and formic acid. The source is then placed overnight in an oven at 50°C to convert
the silver formate to a layer of metallic silver.

The silver-coated sources are then stored in a desiccator containing silica gel to prevent the silver
from being converted to silver sulphide by atmospheric hydrogen sulphide.

10. CALCULATED SPRAY PATTERNS AND THICKNESS PROFILES OF ELECTROSPRAYED
LAYERS

The paths traced by the electrosprayed materials on the rotating, reciprocating source mount
have been calculated for three cases in which simplified models have been adopted. Full details are
given in appendix A.

10.1 Casef

The pattern in figure 11 is an enlarged version of the path which would be traced by a very
narrow vertical beam of silver acetate droplets. Figure 12 shows the start of the trace, which
actually consists of a series of discrete points. Figure 13 shows the surface density of the points in
figure 11 (number of points per mm2) as a function of distance from the centre of the pattern. The
surface density is calculated by dividing the number of points between two concentric circles 1 mm
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apart by the area between the circles. The surface density of the plotted points is analogous to the
surface density of actual electrosprayed material, which is expressed as JKJ cm~2.

Figure 11 Path traced by a vertical beam of electrosprayed
droplets on a moving source mount.

Figure 12 Start of the path in figure 11.

I I I I

0.0 10.0 20.0 30.0 40.0

RADIUS (mm)

50.0 60.0

Figure 13 Surface density of the points in figure 11.

10.2 Case 2

In practice, the beam of electrosprayed silver acetate is a few millimetres wide at the source
mount. A better estimate of the surface density distribution curve (i.e. the profile of the sprayed
deposit) is obtained by adopting as a model for analysis a set of five very narrow beams of
electrosprayed droplets, the central beam vertical and the others sloping, which would produce the
symmetrical pattern of five points shown in figure 14. The points P1f P4l P5) and P2 form a square of
side 2 mm. The start of the spray pattern on the moving source mount is shown enlarged in figure
15, and the complete pattern is shown in figure 16. The surface density in figure 16 (points per
mm2) is plotted in figure 17 against distance from the centre of the spray pattern.
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•P, •PA

•P.

Figure 14 Spray pattern of five very narrow beams of electrosprayed droplets on a stationary
source mount.

Figure 15 The start of the paths traced out by five Figure 16
very narrow beams of electrosprayed
droplets on a moving source mount.

The complete paths of five very narrow
beams of electrosprayed droplets
impinging on a moving source mount

10.3 Cases

An estimate of the profile of a mixed layer of electrosprayed cation- and anion-exchange resins is
obtained by supposing that the pattern on the stationary source-mount consists of the two sets of five
points, P, - P5 and P6- P10, shown in figure 18. Each square is of side 2 mm. The start of the
enlarged spray pattern is shown in figure 19. The complete enlarged spray pattern and the surface
density distribution of the mixed resin are shown in figures 20 and 21, respectively.
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Figure 17 Surface density of the points in figure 16.
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Figure 18 Spray pattern on a stationary source mount of two sets of five beams
of electrosprayed droplets

Figure 19 The start of the paths traced out by ten Figure 20 The complete paths of ten very narrow
beams of electrosprayed droplets on a beams of droplets impinging on a
moving source mount. moving source mount
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Figure 21 Surface density of the points in figure 20.
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APPENDIX A

DERIVATION OF EQUATIONS FOR A COMPUTER
SIMULATION OF THE SPRAYING PATTERN

A1. COORDINATES OF THE AXIS OF THE SILVER ACETATE SYRINGE RELATIVE TO THE
CENTRE OF THE SOURCE HOLDER

The axis of the silver acetate syringe passes through the centre of the large stainless steel disc
over which the source holder slides. To assess the distribution of eloctrosprayed silver acetate on a
source, let us first consider the simple case in which the path of the droplets coincides with the axis
of the syringe, and the spray pattern on the stationary source is a point of negligible diameter.

In figure A1, the circle on the left-hand side of the diagram represents a plan view of the crank
mechanism; the crank throw is equal to the radius of the circle, r. The initial position of the two
parallel connection rods is represented by the straight line AP. Point P is the position of the axis of
the silver acetate syringe and the centre of the 14 cm diameter stainless steel disc; it is also the
initial position of the centre of the source holder. Point B represents the initial position of the centre
of the 12 mm diameter Teflon disc. The centre of the brass bearing at the bottom of the plan (figure
5(b)) is represented by point O which is also the intersection of the X and Y axes for the points
(xi.yi). (X2.yz). (X3.ya) and (O.YA)- The straight line PB represents the initial position of the 2 mm
diameter stainless steel rod.

Suppose that the crank rotates in the anti-clockwise direction through the angle 9; the position of
the left-hand end of the connecting rods is now point (x-i.y,). The new position of the centre of the
source holder is (X2,y2); the line representing the new position of the connecting rods is left
incomplete. The new position of the 12 mm PTFE disc is (x3ly3), and the new position of the 2 mm
rod is the straight line joining (x2,y2) and (x3)y3).

The ratio of the numbers of teeth in the two sprocket wheels of the chain drive is 7:18. Thus, as
the crank turns through the angle 0, the 14 cm diameter stainless steel disc rotates through the angle
7/18 6. At the same time, the 2 mm rod rotates through the angle <t>.

Consider another system of coordinates, with the centre of the source-holder (x2,y2) as origin,
and the axis of the 2 mm rod as the positive axis of abscissae. In this system, let the coordinates of
point P, representing the syringe axis, be (h,k), as shown in figure A2. Formulae for h and k are
derived as follows.

In figure A1 let q, r, s and t be the absolute values of the distances indicated. The coordinates of
the point (0,y4) refer to the axes OX and OY. Then,

x, = -q-rsine , and

y, = s + rcosO .

Point (x2,y2) is one of the two points of intersection of two circles, namely, the circle with centre 0
and radius s, and the circle with centre (x^y,) and radius equal to the distance between (x^y,) and
(x2,y2). The latter distance is equal to the distance AP. The equations of the circles are

x2 + y2 = s2 , and

(x-x1)2 + (y-y1)2 = qz+r2 .

Substituting (x2,y2) in the above two equations,

x| + y| = s2 ,and (A1)

xf + yf - 2x2X! + x,2 - 2y2y1 + yf = q2 + r2 . . (A2)

Substituting for xf + yf in equation A2,

s2 - 2x2X! + x2 - 2y#i + yf = q2 + r2
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Figure A1 A plan of the oscillatory and rotary mechanism which drives the moving source mount
holder.

Figure A2 A plan showing the coordinates (h,k) and (h,,!̂ ) of the points of impact of two very
narrow beams of electrosprayed droplets on the source mount.
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s2 + x2 - 2y2y1 + y2 - q2 - r2 = 2x2x,

_ s2 + x,2 + y2 - q2 - r2 - 2y2y1

i.e. x2 = V, - V2 y2 , ; (A3)

where V, = 1 _ 1 , and (A4)
2x,

V2 = ^- . (A5)

Substituting from equation A3 in equation At,

V1
2-2V1V2y2 + V|y2

2 + y| = s2

(Vf +1 )y| - 2V, V2y2 + V2 - s2 = 0

[ 1 -j/2
4V2V2

2-4(Vf + 1)(V2-s2)
v2 = 5 — . (A6)72 2(Vf+1)

The sign ± occurs because of the iact that the expression on the right-hand side of equation A6
gives also the value of y2', the ordinate of the other point of intersection of the two circles (x2',y2'). In
the present equipment

q = 62mm, s = 105mm,
r = 3.5 mm, t = 40 mm.

Substituting into equation A4,

v, = x?+y^16875 • (A?)

It can be seen from figure A1 that x, is always negative, and it follows from equation A7 that V, is
always negative. It is also evident from figure A1 that y, is always positive; equation A5 thus
shows that V2 is always negative. Referring to the right-hand side of equation A6, because y2 and
y2' are real, the discriminant is positive, as are the expression 2V, V2 and the denominator. It can be
seen from figure A1 that y2 is always greater than y2'. Thus, writing equation A6 for y2 only,

Substituting the above expression for y2 in equation A3,

X2 = Vl ~ TT^TT IV2 + \ [_

Referring to figure A1,

x3 = t cos (7/18 6) ,

y3 = s + tsin(7/186) ,
ya-y?

tan <(> = , and ' (A8)
X3- X2

y4-y2tan 4 = ^—— . (A9)
-X2

Combining equations AS and A9,
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X 3 -X 2

Referring to figure A2, the angle *s is the supplement of the angle *:

cos* = -cos*s .

Let u be the absolute value of the distance between the points (0,y4) and Q:
I/

= cos*c ;
y4 -s

therefore k = - (y4 - s) cos * . (A12)

Thus k can be calculated from equation A12 by substituting for y4 and cos * from equations A10
andA11.

tan* = -tan*s ,

^ = tan *s ,

therefore u =-k tan* ; (A13)

î 7 = COS*s ,

h + u = . (A14)
cos*

Combining equations A13 and A14,

h = - - + ktan* (A15)
cos*

Thus h can be calculated from equation A15 by substituting for tan * and cos <|> from equations AS
andAH.

A2. COORDINATES OF THE SPRAYED POINT ON THE SOURCE WHEN THE DROPLET
BEAM IS OFF-AXIS

Suppose that the path of the electrosprayed silver acetate droplets makes a constant angle with
the axis of the syringe, and that the spray pattern on the stationary source consists of a point of
negligible diameter at P, in figure A2. Let the coordinates of P, be (l,m) relative to horizontal and
vertical axes through the point P. Let the coordinates of P^ relative to the previously mentioned axes
through (x2,y2) be (h^k,). Formulae for h, and k, are derived as follows.

In figure A2, let a, b, c and d be the absolute values of the lengths indicated:

—- = tanc|>s = -tan* ,

therefore a = tan * - m .

— = cos<j>s = -cos* ,
a

b = - a cos * ,

= - cos * (j!tan * - m) , and

k, = k + b ,

therefore ^ = k - cos * (^tan * - m) .

Referring to figure A1,
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I 1X3 ~ *2> + 1/3 ~ 12) \

Referring to figure A2,
Q

— = sin <|>s = sin <)> ,
3

_B
-T = COS<j>3 = -COS<|) ,

c + d

c + d = —=—- ,
cos<}>

I
d = * . - a sin ()> , and

COS(|) V

h, = h + d ,

therefore n, = h + -&— - (/tan $ - m) sin <

A3. SPRAY PATTERNS ON A ROTATING, OSCILLATING SOURCE OR SOURCE MOUNT

Using the equations derived above for h, k, h1f and k1t curves can be plotted which show the path
that would be traced on a source or source mount by a very narrow beam of electrosprayed droplets,
the beam either coinciding with the axis of the syringe, or making a constant angle with it.

A3.1 Pattern Sprayed by a Very Narrow Coaxial Beam

The pattern sprayed by a very narrow beam of droplets with the beam coincident with the syringe
axis is obtained by computing the coordinates of the points (h,k) for a series of increasing values of
0. The crank makes 18 rotations while the source holder makes 7 rotations. The complete spray
pattern is obtained by computing h and k for values of 0 which are 0.1 radian apart in the range 0 to
36 n radians and plotting the points (h,k). The necessary equations for a computer program which
will produce a pattern enlarged 15 times are as follows.

q(mm) = 930 s(mm) = 1575
r(mm) = 53 t(mm) = 600

x, = - q - r sin 6 ,

y, = s + rcos0 ,

V, =

V2 =

NU1 = V,V2 ,

NU2 = [ VfVf - (Vf + 1 )(V1
2 - s2) ]

DEN = V|+1 ,

= NU1 +NU2
Va ~ DEN

X2 = V1 - V2y2 ,

X3 = tcos(7/180) ,

y3 = s + tsin(7/180) ,

1/2



= [(x3-x2)2+(y3-y2)2]
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1/2

X3 - x2

X3-X2

k = (s - y«) cos $ ,

-Xp
h = - + ktand> ,

COS(()

The surface density (number of plotted points per mm2) is obtained as follows, p = (h2 + k2)1'2,
where p is the distance of a plotted point from the centre of the source holder. Consider two
concentric circles of radii n and (n - 1) mm, described about the centre of the source holder. Let Pn
= the number of plotted points for which (n - 1) < p < n. The area between the two concentric circles
isequaltort(2n-1).

SDn =
- - ̂  ,

where SDn is the number of points per mm2 between the circles of radii (n -1) end n. SDn is plotted
versus (n - 1) for n = 1,2,3

A3.2 Pattern Sprayed by Five Very Narrow Beams

In practice, a divergent beam of electrosprayed droplets produces on the stationary source, or
source-mount, a spot which is a few millimetres across. To estimate approximately the variation in
thickness of a sprayed silver acetate layer along the radius of the source mount, the beam is
represented by five very narrow beams which will produce on the stationary source the pattern of
points shown in figure 13, where point P3 coincides with the axis of the silver acetate syringe, i.e.
with point P in figure A2.

Let the coordinates of P1( Po, P3, P4 and P5, relative to P (see figure A2) be
(^•mO, (^2.^2). (^3,^3), (*4.m4) and (*5,m5), respectively. Let the required plotting coordinates of
the five points at the end of five beams from the central (silver acetate) capillary be (hp,kp) where p =
1, 2, 3, 4 or 5. To produce a spray pattern enlarged by a factor of 12, let q = 744, r = 42, s = 1260, t
= 480, and let

= -12 m, = 12
= -12 m2 = -12
= 0 m3 = 0
= 12 m4 = 12

ls = 1 2 ms = -12

sin<|>.= (y3 - y2) + HYP ,

h, -- h + —^— -sini))'^ tan^-rn,) ,

ki = k — cos <)> (/t/i tan <(> — m^) .

Points (h2,k2) to (hs,k5) can be similarly defined.

The surface density is obtained as follows:

PP = (hp + k2)172
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Qn = Number of points for which(n-1)<pp<n, considering
all values of p, i.e. 1 to 5.

so. =, Q"
7c(2n-1)

SDn is plotted versus (n -1).

A4. PATTERN PRODUCED BY TWO GROUPS OF BEAMS

To simulate the simultaneous spraying of anion and cation exchange resins, it is assumed that
the two groups of five points shown in figure 17 represent approximately the pattern produced on the
stationary source-mount. Let the coordinates of the points P, to P10 relative to P be (^.m,), (̂ ,m2)
etc. To produce the spray pattern on the moving source mount, enlarged 9 times, let q = 558, r =
31.5,s = 945,t = 360, and let
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sin* = (y3-y2)-*-HYP ,

= h+ - --sini))^ tan^-m,) ,and
cos 9

K! = k-coscj) (>] tan^- m,) .

The points (h,,^) ........ (h10,k10) are plotted for values of 0 which are 0.1 radian apart.

PP = (hp2 + kP
2)1/2 , where p = 1,2 ........ 10.

Qn = No. of points (h^k,) to (h10lk10), for which (n-1)<pp <n.

SD = Q"
n n(2n-1) '

To obtain the surface density distribution (analogous to the mixed resin profile), SDn is plotted
against (n- 1).


