





Abstract

The South-African Pebble Bed Modular Reactor (PBMR) is a high temperature gas
cooled reactor (HTGCR) which uses the inert gas helium as a coolant and coated particles
as fuel. The design of these coated particles is such that they are able to form a protective
barrier against the release of radioactive fission products up to a temperature of 1600 °C
under the reactor operating conditions (Ogawa T., et al. 1985). It has been observed from
the already proven fuel that the coating layers of these coated particles are not effective
against the release of silver (Heather J.M., Ronald G.B., 2004). Of great concern is the
release of Ag-110m which has a half-life of 253 days and is an f—% emitter when

decaying to its Cd stable state (Leena Joseph, et al., 2007).

The released silver is therefore able to enter into the helium gas which is circulating
through the reactor power conversion circuit and upon reaching the cooler sides, silver
will start to plate out. This constitutes a maintenance problem as ten half-lives have to
elapse before normal maintenance can be done. This also poses a radiation hazard to
operating personnel and to the members of the public in case of accidental leakage of

helium into the environment.

This has led to the proposal of the installation of the Magnetic Isotope Scrubber (MIS)
into the hot-pipe section of the reactor in order to remove silver from helium before
entering into the Power Conversion Unit (PCU). The scrubber will consist of two
components: magnets, either permanent or electro-magnetic, to produce the magnetic
field needed to deflect silver atoms, and an atom catcher to catch and contain the

radioactive silver atoms. The technique is based on the Stern-Gerlach principle.

The focus of this study was therefore to determine the efficiency of magnets in deflecting
silver atoms to a specified position. This was achieved by designing and manufacturing a
Magnetic Scrubber Model (MSM), and using it to study the efficiency of magnets. In the

experiment a beam of silver atoms was created in an oven by evaporating 99.99 % pure
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silver pellets at a temperature of + 600 °C under a vacuum pressure of 1 x10 > Torr. The
beam was collimated to 2 mm and was allowed to enter the flight tube surrounded by
magnets thereby hitting the target which was placed at a specified position. The magnets
used were permanent rare earth magnets know as NIB (Neodymium, Iron, Boron) and
were orientated to produce a magnetic field intensity of 0.5 Tesla (T) in the centre of the
flight tube. The deflection of silver was carried out at different target positions, 12.5,
25.0, 37.5, 50.0 and 75.0 mm with reference to the oven exit and correenanding maanat

lengths were used.

The obtained results showed that at shorter distances and shorter magnet lengths the Ag-
atoms are less or not at all deflected whereas at longer target position and longer magnets
they are strongly deflected. It is therefore concluded that it is important to carry out the

deflection over a long range to allow for greater deflection of Ag-atoms.
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1. Introduction

1.1. General overview of PBMR

The South-African Pebble Bed Modular Reactor (PBMR) is a High Temperature Gas
Cooled Reactor (HTGCR) which uses an inert gas, helium as a coolant and coated
particles as fuel. A single PBMR unit can produce about 165 MW of electricity as a
standalone unit or as part of a power plant which may consists of up to six (6) units and it
is an inherently safe nuclear reactor (George A.P., 2001). The unit is made up of a Main
Power System (MPS) which is divided into two major components directly coupled
together, the reactor unit (RU) and the Power Conversion Unit (PCU) as shown in Figure
1.

Reactor unit Power Conversion Unit

H ¥

nweus Unil }

Ha
Figure 1. The PBMR-Main Power System (Martzer 2004).

Figure 1 is a schematic layout of the PBMR-MPS showing the two major components
and their respective sub-components. This study is only limited to the hot-pipe section of

the reactor.

In the PBMR, the electricity production is a two stage process, the transfer of heat energy
generated from fission chain reaction in the reactor core to the helium gas in the RU and

the conversion of heat energy from helium into electricity in the I’ ™" J.






Figure 2 is a schematic layout of the PBMR-MPS, in the picture the arrows indicate the

direction of helium flow in the reactor circuit.

1.1.2.1. Simple ideal Brayton cycle

The Simple Brayton cycle is a thermodynamic process in which heat exchange is taking
place in the PBMR. It requires no intermediate heat exchanger between the primary and
the secondary cycle. The cycle consists of two isentropic and two isobaric processes as

shown in Figure 3.

Temperature

Entropy
Figure 3. The simple ideal Brayton cycle (George A.P., 2001).

In Figure 3; at point 1, helium gas at low temperature and pressure is compressed in an
isentropic process to a higher pressure and temperature to point 2. From points 2 - 3 the
gas is heated in an isobaric (constant pressure) process to the maximum cycle
temperature. From points 3 - 4 the hot-high pressure gas is expanded isentropically in a
turbine to a lower pressure and temperature and the cycle is completed from points 4 - 1

by cooling the gas at constant pressure (George, A.P., 2001).

1.1.3. The fuel spheres

The fuel used for the PBMR consists of 60 mm diameter fuel spheres based on a German
design and each sphere contains about 14 500 coated particles embedded in a graphite
matrix and surrounded by 5 mm graphite layer as shown Figure 4 (George A.P., 2001.,
Nabielik H., et al., 1985).






Each coated particle consists of a 0.5 mm fuel kernel which is made up of about 10%
enriched UO; and is covered with four layers, the porous carbon buffer layer, inner
pyrolytic carbon layer (IPyC), Silicon carbide layer (SiC) and the Pyrolytic carbon (PyC)

layer as shown in Figure 4.

The design of these coated particles limits the release of fission products into the coolant
except for silver. Silver is the only known element released out of the coated particles
into the coolant at any temperature above 1150 °C when the reactor starts to heats up
(Nabielek H., et al., 1985). The release occurs on intact coated particles, failed particles
and also from as-manufacture defective particles (Inamati S.B., et al., van der Merwe J.J.,
2004). The amount of released silver is initially small and occurs as the pebble heats up

and this is strongly dependent on the temperature of the core (Slabber J., 2004).

1.1.4. Heat transfer process

During nuclear fission-chain reactions in the reactor core a lot of energy in the form of
heat is generated and needs to be carried away from the reactor core to the PCU for
conversion into electricity. The heat transfer process is facilitated by the helium gas

which flows continuously through the reactor circuit.

Helium enters the top of the reactor core, being heated to a temperature of 500 °C and a
pressure of 8.4 MPa. It then flows vertically downwards in between the fuel spheres and
leaves the bottom being heated to a temperature of 900 °C silver will thus be carried

away during the process and upon reaching the cooler sides it will start to plate out.

This results in increased radioactivity levels in the MPS and this poses a radiation hazard
to operating personnel when scheduled maintenance has to be done and also to the
members of the public in case of loss of coolant accident conditions (LOCA), since
helium is a gas that leaks easily even from airtight valves. This has subsequently led to
the proposal of the installation of a MIS in the hot-outlet pipe section of the reactor as a

means of removing silver from helium before entering the PCU.






ii. It has a high thermal capacity and good heat transfer inside the reactor can be
achieved

iii. It can be used at high temperatures and hence and therefore a high cycle
thermal efficiency can be achieved and hence efficiency electricity production

iv.  In addition, a high temperature allows the use of heat for other technological
purposes and amongst others is the production of hydrogen from water

(Ponomarev-Stepnooi et al., 2003).

1.1.7 Problem statement

Ag-110m is a long lived metallic fission product formed inside the nuclear reactor core
which is released out of the coated particles at any temperature above 1150 °C when the
reactor starts to heat up during operation. It is therefore able to reach the surface of the
reactor core and enter the helium coolant which is flowing throughout the reactor. The
Ag-110m will thus be circulated through the reactor circuit until it reaches the cooler
sides of the MPS where it will start to plate out. Ag-110m has a relatively long half-life
of 253 days and has two possible modes of decay to the Cd-110 ground state and this is

accompanied by S and y-ray emissions. This results in the contamination of the coolant

and of the MPS which results in a radiation hazard to members of the public in case of
loss of coolant accident conditions (LOCA) and to operating personnel when scheduled

maintenance has to be done to the reactor.

1.1.8 Objectives

1. To build a Magnetic Scrubber and this will be used to evaluate the efficiency of
magnets in deflecting Ag-atoms to a specified target plate using a modified Stern-
Gerlach principle. This experiment will be carried out under vacuum conditions as

opposed to the PBMR-working conditions.

2. To study the efficiency of the PBMR magnetic isotope scrubber in removing Ag-
oms f n the hot] "um itlet pipe by i "¢ i1 them on a

specified target before entering the PCU.



1.1.9. Motivation

The motivation for this study is to minimize radioactive contamination of the primary

circuit in order to facilitate inspection and maintenance and the protection of the

personnel and the public.



7, literature survey

2.1. The formation of Ag-11C...

Ag-110m is a long-lived metallic fission product formed inside the nuclear reactor as a
result of fission chain reactions of U-235 which is a fissile material in the nuclear reactor.
When U-235 comes into contact with one of the neutrons inside the nuclear reactor, the
U-235 will capture a neutron to form an excited U-236 nucleus and there are two possible
reactions that can occur from this excited nucleus. It could either undergo fission or rid
itself off its excess energy by emitting a gamma ray to form a stable U-236 and in this
case it will be no longer of interest as far as fission is concerned (Gregg King C.D., 2"

Edition). The reaction is shown by the nuclear equation below

-7 F* +ZZFAz +2.5n+ energy 2.1
T U™ +y

235 1 236*
0l " +en =, U

During the fission process the two fragments are formed and are denoted by F, and F,

because fission can result in a wide variety of fragments with mass numbers ranging from
70 to 160, an average of 2.5 neutrons and energy are released. It is through the fission
process that silver is formed in the nuclear reactor. It is initially formed as a stable
isotope which is Ag-109 and following neutron capture it is conver

(Ogawa T., et al., 1985).

110m

n A8 1 "'onl — A8 +y (2.2)



2... TF ¢ :ay of Ag-110m

The formed Ag-110m is in an isomeric state and therefore has two possible modes of
decay as shown by the nuclear equation below. It can decay directly to the stable Cd-110

state or via the metastable state to the Cd-110 stable state (Leena J., et al., 2007).

“ AgHOM 253(1.14%) 547 Agno + 7 245 48dellO +ﬁ— (23)

or

“ AgIIOM 253 days (98%) 3 " CdllO + ﬁ— (24)

The formed radio-nuclide is an S -y emitter with a complex decay scheme as shown

schematically in Figure 6.

Ag T. = 249.78 £0.02d
831, 67.5%

116.5
gl 5209 1168 [ 7067 | 7630 [ 13843
e a6, | 165 | 223 | 247w
B0ms | 308%
1.1
1.14 %
677.6 | 7412 1503 6204 687 937.5 1562.3
10.6'n 4. 7% 13.2% 27% | 6.5% [345% 1.2%
1475.8 818 884.7
LY 7.3% 74 %
657.8
94.7%
Q4

Figure 6. Simplified decay scheme of Ag-110m (All energies are in keV and intensities
are absolute) Leena J., 2007).

In Figure 6 the radionuclide Ag-110m has three principal modes of decay, a 116.5 keV y-
t sition (1.14 %) to Ag-110 which further decays in 24.5 s by  mission to the ground
state of Cd-110 and the two strong P~transitions (67.5% and 30.8%) with end-point
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energies of 83.1 and 529.9 keV respectively which leads to the excited state of the Cd-
110 daughter nucleus. The subsequent decay of this excited Cd-110 nucleus consists of
more than 50 y-ray transitions (Funk, E.G., Wiedenbeck M.L., 1958, Scott S.A., Taylor
H., 1959).

2.2.1 Gamma rays (y)
Gamma-rays are a form of electromagnetic radiation which is emitted due transitions
between energy levels within the nucleus and can be characterized by the following

factors:

i. They have a high energy and high frequency which can cause serious damage
when absorbed in tissue.
i. High penetrating ability in matter and in tissue which makes their attenuation
difficult.
ii. They are able to cause secondary interactions when passing through matter and
tissue.
The energy of gamma rays can be absorbed by three processes, namely; photoelectric

effect, Compton scattering and pair production.

2.2.1.1. Photoelectric effect

The photoelectric effect is a common process for low energy gammas and it gives total
energy absorption. In the process an incident gamma-ray knocks out an atomic electron
by transferring all its energy to it and it ceases to exist. It is thus absorbed in the process
as illustrated schematically in Figure 7. To conserve energy and momentum a photo-

electron is then emitted.

11



Atom

Incident gamma- Photoelectron

Figure 7. The schematic diagram of the photoelectric process.

2.2.1.2. Compton scattering

The Compton scattering is an elastic process that occurs between the gamma ray and a
loosely bound electron, but does not involve the entire atom. In the process an incident
gamma-ray of a given energy strikes a loosely bound electron and is scattered in an
elastic collision from the original path with a reduced energy as illustrated in Figure 8
and this energy is transferred to the electron. Momentum and kinetic are conserved in the

process and it occurs over all energy ranges.

Photaelectron

. Atarm
Incident gamma-ray

AN ‘\Q?tering angle
\"‘-S_gattered gamma
Figure 8. Schematic diagram of a Compton scattering process.

2.2.1.3 Pair production

Pair production is an effective energy absorption process which occurs for high energy
gammas with energy in excess of 1.02 MeV under the influence of the Coulomb field of
the nucleus to create and an electron-positron pair ( refer to Figure 9). The positron is
relatively short lived and will combine with an electron. Two 0.51 MeV gamma rays can
be formed resulting in the absorption of energy; note however that one or both gamma-

ra e ewitl it "] i zne
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This results in the destruction of the coating layers and makes it possible for Ag-110m to
be released freely out of the coated particles into helium coolant. Figure 10 is one

example of a coated particle whose layers have been damaged.

- Radial crack in the IF

Debonding of IPyC from SiC

SiC crack near  PyC  ck

Figure 10. Photo-micrograph of a coated particle showing radiation induced cracks on

coating layers (Petti et al., 2003).

In Figure 10 a radial crack appears in the IPyC and SiC layer, the IPyC is de-bonding
from the SiC and therefore it is possible for Ag-110m to diffuse out freely through this
radial cracks into the coolant. It will remain in the coolant until it decays to the Cd-110

stable state.

14






plate it has split into two distinct parts, with equal number of atoms distributed above and

below the point when there is no magnetic field.

3.1.1. Electronic configuration of Ag

The ground state electron configuration for Ag-109 is[KrJ4d'°5s', and is schematically

shown in Figure 12 below

[ 3
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Figure 12. The ground-state electron configuration of Ag-109.

In Figure 12 all electrons in the shells are paired except for the 5s'shell with one
unpaired electron, all paired electrons couple to zero spin magnetic moment. This
unpaired electron therefore possesses a spin magnetic moment which causes the atom to

interact with the external magnetic field.

3.1.2 Electron spin and angular momentum

From quantum mechanics we know that the total angular momentum is given by the

expression,

~
i
=~
+
Ll

(3.1)



where J total angular momentum
L orbital angular momentum

S total spin of an electron

The electron spin is quantized and assumes an integer value, (S, =+1/24); it is an

intrinsic property of an electron; it determines the electron’s magnetic dipole moment in a

magnetic field and is independent of other quantum numbers J and L

3.1.3 The electron spin magnetic moment

The Ag-atom outer electron has an intrinsic angular momentum and it was expected to be
similar to the magnetic moment of an electron orbit. Therefore the z-component of the
magnetic moment associated with the electron spin was expected to be

(http://hyperphysics, phy-astr.gsu.edu/hbase/spin.html)

M=ty (3.2)

But the measured value for the electron spin is written as

1

Uy =%—gly (3.3)
2
where g Gyromagnetic factor
My Bohr magneton, a natural constant which arises in the treatment of

magnetic fields.

Therefore
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3.1.4. Calculation of magnetic deflection

The deflecting force acting on the Ag-atoms for the situation in Figure 11 is directly

proportional to the magnetic field gradient and is given by the following expression

F,=pu, cos Qa—B 3.5)
0z

where 6 is the angle between &, and 4, and 0B/dz is the gradient of the non-uniform
field but along the beam axis, 0B /ox=0 (by symmetry) and 0B,/dx (by
antisymmetry); also 0B, /ox will be very small. Consequently F, =0, F, =0 and

F, = maximum force experienced by the silver atoms.

The electron spin magnetic moment has a potential energy (U), in a magnetic field (B)

applied in the z-direction and is expressed as

Us=uB, =u, -52131 =+4,B.. (3.6)

Using the relationship of force to potential energy gives

‘ aZ ? aZ ( )

For this experiment the magnetic circuit must be designed such that there is a region of

constant (9B, /dx = constant = F, = constant) NB: this is the gradient of the magnetic

field then the beam will split into two distinct beams.

3.1.4.1 The distance of deflection (z)

In the Stern-Gerlach experimental set-up a beam of Ag-atoms is directed along the y-axis
and splits slightly along the z-axis (refer to Figure 13). It is therefore possible to calculate
the deflection of Ag-atoms (z) with a mass m, and velocity v, by assumir~ that the

deflection force is constant in the region of the beam and zero everywhere else.
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Figure 13. Illustration of a deflection principle (Liebermann J., 1998).

Then from Newton’s second law of motion the distance of deflection (also called z-

deflection) z-expression is defined as

2
F L L, oB
R N e . (33)
2m v 4K, 0z
where z deflection of Ag-atoms

a acceleration of Ag-atoms
t time taken in the magnetic field

F. deflecting force in the z-direction
mass of Ag atoms
L distance traveled in the magnetic field

v velocity of Ag-atoms

M, constant (Bohr magneton)
K, kinetic energy of Ag-atoms

0B, Magnetic field gradient.

3.1.4.2. The distance of deflection () on the target plate

In order to calculate the distance of deflection, z when we have a target placed at a
specified position the distance traveled by the Ag-atoms after exiting the magnetic field
1t s s ovr A 14.

r 1 2 ;
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Figure 14. Illustration of a deflection principle on a target (Liebermann J., 1998).

In Figure 14 the Ag-atoms travel in the region of the non-uniform magnetic for a distance
L, after exiting it travels a distance L, before reaching the target plate. Therefore the total

z will now be
1 2
= Eatl +vt, (3.9)

Where t; is the time spent in the non- uniform magnetic field , t; is the time spent after

exiting the magnetic field but before the target, and where t; - L, / vand t, = L, / v

Therefore z will now be

1 F. L F L L
;B (Cm)? (B (3.10)
v v

2m,, v m,,

Where F, is the deflecting force in the z-direction, m,, is the mass of Ag-atoms, L,

distance traveled in the magnetic field, L, distance traveled after the magnetic field
before hitting the target andv velocity of Ag-atoms.

Following re-arrangement we therefore have

F L
7= ZZLm(7m+LI). (3.11)

m,,v

3.1.5. Ve._:ity dis'. bution of Ag-atc 5

ch it is ltoa in extt by the :t that at
emerging from the oven at absolute temperature, T do not have a unique velocity

(Liebermann, J., 1998). This velocity distribution of the Ag-atom in the beam is given by
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1,v)d 2U,la) e dyla) (3.12)
This velocity distribution will give rise to the various patterns in deflection of Ag-atoms.

Where I, is the total beam intensity, & most probable velocity of Ag-atom in the oven

o = m , k is the Boltzmann constant, T is the temperature of atoms in Kelvin, and
m is the mass of Ag-atoms in Kg
Given k= 138x107JK

T= 600+273 = 873 K ( temperature of the oven in the experiment)

M= 179x10%Kg

= [2x1.38x1071K"/1.79x10 “kg

366.88 mv/s.

This is the probable velocity of the Ag-atoms when they come from the oven at + 600 °C

in this experiment.
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4. Experiment

4.1 Design, manufacture and experimental set-up

A special apparatus has been built in order to demonstrate the efficiency of magnets in
removing Ag-atoms by deflecting them to a specified target plate based on Stern-Gerlach
principle. The Ag-atom beam was created in an oven by vaporizing pure 99.99% Ag
pellets under vacuum pressure of 1 x10 > Torr. The atom beam was allowed to pass
through a region of non-uniform magnetic field and for the purpose of this experiment the
beam was allowed to pass through different magnet lengths. The schematic layout of the

set-up is shown in Figure 15.

®4—— Low vacuum gauge

Flight tube ————»

Adjustable target holder. o—

— Vacuum
pump 2

2

[:4)

c

& @

=

- | ?‘_High vacuum gauge
Vacuum
pump 1

Oven—»{ !

N

Figure 15. Schematic layout of the experimental set-up.

In Figure 15 the Ag-atom beam is created in the oven by heating Ag-pellets in a crucible

and the beam passes into the flight tube which has magnets placed 180 © around it.
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4.1.2 The flight tube

The flight tube is a cylindrical glass tube 20 mm in diameter, 28 cm long and consists of
an adjustable target holder inside. The targets used are 16 mm diameter round glass slides
and they are clamped onto the holder. This tube allows visual monitoring of the oven, the
position of the target and the target holder. A vacuum of 1 x 10” Torr was maintained in
the entire region of the flight tube in order to eliminate the collisions between the silver

and air atoms.

4.1.3 The magnetic circuit

A C-shaped magnetic circuit was used and the type of magnets used is permanent rare
earth magnets which are known as NIB, an acronym for Neodymium Iron Boron. The
design approach followed from Ampere’s law namely that for a circuit consisting of an
air gap, a portion of a permanent magnet and a ferromagnetic portion (Syed, Nasar., 2™
Edition).
H,id, =H]I, +v, 4.1)

Where H, magnetic field intensity of the magnet (Oersteds)

l, length of the magnet (cm)

H magnetic field intensity in the gap, (Oersteds) = flux

1 length of the gap

v . reluctance drop in the ferromagnetic portion.

Following re-arrangement of the above equation and assuming that the reluctance drop in

the soft iron parts of the circuit is negligible, giving a reluctance drop v,, of zero, I, can

i

be calculated as

| =i 4.2)

t 7.5cm
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The cross-sectional area of the magnet is calculated from the flux required in the air gap

from the relationship
B,6, =KB, 6, (4.3)

where B,  flux density in the magnet, (Gauss)

o, cross-sectional area of the magnet, (cm2)
B, Cross-sectional area of the gap, (cm?)

53 cross-sectional area of the gap, (cm?)

K dimensionless leakage factor

Following re-arrangement

KB,&
S, =—2+* 4.3)
Bd
Given [, =75cm
B, =12 000 Gauss (refer to fig A.1)
o, =1, xw,

=75cmx2.8cm

=2lcm?

The leakage factor, K for the configuration used for the experiment is shown in Figure 18 .

and it can be determined from the following equation (Syed, A. N., ond Edition).

[ 0.67C !
K=1+-2067C,|1.7]| ——— |+~ (4.4)
S, 0.67a+!l, | 2a
where C, cross sectional perimeter of the circuit whose lengths are a, b and ¢
I iy
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0.67 a factor which arises from the fact that permanent magnets have a

neutral zone which does not contribute to leakage

Given a 2cm

Y 8cm

l . 7.5 cm

o, 2lcm?

Therefore 7. 0.67(8 7
K= 142 “T.0.67 (8cm)| 1.7 (8cm) g locm
2lcm 0.672cm)+7.5cm / 2(2cm)
=6.7
Soft iron
care
l Magnets
| X
/ —Soft iron core
—L b ;2_2 cm —Magnet
& l Soft iron flux
T spreader
1=0.81cm
RN
|
c= 6.0cm R
- . > .

Figure 18. The configuration of the magnetic circuit.

Figure 18 (a) is the schematic diagram of the configuration of the magnetic circuit, (b) is
a picture of the magnetic circuit used. It is required that the magnets must produce
magnetic field intensity, B, = 5000 Gauss in the centre of the gap and the width required
is 2.8 c¢m, this value was chosen for the design to ensure that the entire width of the flight
will be in the region of the magnetic field. Therefore from Equation 4.3 the cross-

sectional area for the m -~ 1et can be calculated

| lg 7.5¢cm
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B, =12 000 (Refer to Figure 29)

J, =21 ¢cm?
Therefore J, _ 5000 Gauss x 21cm” x 6.7
- 12 000 Gauss
=58.625 cm?

Therefore the cross-sectional area for each magnet piece will be 29.3 cm =30cm. The
two magnet pieces are held together by a soft-iron-core to make a c-shaped magnetic
circuit. The magnets have specially been shaped by attaching a soft iron flux spreader so

that a non-uniform magnetic field is produced for the deflection of Ag-atoms.

4.1.4 Vacuum system

The experiment was performed at a vacuum pressure of 1x 10 ° Torr, because the
vaporization temperature is reduced to * 600 °C at this pressure and also to reduce the
collisions between the atoms. The system consists of two pumps, the rotary vane pump
which pumps to 1 x 107 Torr and the turbo-molecular pump which pumps from 1 x 10?2
to 1x 10 ° Torr. The vacuum was monitored by two gauges, the Pirani gauge for low
vacuum measurement and the Penning gauge for high vacuum measurement. The vacuum
pressure of the system was maintained by keeping the rotary vane pump and the turbo-

molecular pump on at all times during experimentation.
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5. Results

5.1. Theoretical results

5.1.1. Effect of the magnetic field intensity (B) on deflection
(2) of Ag-atoms

In order to determine the effect of the magnetic field intensity on deflection (z) of Ag-
atoms, Equation 3.7 (which has been repeated here for convenience) was used to
calculate the deflecting force acting on the Ag-atoms, a horizontal geometry was assumed

in the calculations

dB.
F=*u, a— (5.1
where F = deflecting force
My magnetic moment of Ag-atoms

0B, = field gradient
0z

From the Equation 5.1 it can be seen that the force acting on Ag-atoms is directly
proportional to the magnetic moment and to the gradient of the magnetic field. In the
following calculations we have assumed that the force acting on the Ag-atoms is constant
throughout the region of the non-uniform field and therefore the Ag-atoms will move
with a constant acceleration. In the calculation it has been assumed that the F, and F; are
negligible and as a result F; represents the maximum force experienced by Ag-atoms.
Using Equation 3.7 we calculated the deflecting force acting on the Ag-atoms for

different values of the magnetic field gradient, (3B, /0z),



F= -9
‘ 0z
=9.270154 x 10 J.T'x 6.25 T/m

=580x 102N

The rest of the calculations for the deflecting force under varying magnetic field gradient

were calculated in the same way and the results are given in Table 1.

Table 1. The results obtained from the calculation of the deflecting force for varying
magnetic field gradients.

Magnetic field Magnetic field gradient | Deflecting Force, F (N)
intensity, B (T) | (9B, /dz), (T/m)
0 0 0
0.125 0.625 580x 10™
0.250 12.5 1.16 x 107
0.50 25 2.32x107%
1.0 50 4.64x 107%
2.0 100 9.27 x 107
4.00 200 1.85x 107

The results obtained for the Force were then used to calculate the distance of deflection, z

for different values of the Force by using Equation 3.8 which has been repeated here for

convenience.
2
1 , 1 F L,
z=—at’ =——|
2 2my, | v,
where F =refer to Tablel
m,, =1.79x 10 kg
L, =7.5cm
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Vag = 120 m/s (speed of Ag-atoms in the PBMR)

2
1 , 1F (L,
z—at’ =——=1| 1
2 2my vy,
1(s sznxm—”NJ(n n7smj2

2\ 1L.79X10 " kg A\ 120 m/s

=6.3x10°m
=0.063 mm

Table 2. The results of deflection of Ag-atoms for varying Force of deflection.

Force (N) Deflection, z-(mm)
0 0
580x 107 0.063
1.16 x 107 0.127
232x 10 0.253
4.64 x 107 0.506
9.27 x 10 1.011
1.85x 107 2.019

The obtained results for the deflection were then plotted versus the magnetic field
intensity, the plot is given in Figure 19 below.
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Figure 19. Graph of deflection versus varying magnetic field intensity.

The results obtained when plotted give a straight line graph and this shows that the
deflection of Ag-atoms is directly proportional to the external magnetic field intensity
and this is obvious from equation 5.1. An increase in the external magnetic field intensity

results in an increased force and this leads to an increase in the deflection of Ag-atoms.

5.1.2 The effect of magnet length (L,) on the deflection of

Ag-atoms

In order to determine the effect of the length of the magnet (L,)on deflection of Ag-

atoms, Equation 3.8 was used to calculate the deflection of Ag-atoms for varying magnet
lengths (L,,) for the same field gradient (9B, /dz) =25T/m and the results obtained are

given in Table 3.

Table 3. Results obtained for the calculation of deflection (z) for different magnet

lengths and same field gradient (25 T/m)

[ Magnet_ tength | Deflecuon, z (mm)
Ly, (mm)
0 0
100 0.445
200 1.78
300 4.00
400 7.12
500 11.2

The results obtained for the deflection were then plotted versus different magnet lengths

and the graph is presented in Figure 20.
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The results demonstrate that the increase in the deflection of Ag-atoms is quadratic as it
was expected form the equation 3.8. This is due to the fact that the longer magnet results

in an increased time in the magnetic field and therefore the Ag-atoms will be greatly

deflected.

5.1.3 The effect of velocity (v) on deflection (z) of Ag-atoms

In order to determine the effect of velocity on the deflection of Ag-atoms, Equation (3.8)

was used to calculate deflection (z) of Ag-atoms for different values of velocity (v) under

Deflection, 2

0 10 a0

o 40 a0

Magnet length Ly (mm)
Figure 20. Graph of deflection versus different magnet lengths.

different magnet lengths (L,,). Results are given in Table 4.

Table 4.Results for the calculation of deflection for different magnet lengths and different

velocities.
velocity, (v) | Deflection z (m) | Deflection z (m) | Deflection z (m) n
(m/s) L,=03m Ln=0.6m L,=09m
15 2.56x 107 1 2.31
30 6.4 x 10° 2.56x 107 576 x 10
45 1.6 x 107 6.4 x 10 1.44x 107
(60 40 x1u- 1.0 x 107 36x 107
120 1.0x 10° 40 x10° 9.0x 10~
240 2.5x 107 LUX1U 23X 1U-
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The results for deflection versus velocity for different magnet lengths are plotted in the

results are given in Figure 21.
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Figure 21.Graphs of deflection versus velocity for different magnet lengths and different
velocities.

The results obtained from the graph show that the deflection of Ag-atoms varies as the
inverse square of the velocity for a fixed magnet length L,, Therefore at high velocities it

is important to use longer magnet lengths so as to increase the deflection of Ag-atoms.

5.2 Experimental results
This section discusses the experimental procedures and the experimental results
obtained., and is discussed as follows:

i. Establish the limits for the detection of silver in the model under vacuum.

ii. Shooting of a collimated beam of Ag-atoms to the target plate under vacuum.

iii. Deflection of Ag-atoms using magnets.
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5.2.1 Establishing of detection limits

The limits for the detection of Ag were first established starting with the target plate

placed 12.5 mm away from the oven exit and the experimental procedure taken is as

follows;

The equipment was thoroughly cleaned and wiped with ethanol to prevent the
contamination of silver.

All connections were then put together.

The vacuum was first drawn with a rotary pump until a vacuum pressure of 2.6 x
10" mbar was obtained.

Thereafter, the turbo-pump was started and vacuum was drawn until a vacuum
pressure of 1 x 10” Torr was reached.

The DC power supply was connected to the model through the terminals and the
Ag-evaporation was started initially with 10 Watt and increased by a factor of two
every 15 min until 350 Watt was reached. At this stage the temperature reading
was T 600 °C. Then, the vaporization was carried on until visible traces of Ag
could be observed on the target plate.

Thereafter, the path length of Ag-atoms was increased by lifting the target holder
up to a specified position and the experimental procedure was repeated until a

point was reached where Ag could not be observed on the target plate.

[]
1 Silver deposition
)
)
1
1

probability

| density function

; Flight tube
. target plate
'\\nf/:q | __Ag-atoms

i
Evaporation
crucible

Figure 22.Schematic layout of the oven and flight tube.
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Figure 22 shows the schematic layout of the oven and the flight tube. In the sketch, an
Ag-pellet is vaporized in the oven and the beam exits vertically into the flight tube
thereby hitting the target which is placed 12.5 mm away from the oven exit. A vertical
position was chosen so that there is more chance of getting a maximum number of silver
atoms through the collimator as opposed to the horizontal position; where gravity could

bias the deflection.

5.2.1.1 Results for establishing of limits

Figure 23 shows the results obtained for the establishment of limits for the detection of
silver. The target was placed at different positions from the oven exit as indicated on each
picture and each time the depositions were observed. It is therefore concluded from these

results that in the MSM the deflection of silver could be carried out for up to 75 mm.

(3) Flight tube before (D) FIGNT Tube arer
testing testing

Figure 23. The picture of the flight tube (a) before the test (b) after the test.

The picture for each of the target plate for each of the different target distances from the

collimator for different measurements is shown in Figure 24.
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Both Figures 26 and 27 show the pictures of the samples taken with a normal camera and
with a light shined through them respectively. The samples underneath A are for different
target distances, 12.5 mm, 25.0 mm, 37.5 mm, 50.0 mm and 75 mm and this is with
respect to the oven exit without the magnets. The sample underneath B are for the same
target distances as stated above but with magnets of varying lengths placed around the

flight tube with respect to the target position.

From both Figure 26 and 27 at 12.5, 25.0, 50.0, and 75 mm it is somewhat difficult to
visually identify the differences between the silver deposition without and with magnets.
At 12.5 and 25.0 mm the target was at its lower position and from the (theoretical
calculations using equation 3.8) the deflection is inversely proportional to the magnet

length (L, ) and this is in agreement with the theoretical results. However when the

target is placed further up, at 37.5 mm there is a clear difference between the diameters of

the spot of Ag deposited on the target as shown in Figure 28.

"——4.2 mm—r‘ I-—S.O mm—

Darker
e ~
centre

—rng —

Figure 28.The schematic diagram of the appearance of the sample at 37.5 mm.

In Figure 28, a refers to the target without m: ets, and b refers to the target with

magnets placed around the flight tube. The visual inspection of this sample shows that;

1. The isadiffe 1 of 19 % between the diameter of the silver deposited without

and with magnets and this is shown schematically in Figure 28 above.
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2. .uere is a definite “"ring" visible when we tilt the samples to get the good
reflection of the light and this is also bigger with the magnets.
3. Depending on exactly how we tilt the target centre area the deposited silver

appear to be either shiny or less; nothing in between; no different shades of color.
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6. Discussions and conclusions

The theoretical calculations performed for the design of the magnetic scrubber model

reveal that the deflection of Ag-atoms is entirely dependent on the following;

1.

Magnetic field intensity - An increase in the intensity of the magnetic field
gradient leads to an increase in the force and this ultimately results in greater
deflections.

Velocity of atoms - The higher the velocity the shorter the time spent in the region
of the magnetic field and the less the atoms will be deflected. Conversely, the
lower the velocity the more time will be spent in the field region and the more
they will be deflected.

The path length - Long path lengths result in more time spent in the field region
and the greater the deflection.

Gap length - The gap length of a magnetic circuit is an important factor that
should be considered in the design process because it is inversely proportional to
the magnetic flux density in the centre of the gap. This means that bigger gap
lengths will results in less magnetic flux density in the centre of the gap and this

leads to less deflection of the Ag-atoms.

In the experimental process many unforeseen problems had to be overcome and the

following were the main problems encountered which had to be addressed;

The machineable ceramic used to make the crucible could not take more than five

firings, it had to be checked and changed often.

The heating element used was also vaporizing at a vacuum pressure of 107 Torr

and therefore needed to be changed after about three runs.

43



iii. The thermocouple needed to be correctly inserted at the mouth of the crucible

otherwise an inaccurate temperature reading will be obtained.

The predicted results (refer to Figure 25) for this experiment was that the beam will split
into two parts. It was therefore expected that there will be two dots in the target plate
distributed above and below the point where there was no magnetic. But in the
experimental result we have only a change in ring diameter when we go from magnetic
field intensity on-to-off (refer to Figure 28). At this point the expected deflection of Ag-
atoms at 600 °C, velocity = 366 m/s (probable speed of Ag-atoms from the oven) and the
field gradient 0B, /dz =18 T/m in the experiment
e ;L(L_mjz
2 2m, \ v
where

F =y3% 2.270154x10% J.T'x 18 T/m =166 x 10N
<

4

m,, =179x10"%kg

8

L, 37.5 mm = 0.0375 m ( refer to Figure 25)

v = 366 m/s, probable velocity of atoms from the oven

_ 1 1.66x107N (0.0375 mjz
21.79x10 Pkg\ 366 m/s

=49x10°m= 4.9x10°mm

This distance of deflection is very small to effect the total splitting of the Ag-atom beam
instead a concentric ring was observed to have been formed with different shades of
colour. This could be attributed to the higher probable velocity (366 m/s) at which Ag-

atoms were traveling at when coming out of the oven (refer to Figure 21)

Based on this observations it is noted from the © in tal ults that shorter magnet
lengths and shorter target positions with | t to the o | t, ults in atoms

experiencing less or no deflection. Hence by increasing the distance of the target and
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using longer magnet lengths there is a slight increase in the deflection of the atoms. It is
therefore concluded that it is important to deflect the atoms over a long distance as this
allows them to experience the deflecting force for a long time and greater deflections can

be achieved.

In the actual PBMR the silver atoms move along with helium at a temperature of about
950 °C and pressure of 9 MPa. It is not feasible in our experiment to evaporate silver at
these conditions since the boiling point of silver is affected by pressure, e.g. at a pressure
of 3 bar the boiling point of silver is already high at 2700 °C. Also, that the probable
velocity of the Ag-atoms at the 950 °C will be 453 m/s and the deflection will even be
lesser. However at low vacuum it is easy to boil silver, at a vacuum pressure of 10 > Torr
the boiling point of silver is only £600 °C. It was therefore decided to establish the

possibility of deflecting silver under vacuum conditions.

Even under vacuum it is unlikely that the magnets will deflect silver from the centre of
the hot-pipe to the wall. For instance at a distance of 37.5 mm (as observed in Figure 28)
the diameter of the silver deposit grew from 4.2 mm to 5 mm, in order to grow to a

diameter of 2 m would by simple proportion be:

x(mm)z%z%ﬁo mm =~ 94 m

The available length of the hot-pipe in the present PBMR design is only about 6 m.
Further studies on this technique reveal that at high pressure even longer distances than

the calculated 94 m will be required for deflecting silver atoms (Cronje P.M., 2006).

45



6.1. Recommendations

The current technology does not provide for the required magnetic field intensity in the
centre of the large pipe diameter that can deflect Ag-atoms to the pipe wall. Also the
operating temperature limit of highest strength permanent magnets that are commercially
available (N50 and N45SH) is only 150°C. This is in opposition to PBMR which is
operating at a minimum operating temperature of 950 °C as these magnets will lose their
strength when exposed to such temperature. Therefore methods for effectively removing
silver from helium must be devised; this could include using electric force fields, laser

ionization and centrifugal force techniques.
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