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Abstract

The characterization of materials is an important feature in the development of
technologically important materials. The aim of this study was to contribute to the
implementation of Elastic Recoil Detection (ERD), using a time of flight versus
energy (TOF-E) detection system, as a tool to be used in the analysis of elastically
recoiled ions from thin films. Energetic heavy ions from the Second Single Pole
injector Cyclotron (SPC2) at iThemba Laboratory for Accelerator Based Sciences
are used as the bombarding particles. The focus of this study was to construct the
time of flight detector and to demonstrate that useful signals can be detected. The
TOF-E detector is described and the time of flight for the alpha particles of energy

5.4 MeV was successfully measured to be 30 ns.
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Characterization using accelerator-based ion beam analysis techniques is of
critical importance in many laboratories. Two techniques are routinely used for
materials characterization. Rutherford Backscattering Spectrometry (RBS) is a
well-established technique that is mainly useful for analysis of heavy elements. It
has several advantages, e.g. it is a non-destructive technique, has the ability to give
reliable depth resolution and depth profiles of several elements simultaneously.
However its inability to profile light elements in a heavy matrix is one of its
limitations. ERD gives excellent elemental profiles for light elements retaining the
advantages of RBS [Boh 98, Maa 98]. Unlike RBS where the scattered projectile
ions are detected and analyzed, in ERD it is the recoiling target atoms that are
detected and analyzed (see Fig 1.1). RBS is particularly sensitive to heavy ions,
which gives ERD complimentarity over RBS in that depth profiling of light

elements can be achieved with ERD.

The ERD technique was demonstrated in 1976 when J. LEcuyer and coworkers
[LEc 76] described for the first time an analytical method based on detecting light
elements recoiling at forward angles from a thin target after elastic collisions with
an incident ion beam (25-40 MeV **CI). They investigated lithium-containing thin
layers (LiF or LiOH) separated by a copper layer (thickness of 30-150 nm)
deposited on a carbon or copper backing [LEc 76, Tir 96]. They were able to
achieve a depth resolution of approximately 30nm, and the estimated ultimate

sensitivity was as small as 10" atoms/cm?, thus introducing ERD as a sensitive

analysis technique.
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In chapter 4 the first measurements made by the system are presented. A

description of the start-up procedure for the timing detectors is included.

Results are summarized and future work is described in chapter 5
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Fig 2.3 Spectra showing the elemental separation using the AE-E detector. [Dol 98]

depth [10at/cm’]

Fig 2.4 Depth profiles transformation from the spectra in Fig 2. 3. [Dol 98]
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(TOF)?
M =28—75— - (3)

/ is the flight path that the recoils cover between the two foils.
2.3 TOF-E Detection.

The construction of the time of flight detector formed an integral part of this work, since
this detector is to be used for ERD at the Injector cyclotron SPC2 at iThemba LABS for
thin film analysis. Fig 2.5 shows the arrangement of the time of flight detectors (TOF-E)
for ERD measurements. The timing signals from the two-stage channel plates together

with the energy signals from the silicon detector will allow elemental separation.

Two different TOF measurements will be used in the final set-up. One is a precise
TOF measurement for the heavier recoil ions (Z>3) using signals from the carbon
foils and the other is the TOF measurement using the timing signal from the

cyclotron for the hydrogen isotopes.

For (Z>3), the TOF will be measured between two thin carbon foils, separated by
the desired path length (/=0.46m), which emit secondary electrons on ion
bombardment. These electrons are accelerated by an electric field and multiplied
by the channel plate detectors (Fig 2.5). The sensitivity for detection of elements
with Z>3 is about unity and can be easily calibrated. The expected timing
resolution is better than 200 ps at a TOF of about 50 ns. It gives the necessary
resolving power to resolve single atomic masses even for heavier elements. In
addition at low ion velocities (energies), it allows better energy resolution and
therefore depth resolution compared to the 1ergy resolution obtained from the

silicon detector.
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When a recoil particle passes through a timing detector it hits a thin carbon foil,
which emits secondary electrons. The thickness of the foil should be as thin as
possible in order to reduce energy straggling and small angle scattering. Although
secondary electron emission reduces for thickness below an equilibrium thickness
of several 10pg/cm’, the thinnest obtainable foils (0.6pg/cm®) should give a
sufficient electron yield [Hab 92, Lie 97]. However, for the first tests
mechanically more stable llug/cm2 carbon foils were used. The carbon foils were
produced by P. Maier Komor from Technical University of Munich and mounted

at iThemba LABS on stainless steel frames with an aperture of 9.5 * 12 mm?®.

The foils are prepared in three different ways and the mounting process for each is
described. Foils on Betaine are mounted by placing them at an angle (about 30°)
and letting them to float in distilled water, which is slowly run in the water bath
and then they are mounted on suitable frame. Foils on Lensodel: Heat them in
normal environment at 200°C for two hours and then proceed as explained above.
Foils on Lensodel + copper: Heat them in normal environment at 200°C for two
hours and then float them in water like for the foils on Betaine, after floating the
copper-carbon layer in distilled water, the foil is mounted on a 1mm thick Teflon
sheet to transfer it into a vessel filled with acid for dissolving the copper. Two
different acids are used, both with good success. In 50 ml water 10 g of trichloro
acetic acid were dissolved and 50 ml ammonia were added. The other acid consists
of 4 parts of water mixed with one part of highly concentrated (65%) nitric acid.
After dissolving the copper, the carbon foil is again transported via the Teflon

sheet to a fresh distilled water bath, from where it is mounted on a suitable frame.
1 ne emitted secondary electrons are accelerated by an electric field into the MCPs,

which act as electron n ‘tipliers. A two-stage system used "ving a total gain of

about 107 or 10® electrons depending on the type of MCP used.
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To avoid damage to the MCPs the detectors had to be first tested for voltage
breakdown without the MCPs. When stability was achieved, the MCPs were

introduced and the detectors were tested again.

This chapter gives a detailed description of the considerations made when
designing the TOF-E detector. It introduces various options for assembling the
detector with particular focus on the choices made in this work. The voltage
breakdown tests of the detector and the results are discussed. The ERD chamber is

described at the end where the TOF detector is installed and tested.

3.2 Detector Assembly.

There are a number of considerations that should be taken into account when
designing, assembling and testing the detector: the choice of the materials to be

used and the way the detector was assembled.

Fig 3.1 shows the standard/manufacturer’s options for mounting the microchannel
plates. There is more than one option available for consideration when assembling
the detector depending on what is required (Fig 3.1). There is a single MCP (one
plate mounted) giving a gain of up to 10%0r 10* electrons depending on the type of
MCPs used on the output side with a bias voltage of 1000V. Another is a chevron
(two MCPs mounted) giving a gain of up to 10° electrons on the output side of the
channel plate with a bias voltage of 2000V. The last one is a Z- stack (three MCPs

mounted) giving a gain of up to 107 electrons with a bias voltage of 3000V.

19
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Based on the suggestion by Kasiilke [Kas 94] a different approach was used in this
work of using two single MCP with a 300V potential applied between them (see
Fig 3.2). This acceleration voltage between the two MCPs has two positive effects.
It increases the gain of a two-stage setup since all electrons from the exit of the
first channel plate are collected at the second and amplification from these 300 eV
electrons is obtained. Therefore, a similar amplification as a 3-stage channelplate
arrangement is obtained. The second effect is a reduction of pulse width due to a
fast and definite transition time from one MCP to the other and due to an overall

reduction of traveling distance for the electrons.

20



1000V 2000V 3000V
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Gain ~ 10° » SR (1)

Fig 3.1. Manufacturer’s standard configuration of the already mounted MCPs, which can

]

be used in time dependent methods. [Bur]

E

1000V 1000V

I

- >

Gain of about 6.7%10 electrons

[T
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Fig 3.2. The proposed assembly of two single MCPs with a bias voltage of 300V between

them.
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Burle Phillips
Length to Diameter | 60:1 40:1
Channel diameter | 5pum 10pm
Center to center | 6 um 12um
Bias angle 5 6

Table 3.1 Specifications of the MCPs from Burle and Phillips

The specifications of the MCPs used in this work are shown in Table 3.1. To
optimize the lifetime of the detector it must be operated at the minimum voltage

necessary to obtain a usable signal.

The manufacturing process of the MCP begins with a specially formulated lead
glass tube and solid core assembly that is drawn and fused to form an array. The
fused array is sliced into wafers. The wafers are chemically processed to remove
the solid core, leaving a uniform porous structure of millions of tiny holes or
microchannels. Through further processing of the microchannel plate walls, an
alkali, silica-rich secondary electron emissive layer is formed on an electrically
semiconductive layer. Lastly a thin metal electrode is vacuum deposited on both
the input and output surface to electrically connect all channels in parallel as can

be seen in Fig 3.3 [Bur].

Semiconductor layer

Metal conductor
connecting layer

/ / / Lead glass

Secondary electron
emissive layer

Fig 3.3. Showing the parts of the microchannel and how the microchannel is

manufactured.
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3.2.1 Multiplication Process

Eledron [~ _— Z AR
]

+200V Microchannel

+200V 500V o000V

Electron P

Paths //

+400V + 800V
Phatomultiplier

Fig 3.4 Showing how a michrochannel works analogously to a photomultiplier tube

[Rop].

Microchannel plates are used in applications that are time dependent. Each
microchannel functions as a channel electron multiplier, independent of the
adjacent channels. For optimum operation a bias of up 1000V is applied across the
MCP. The bias current flowing through the semi-conductive layer see Fig 3.3.
supplies the electrons necessary to continue the avalanching multiplication
process. The multiplication process is shown schematically in Fig 3.4 for a single

channel. This process can be described as follows:

When incident radiation strikes the channel wall, on the input side of the channel,
secondary electrons are generated and are accelerated down the tube. When they
strike the channel wall again, further secondary electrons are generated. A gain of
up to 10* electrons can be achieved on the output side of the channel. The
detection efficiency is high when the pore size is small. The higher the open area

ratio (OAR), the more efficient the detector is. However this also means that

23



MCPs with a high OAR are also extremely fragile. With 300V applied between
the two MCPs the second MCP will see 300 €V electrons. As can be seen from Fig
3.5 these electrons are almost optimal in terms of detection efficiency. Increasing
the bias voltage beyond 300V could increase the detection efficiency, but large

changes should not be expected.

100 I LI .'I_[ll I 0 lllllT] 1 i Illllll 1 i prrre

Detection Efficiency [%)]

0 L0 Lt | Lo ool g 1 lagay

10 10° 10° 10* 10°
Electron Energy [eV]

Fig 3.5 Showing the detection efficiency curve for electrons, which shows that electrons

with energy of 300 eV give an efficiency of about 42%. [Bur]
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3.2.2 Applied Voltages
Output
Anode 4 +4700 V
4400V (6x10 gai
f\‘ vz TURUULLLY| 400V (et gain
\
Exit MCP1 +3100 V  (10* gain)
mputmcpt 1L [/ [ [ [/
——+2100 V
O 0oo 0 0O 0 O———
Carbon foil —mm™™—— : +100 V

Fig 3.6. showing the assembly of the microchannel plate detector.

For optimum operation of the detector the applied voltages would be as shown in
Fig 3.6. The resistor chain can however, be changed to give the voltages at whi

a usab signal can be generated from the detectors. The nominal voltag: applied
to the different parts of the detector are plotted in Fig 3.6. The voltages are

generated from a 5 kV power supply using a resistive chain for voltage division.
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Fig 3.12. The tests result of the modified detector showing the pulses occurring at

different places in the detector and observed at the carbon foil.

The tests before the system was improved showed discharges of about 180 mV at a high
repetition rate. When the tests were done after improvements were made, the discharge
level dropped to 40 mV at a frequency of about 5 < 10” Hz, which v on

equivalent to one count per 180 seconds. This was found to be an acceptable level at

which it is safe to mount the microchannel plates without causing damage to them.
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3.6 Summary

The detectors were assembled without the MCPs to avoid chances of damaging
them and the tests were done on the detectors. The system was tested after

construction. Systematic tests were made after each modification to the design of

the detector.

The improvements made to the system were to change the diameter of the kapton
foils to achieve good insulation of the Copper electrodes. The edges of the
stainless steel plates were rounded off to minimize the electric field effect. The
distance between the resistors in the resistor chain box was increased. The
feedthrough shield caps were modified to move them away from the feedthrough
caps. With these improvements, system stability was achieved and further tests
could be done on the system with the MCPs stacked in. The chamber was able to

give a vacuum of better than 9x10'mbar.
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CHAPTER 4

4 First measurements

4.1 Introduction

The TOF-E detectors could only be assembled after voltage stability was reached
when they were tested without the microchannel plates. The aim of this chapter is
to demonstrate that TOF-E detectors can give pulses related to the time of flight of
the particles traversing the flight distance /. The detectors were assembled with the
MCPs mounted. The tests were done using an alpha source. The detectors were

baked following the procedure described in section 4.4. The results are shown and

discussed in section 4.5.
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4.3 Start-up procedure for the MCPs

The detectors were mounted in the vacuum chamber and pumped down to a
pressure of 5.8x10”7 mbar. The system was kept at this vacuum for more than 15
hours. The start-up procedure in Table 4.1 was followed to bake the MCPs. The
voltage across the MCPs was increased in steps of 100V every 2 minutes until
500V. After waiting for 5 minutes the voltage across the MCPs was increased in
steps of 50V every 5 minutes until a voltage of 800V. After 10 minutes it was
further increased by 50V every 10 minutes until a potential of 1000V was reached.

A 10-minute delay was made before the measurements were started.

Time (minutes) Vpower supply (V) Vacross mcp (V)

0 470 100

2 940 200

4 1410 300

6 1880 400

8 2350 500

13 2585 R

18 2820 600

23 3055 650

28 3525 700

33 3760 750

43 3995 850

53 4230 900

63 4465 950

s | 4/0Y - | ow - ]
LAUIT . 1. DLUUWILE UL SWUPS UIGL Y1Vl Wil rriivis Uwniisp wiv iracs ve s aew axsus vosvesssi]

showing the time variation, the second column showing the voltages on the power supply

and the last column showing the voltages across the MCPs.
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4.4 Results and discussion

When testing the detectors with and without the alphas, it was observed that there
was a difference between the pulses rate observed on the first timing detector. The
difference between pulses on the second timing detector with the source on and off
was not detectable due to the large distance between the source and the second
detector, i.e. the solid angle was small and that meant that the pulses from the

source were very low compared to the dark counts.

The dark counts were high causing low detection efficiency (could not be
determined yet) of the system. The other observation that still needs to be
investigated is that signals are observed on the silicon surface barrier detector but
no corresponding signals on the timing detectors are seen and sometimes there are
no signals observed on the silicon surface barrier whereas there are signals
observed on the timing detectors. The two time signals could not be measured in
coincidence because of the constraints that were experienced. A dual 5 kV power supply
was used, however when both detectors were tested at the same time it was found that
one channel was faulty. No replacement supply could be found in time. The timing signal
from the silicon surface barrier was used as a reference and measurements on the timing
detectors were made one after the other. For the signals to be measured in coincidence a

dual power supply is necessary.

39
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Fig.4.3 A plot of voltage (mV) versus time (ns). There are two vertical scales, one on the
left is the scale for the timing signals from the two timing detectors, with one showing a
pulse at about —50 ns and another at about —20 ns. The scale on the right is for the surface

barrier pulses.
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The plot in Fig.4.3 shows the results of the test done on the system using the alpha
source to generate electrons on the carbon foils and the energy signals generated
from the surface barrier detector. The top trace (surface barrier) was used as a
reference for the two timing signals by triggering at a specified level on the silicon
surface barrier signal. This was observed at the applied voltage of 3905V on the
power supply, which translates to about 840V across the MCPs. This voltage was
sufficient to give usable signals on the two timing detectors. The time difference
between the two timing pulses is 30ns, which agrees quite well with the calculated
value of 28.4 ns considering inaccuracies in the triggering levels of the silicon

surface barrier.

In this test the time detectors were powered one at a time and measured with
reference to the silicon surface barrier detector signals and then the time difference
between the two timing signal was measured to be 30ns. The pulse width of about
6ns was obtained from the first detector (Fig 4.4) and the pulse width of about 5ns
from the second detector. The detection efficiency of the detectors could not be
established since; there were too many dark counts. It would be good to perform
coincidence measurement on the system to able to accurately determine the time
of flight of the particles in coincident with the pulses on the surface barrier

detector.

There were on average 20 counts per second on the surface barrier and about 2000
counts per seconds on the first time detector. These measurements were made at

vacuum of 5.8x 10”7 mbar.
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5.2 Future Work

Although usable timing signals were obtained from the tests, there are many dark
counts and further investigations into reducing the dark counts is recommended.
The fast discriminator was used to check whether the signals from the preamplifier
exceeded the discriminator level giving a signal that could be used for coincidence
control. The discriminator level had to be adjusted considerably higher than the
noise level, thus when observing the input and output of the discriminator it was
found that some smaller amplitude pulses from the timing detectors were not
discriminated. The necessity for setting the discriminator level that high still has to

be investigated.

When testing the detectors with and without the alphas, it was observed that there
was a difference between the pulses observed on the first timing detector. The
difference between the pulses on the second timing detector with the source on
and off was not detectable due to the large distance between the source and the
second timing detector is small. The possibility of increasing the solid angle of
detection of the second timing detector should be investigated and that means
increasing the size of the silicon surface barrier detector. At this stage the silicon
detector will be a strip detector, which is position sensitive to allow for the

correction of the kinematic shift.

A dual 5 kV power supply was used, however when both detectors were tested at
the same time it was found that one channel was faulty. No replacement supply
could be found in time and coincidence measurements of the two timing detectors
could not be performed, instead the timing signals from the silicon surface barrier
detector were used as a reference and the measurements on the timing detectors
were made one after the other. For the signals to be measured in coincidence, a

dual power supply is necessary.
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