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ABSTRACT

Of all the diverse physical, chemical and mechanical techniques
used to make thin film nuclear targets, material deposition by
vacuum evaporation is the most widely employed. This review
commences with a brief ducriptioﬁ of the basic principles that
regulate vacuum evaporation and the physical processes involved in
thin film formation, followed by a description of the experimental
methods used. The principle methods of heating the evaporant are
detailed and tae means of measuring and controlling the film
thickness are elucidated. Types of thin film nuclear targets are
considered and various film release agents are listed. Thin film
nuclear target behaviour under ion-bombardment is described and the
dependence of nu:lear experimental results upon target thickness and
uniformity is outlined. Parameters such as thermal effects,
radiation damage and sputtering of target material all influence the
useful lifetime of thin nuclear targets., Target impurities can also

have a serious effect upon sexperimental results; these effects are



briefly considered. Special probleams associated with preparing
suitable targets for lifetimes measurements are discussed.

Carbon is used extensively ci a target material and also for the
ssmufacture of stripper-foils to change the polarity of the
accelerated ions. The causes of stripper-foil thickening and
breaking undser heavy-ion bombardment are considered. A comparison
is made between foils manufactured by a glow discharge process and
those produced by vacuum sublimation. Consideration is given to the
methods of carbon stripper-foil manufacture and to the
characteristics of stripper-foils made by different techniques.
Various methods to increase stripper-foil lifetimes are considered.

Finally, techniques are described that have been developsd for
the fabrication of special targets, both from natural and
isotopicalliy enriched materisl, and also of elements that are either
chemically unstable, or thermally unstable under irradiation. The
reduction of metal oxides by the use of hydrogen or by utilising a
metallothermic technique, and the simultaneous evaporation of
reduced rare earth elements is described.

A comprehensive 1list of the common targets is presanted.
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1. “sxoductior

Ti:e practic:! applications of vacuum deposited thin films have developed
contimiously during the past 40 years. WVartime requirements, for example,
of high efficia 7 iptical systeas, led to studies of the basic physics
involved in vacuum deposition techniques. The knowledge gained has served
wall in the mor.. —“ecent dsvelopments of the solid state electronics
industry. The t¢:haology and understanding of films less than 1 M thick
have made consid..-able advances, primarily because of thea demand for
re’{iable, thin-f{'m microelectronic devices to satisfy the requirements of
~iis satellite and computer era. In aduition to major contributions to a
var_ety of nev and future séiontif:lully based technologies, thin film
rciuies have provicsd impetus to many nev areas of research in solid-state
iysics, chemistry and surface physics, which are based on phenomena
uniquely characteri-tic of the gecmetry, thickness and structure of thin
£llms.

Thin films vary wn structure from amorphous films such as anodic oxide
die.ectrics to single crystal films such as epitaxially growa silicon. Most
films used for nuclear targets however are located between these extremes
and are polycrystalline; being composed of many small crystals, fitted
together with more or less random orientation. Crystallite size depends on
dsnosition paramsters such as substrate temperaturs, deposition rate,
substrate topography, material, stc., and after deposition may be modified

, armealing, causing the larger crystallites to grow at the expenss of the
v :.ller ones. This does not matter except in a small range of specialist
e sriments vhich detormine ion-solid forces (not to be discussed in this
Te ‘8W),

1ow energy nuclear physics research is a field of study that places
st.ingent technical needs on the thin films used as irradiation specimens.

Thirn filmo, sources and targets, are necessary for many applications in
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miclear physics and nuclear chemistry experiments; consequently target
preparation is crucial to the success of investigations being undertaken.

Although many excellent publications exist on general tlﬁ.n film
technology'™? few comprehensive articles have been published on general
nuclear tax;;ot preparation; except for the reviews cf Yaffe!’, Parker and
Slatis!* and Muggleton'®>. However, in 1963 a symposium on research
materials for nuclear measurements was held at the Central Buresu of Nuclear
Measurements (BCM), Geel, Belgium, which was directed to identifying the
availability of these valuable materials and their transformation into thin
films and other forms of well defined character. Similar symposia were held
at ARRE, Harwell, UK!® and at Gatlinburg, Tennessee, USAY .

It was considered that there was sufficient interest in nuclear target
preparation that an International Nuclear Target Development Society should
be formed; this was established in 1974. Since then, annual conferences of
the society have taken place st major resaarch establishments and
universities throughout the world.!*?

Apart from individual papers on nuclear target techniques published
periodically in Nucleax Instrxumentcs and Methods in Physics Research, and the
conference proceedings referred to above, often the information exists only
as laboratory notes compiled by individuals in various laboratories who
prepare the targets but seldom published the results.

The studies to be described refer to low-energy nuclear physics research
using targets with thicknesses from ~ 1 ug/ca’ to ~ 10 ag/cm® surface
density. The majority of targets used are in the form of thin solid films
and consequently gas or liquid targets will not be considered. Thin film
targets have besn developed using a multitude of deposition techniques,
which can be roughly classified as chemical, mechanical or physical pre-
parations., However, the object of this review is to discuss the techniques

involved in producing nuclear targets by vacuum deposition methods.



Target preparation is crucial to the success of an experiment. It is-
therefore necessary that the target conforms to what is required regarding
purity, composition, thickness, etc. In gensral, target properties required
can be summarised as follows:

a) A constant and adequate yield during the experiment.

b) Uniform thickness.

c¢) Ease of preparation.

d) Good tensile strength.

e) Chemical and isotopic purity.

f) Conservation of rare and expensive isotopic materials.

g) Stability under beam bombardment.

Soms amplications will now bc given of physical aspects of the above

requirements.

a),b) Achievement of satisfactory yield depends on the target having
a uniform and acceptable thickress. For many purposes a constant yield is
obtained with a target which is either thin or thick in the sense of whether
it introduces negligible or full enscrgy loss in the exciting beam. However,
in the measurement of resonance phenomsna, it is more appropriate to define
a target as thip if its thickness is snall compared to the half width of a
resonance. A target which is thin for a broad resonance may not necessarily
be thin for a narrow resonance. Likewise, a thip target for protons may be
thick for heavy ions.

Target properties c) and d) are obvious practical considerations, in
particular d) as the target must be strong enough not to break under beanm
irradiation throughout the length of the experiment and to withstand
mounting in the target chamber.

e) Chemical purity is necessary to prcircnt background interference
from unwanted elements within the target, it is therefore necessary to use
chemicals of the highest purity obtsinable. Great care is also necessary to
reduce chemical contamination introduced from the vacuum equipment or

transferred from the source used to evaporate the target material.



Isotopic purity, in the context used here, refers to the ratio between
the isotope of interest and other isotopes of the same element. The
availability of isotopes is severely limited and only a handful of
mamufacturers exist throughout the world, consequently it is often necessary
to meke do with vhat is obtainable. In general the experimenter requires an
isotope with the highest enrichment obtainable.

f) Because of the difficulties involved in manufacturing highly
enriched isotopes and their limited svailability, they are very expensive
(e.g. prices vary from 25 cents per milligram for the more abundant
isotopes such as 97% enriched %o to $10,700 per milligram for 40% enriched
“Ca). The utmost care is necessary to conserve the small amount of such
rare material that is usually available. A compromise is invarisble made
between the thickness or mass of the target required and the uniformity of
the deposited film.

g) Finally, it is necessary that the target remains stable under beam
bombardment and gives a constant yield throughout the length of the
experinent. Target stability is a function of target material, target
thickness and the temperature generated in the targec by the beam. Various
techniques are employed to keep the target from deteriorating, i.e. cooling
the target with gas, water or liquid N,, or He, moving the target relative
to the bean spot, using a high melting point compound of the isotope under

‘1nvostigncion; sandviching the target between thin carbon films, using low

beam currents, etc.

2. Deposition Techniquss
Material deposition techniques can be roughly clessified as chemical,

mechanical and physical preparations.
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2.1 __Chemical Techniques.
2.1.1. _Elestrodaposicion.

KElectroplating has been known for a considerable time and many
standard textbooks now exist on the subject®™ > . However, of the 70
metallic elements, it has been found possible to plate only 33 of these
successfully. Natural isotopic targets have been prepared by
electrodeposition’” ™’ but the main application of this technique is in the
production of radioactive targetsi®1%:%,

Although this technique has the advantages of economy and the abilicy
to conserve the small amounts of expensive isotope used, good electroplated

deposits depend largely on the use of additives, all of which are

potentially capable of introducing impurities.

2.1.2. Molecular Plating™™™

The most significant difference between molecular plating and
" cc aventional electrodeposition is that electrolyte dissociation does not
occur to any significant degree during the passage of current; the material
in solution i{s not deposited as the metal but as a compound. Parker and
Falk” naned this method "molecular plating”. Other differences compared to
electrolytic plating, are the use of high voltages (50-2000V) and of an
organic solution.

As vith electrodeposition the yield of self-supporting foils is small.

2.1.3. Elactrophoresis®®™®® Finely divided metals or oxides are mixed in a
polar organic liquid sucﬁ as alcohol so as to form a stable suspension. A
d.c. potential, between 300 and 800 volts is applied between a suitable
électrode immersed in the solution and a conducting backing. The finely

suspended particles becoms ionised and ars desposited upon the appropriately
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polarised backing. The same disadvantages apply with the plating techniques
previocusly described.

2.1.4 _Vapour Deposition™®
In vapour plating a volatile compound of the element to be deposited

is vapourised, then thermally decomposed on to a heated substrate. Several

excellent surveys and reviews describing general and specialised aspects of

chemical vapour deposition have been published. The most comprshensive work .
‘ covering many aspects of chemical vapour deposition is the monograph edited
by Powell et al®. Thermal decomposition has been used by Holmgren et al®,

Kashy et al® and Muggleton® to produce isotopic carbon uigcu from

enriched methyl iodide.

2.1.5. Absorpcion Gettering® ™

The relatively ready absorption of hydrogen by some metals has led to
the use of this property as a means of target preparation for hydrogen,
deuterium and tritium, Zirconium, titanium and erbium are useful metals for

this purpose.

2.1.5. Electrospraying

The preparation of nuclear targets by electrospraying has been

reported extensively’'™®®,

A suitable compound of the target material {s

dissolved in a normally non-conducting, volatile l1iquid such as acetons or -
sethanol. A glass capillary tube {s drswn down to form a fine jet of such
dimensions that under normal conditions no liquid can escape. A thin wire

is inserted into the jet within a few millineters from the tip; the other

end being comnected to the positive terminal of an 4.T. supply capable of
providing 3-15 kV d.c. The receiving backing is placed approximately 10mm

below the jet and connected to the negative side of the supply. When a




voltage is applied, liquid is ejected under the influence of the electric
field, together with any charged particles of target material as a fine
mist, vhich evaporates, leaving the target material on the backing plate.
Large-area targets with thicknesses up to Smg/ca’ and areas up to 1000 ca?
have been prepared by this technique. However, spraying times are excessive
(8-10 hrs in some instances) and it is difficult to keep the spraying rate

constant.

2.1.7. Mschanical and Miscellansous Techniques.
Under this heading are grouped adaptations of common mechanical

processes such as rolling®” ®, compacting®®, settling powders from a

mu,u.u-uu 94 ,102-104

suspensi , use of slurries, painting casting!®®,

106,107 etc.

polymerising
3. [Rxeparation of Targets by High Vacyum Techniques

As high vacuum evaporation is the most generally used technique to
prepare these nuclear targets it will be discussed in greater detail. 1In
its simplesc form vacuum evaporation involves heating the material to be
deposited to a high temperature in an evacuated chamber and condensing the

vapouris3zd material on a suitable substrate.

4.1 Factors Influsncing Quality of Evaporated Fils

The evaporation and transit of evaporant atoms in vacuum, film
nucleation and growth have been documented in the literature %1% gnq
consequently will not be considered in detail. However, the growth and
structure of evaporated films are affected by factors, such as the nature of
the substrate and the amount of surface contamination present, as well as
the parameters of the deposition process. It is proposed to briefly examine

sone of these factors.
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3.1.1. Role of the Substrite
An increase in the binding force between the substrate and the

evaporant atoms usually decreases the surface mobility of these evaporated
atoms; this increases the number of initial nuclei and consequently
increases the film adhesion!’®. These factors affect coalescence and the
size and structure of the islands during initial growth. Different
cosfficients of expansion between the substrate and the evaporated film

produce stresses in the film when the temperativie differs from that during

evaporation.

a.1.1.1. Substrats Temperature

The most important effect of heating the substrate in vacuum is to
clean the surface, resulting in desorption of contaminants, also an increase
in the substrate temperature increases the surface mobility of the condensed
atoms and may change the crystalline structure of the film. Interdiffusion
between adjacent atoms increases with increasing temperature and may cause
films to become more homogeneous. There is also the probability of

desorption of evaporant atoms which increases with increasing substrate

temperature.

2.1.1.2, Contaminaticn.

The main sources of contamination in evaporated films are contaminants
originally on the substrate, residual contaminant gases or vapours in the
vacuum system, or gases released from the evaporant source heater material.
One result of contamination is the loss of adequate adhersence of the
evaporated film; substrate contamination is particularly troublesoms in this

respect!?®,
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Since the rate of bombardment by residual gases is constant (for
constant residual pressure), higher deposition rates produce films
containing smalier smounts of residual gas. In the deposition of a
chemically active metal the gas content of the film may be thickness
dependent, since the film will be gathering the gas during deposirion. The
first layers deposited will contain moie gas than the final layers.

Residual gas content can be minimised by using a shutter prior to
evaporating the ulk of the film'?.12

Stresses arising from the growth process are often a function of the
thickness and deposition rate. Films that generally curl when detached from
the substrate are a qualitative indication of the non-uniformity of stresses
with thickness.

During condensation of the film onto a solid substrate the properties
of the initial surface are gradually lost as the film thickness increases.
Various growth modes are possible!'® 1371233 gepending upon the method of
formation of the film, the substrats temperature and the physico-cheaical

. properties of both the substrate and the film.

d.1.1.4. Fila Growth.

Various growth modes are comprehensively decribed in the
literature’’®1?® and can be characterised into four distinct forms, a)
island growth, b) layer growth, c) island growth following layer growth, and
d) vertical stack growth. Fig. 1. At different temperatures various kinds
of growth can occur. For example a given material deposited from the vapour
phase onto a substrate may have vertical stack growth at low temperatures,
island growth following layer growth at relatively high temperatures and

island growth at higher temperatures. Moreover, with suitable annealing
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treatment a film can undergo marked structural changes.
The foregoing observations indicate some of the problems ancountered

in thin film deposition by vacuum evaporation.

4.2 High Vacuum Deposition Apparatus
Rotary pump/oil diffusion pump combinations are the most generally

used high vacuum systems for the vacuum evaporation of thin films. They
combine the advantages of high speed pumping and quick cycling between
individual evaporations, making them suitable for systems using either
electron bombardment heating or induction hutiné of the evaporant. This is
useful where high pumping speeds are necessary to minimise electrical
breakdowns, caused by a build-up of gases evolved from either the source or
adjacent equipment inside the vacuum chamber.

One of the limitations with oil diffusion pumped systems is the
relatively poor ultimate vacuum obtainable (~1x10"*Pa) without resorting to
the use of metal gaskets and lengthy outgassing procedures. Modern
diffusion pumps with appropriate trapping are designed to miminise back-
streaning of the liquids used in the pump boiler. Nevertheless, there is
always the possibility of hydrocarbons in the system contaminating the
target. Systems pumped by vac-ion/suplimer pump combinations do not have
the high pumping speeds necessary to prevent the type of electrical
breakdown in the region of 1 Pa, as previously mentioned; however, the
ultimate vacuum obtainable (<1x10°%Pa) 1s a clean one and effectively
hydrocarbon free, a requirement for certain experiments. Recently the use
of turbomolecular pumped and cryopumped systems have increased in popularity
for ultra-clean vacuum systems, however the capital cost of such pumps has
linited their use for nuclear target preparation.

Fig. 2 depicts a typical oil-diffusion pumped high vacuum evaporator
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used for nuclear targets preparation. The assembly consists of a vacuum
chamber, baffle valve and trapped oil-diffusion pump, backed by a rotary
pump. Thermocouple gauges are used to measure the backing pressure obtained
by the rotary pump, vhile the high vacuum pressure is measured by a Pemning
fonisation gauge attached to the high vacuum chamber. With a suitably
backed 100ml oil-diffusion pump a pumping speed greater than 400
litres/second and an ultimste pressure of less than 1x10°3Pa can be achisved
in the work chamber. Provision i{s made in the work chamber for ancillary
attachments such as rotary seals, shutters, thickness monitoring heads,
auxiliary substrate heaters, and water-cooling coils. A typical chamber is
300ma dis x 300mm high, made of stainless steel and surmounted by a
borosilicate bell jar. It is not advisable to use brass in the construction
as it is liable to becoms overheated during the evaporation process and
release zinc from the brass alloy. For the evaporation of refractory metals
such as molybdenum, tantalum, tungsten, uranium, etc. which require
temperatures in the region of SOOO.C, a water-cooled stainless steel bell
jar {s used to minimise the danger associated with a glass bell jar
imploding.

The availability of higher-energy Van de Graaff and heavy-ion
cyclotron accelerators has enabled experiments with heavy ions to be
undsrtaken that were previously impracticable. There is therefore an
increasing demand gor targets suitable for heavy-ion investigstions. To
sinimise unwvanted reactions from contaminating elements it is imperative
that the target be of adequate chemical purity. Over twenty years ago it
vas found that despite continuously evaporating an aluminium target in situ,
oxygen contamination of the surface was readily detectable, sufficient to
inval idate the experiment being undertaken'®® . It was suggested that in
such instances on ambient vacuum of less than 1x107Pa nay be necessary.

More recently Thomas et a1’ have uportod the difficulties experimenters
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in their laboratory were having in analysing data, dus to the oxygen, carbon
and nitrogen impurities in the aluminium and vanadium targets they were
using.

The ultra-clean evaporator the author has used to minimise target
contamination is shown schematically in Fig. 3. This vacuum system, which
is capable of achieving a base pre- :ure <1x10°Pa was designed to be free of
organic contamination, it is eva’ .ated with a 1000 litre/sec sublimer pump
and 20 litxe/sec sputter pump combination. The apparatus is initially
evacuated vith a carbon vane/sorption pump combination. Chemically reactive
targets such as Li, Ca, Ba, Na, K, etc. may be prepared in such a system.
Their subsequent deterioration can be prevented by transferring the target,
still under vacuum, from the evaporator eithexr to the accelerator target
chamber or to an evacuated storage chamber until required.

A typical transfer lock and evacuated chamber of the type described
sbove has been designed by Worthington et al.'?®. Their chamber accomodates
ninsty targets at a pressure less than 1x10™*Pa. A similar system used in
the author’s laboratory operates below 1x10°°Pa and will store targets at
this pressure indsfinately. Other vacuum transfer and storage systems are

reported in the literature 1?0172

3.2.1. Mathods of Hesting the Evaporant

Both metals and thermally stable compounds evaporate rapidly in vacuum
at temperatures sufficient for their vapour pressures to exceed 1Pa. The
three basic means used in the laboratory for achieving the high temperatures
required are: 1) resistance heating; 2) induction heating; and 3) heating by
means of electron bombardment. Each method possesses merits and
linitations. Secondary means of heating, e¢.g. hy laser beams, imploding

wires etc. are not practicable for nuclear target manufacture. In the case
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of laser beam heai ing the apparatus is expensive, of limited application and
too specialised f2: the general nuclear target laboratory. Vhereas
imploding wire deposition is inexpensive and simple in concept, it is
limited to materials that are available in wire form and the deposition is

difficult to control.

2.2.1.1. Resistance Heating.

The simplest type of vapour source for evaporation is one in vhich the
material to be volatilised is raised in temperature by electrical resistance
heating. The most widely used vapour sources are those with heating
elements of refractory metals such az W, Ta or Mo made into filament, or
foil boats for supporting the evaporant. Modified forms of these sources
are ones in which the evaporant is contsined in a crucible made of
refractory oxides or graphite and heated by means of a separate element.
Source design is widely discussed in standard works on vacuum deposition

techniques.}™?,

3.2.1.2 Induction Heating

An alternative heating method is by means of eddy current or induction
heating vhereby the crucible containing the target material is raised to
evaporation temperature by inserting it in an R.F. field. The method is
useful for evaporating large quantities of material but the evaporation rate
is difficult to conti'ol, it requires relatively expensive and bulky, R.F.
heating apparatus and the radiated R.F. is liable to cause electrical
inrerference with adjacent electronic equipment. However, we have employed
this technique for special applications, such as to reduce oxides to the

elemental form by heating the oxide in a hydroger atmosphers.



-16-

3.2.1.3. Electron Bosbardment Heating.

Some materials required for nuclear targets camnot be evaporated froam
conventional sources without alloying or reacting chemically with the
source, producing film contamination and source destruction. Tkess jroblems
are encountered with boron and silicon, which are both highly reactive at
elevated temperatures, and vith molten aluminium, nickel, iron and cobalt,
all of which readily alloy with refractory metals. One group of vapour
sources which has been investigated in order to overcome the foregoing
problems and which has found widespread use, particularly in the electromnics
component industry, are electron bombardment sources. Muggleton!®,
Arnison'®, Kobisk!*®, Maier-Komor'’, Nickel!*® and Heagney'’ have all
reported preparing nuclear targets by electron bombardment evaporation.

Perhaps the most widely used electron gun design is the magnetically
focused gun shown in Fig 4, where the electron source can be placed out of
the path of the emitted gas and vapour molecules by using a magnetic field
to bend the electron beam through 270°. With this assenbly the filament can
be prot;ctod against sputtering and emission poisoning caused by bombarding
positive ions. The main disadvantage of this gun is that the electron beam
has a fixed focus and is not readily adjustable; although in more elaborate
designs, it is possible to scan the beam across the sample in the form of a
raster,

Although electron-bombardment heating is very versatile and almost the
universal evaporation technique it is technically complicated and its use is
not justified if the more esasily controlled alternative of resistance
heating is available. The method is of practical importance in cases where
very high evaporation temperatures are involved and where the greatest film

purity is desired and no suitable support material exists.
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3.2.0.4, D :position by Electrical Discharge.

An el -ctrical discharge has been used to fabricate targets by
decompc.zing a vapourised compound of the elemant of interest. The main use
has beei: to >roduce isotopic carbon targets by cracking either enriched
acetylene!*’ or methane!*!"'*® onto metallic backings. Both *C and !¢C
have bern fa ricated this wey. This technique has been used extensively in
the last fevw rears for making carbon stripper foils with extended lifetimes
and will be discussed more fully in a following section on carbon stripper
foils and target backings.

3.2.1.5 Sputtering

Deposition of thin films by the sputtering process has been known and
practised for well over a century, but it is only relatively recently that
this method has become a serious competitor to vacuum evaporation. The
unpopularity of this method for depositing films has been mainly the
tendency of sputtered films to be contaminated. One advantage sputtering
offers over most other deposition techniques is the ability to deposit
refractory materials relatively simply.

In the basic sputtering process a gaseous discharge is formed between
the material to be deposited (the cathode) and a suitable electrode (the
anods) placed in the vacuum chamber. Under the influence of an applied
electric field, positively charged ions bombard the cathode material causing
particles of the material to be ejeacted and collected on a suitable backing.
The reader who {s interested in additional information on the broad
structure of sputtered films is referred to the many excellent works that
exist on the subject, ' 1410  parroad et.al.!’ have used off-the-shelf
components to construct a relatively simple sputtering apparatus with which

they have produced sputtered films and have also chinned metalliz foil
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targets to the required thickness. The most serious drawback of self-
substained glow discharge sputtering is the contamination of the deposited
film by the gas used to produce the discharge. This phenomeron has been
used in the fabrication of nitrogen, hydrogen and oxygen targets by reactive
sputtering in one or other of the gases. !’N-enriched targets of Ta'’N have
been produced by sputtering tantalum in a °N atmosphere.!*®:** similarly
titanium nitride targets have been made by this technique.®

The use of ion-beam sputtering has attained considerable significance
fn the manufacture of microelectronic devices over the past ten years, and
is being used to a progressively greater extent in nuclear target
preparation. Films made by this technique can be very pure compared with
filas made by other techniques.!®-13

Focussed ion-beam sputtering differs from thermal deposition
evaporation methods in several fundamental ways: the deposition of the
target atoms is independent of the vapour pressure of the target material,
it is a high vacuum process, is very economical of target material,and
substrate heating during deposition is negligible. Targets having high
melting points, such as refractory metals, can be produced in a very pure
form. Targets can be fabricated from milligram quantities of rare
materials.

Von-Ardenne type duoplasmatron ion sources have been adopted for use

{n nuclear target preparation,®13%

Fig 5 shows a diagram of this type of
ion source which has three main elements: a heated cathode, an anode and an
intermediate electrode negatively based with respect to the anode. The
negative potential difference is established from anods to cathode by a
current-regulsted power supply. Gas to be ionised is fed to the discharge

chasber vis a precision leak value. At a partial pressure of approximately

10Pa, a low-voltage arc discharge strikes in the region between cathode and
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snode. This arc ionises the noble gas (argon, krypton or xenon) in the
discharge chamber. This plasma is constricted by the axial magnetic field.
A high ion density is achieved in the region between the intermediate
electrode and anode. The name "duoplasmatron” is derived from this dual
plasma construction.

A small anode aperture is centred on the axis of the discharge, the
noble-gas ions being extracted from the plasma by an electrode mounted at a
high negative potential with respect to the anode. The accelerated ions,
with an energy corresponding to the extraction potential, form a well
defined diverging bean. By converging the ion beam to a diameter of a few
millimetres on to a quantity of about 10 mg of the target material, economy
of target material is optimised. Typically, an argon ion besm of 20 keV at
2mA produces a sputtering rate of 20}45.::1:'z min'! of titanium on to a
substrate located 25mm from the sputtering source.

A simple glow discharge fon source has been developed by Nolen et.
al.?* ¢o prepare thin targets of W,Pt,Mo,Zn,Ti and Si by ion beam
sputtering with good efficiency for separated isotopes. '

To overcome some of the disadvantages associated with duoplasmatron
ion sources, i.e. difficult ignition, short filament lifetime and the
impossibility of using duoplasmatron sources for reactive sputtering with
gases such as 0,,N,,C, ,, etc. a Perming ion source has been developed and
used successfully by Wirth et.al?¥'?* {n nuclear target preparation.

An i{mproved fine beam ion source has recently been introduced for thin
film deposition which utilizes the saddle-field principle first proposed by
McIlraith.?>® Ssome of the unique properties of this source make it quite
useful for producing particular types of thin €ilr~. The advantages of this

type of source over the others previously described include:
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The beam contains a high percentage of neutral particles, thus
insulating materials can be sputtered as well as metals.

The beam produced by the source is approximately 2mm diameter,
therefore only small quantities of separated rare Isotopes can be
used.

No heated filament is used, consequently the temperature rise of
the evaporant is only approximately 10.6. insuring no thermal
damage to substrate or release agent, therefore the substrate can
be placed close to the source resulting in a high sputtering
efficiency.

The device operates elecrrostatically; no magnetic field is used.
Compared with duoplasmatron sources the electrical supplies are
relatively simple and inexpensive.

The source can be made small (approximately 4cm diameter x 4cm
long), is simple in construction and is inexpensive to
manufacture.

Although the sputtering rates are low (e.g. typically kOpg/cnz/hr
for Au and 5.5pg/ca’/hr for Ni), once the source has stabilised it
can be left virtually unattended for days with only minor

adjustments,

A typical Fine Beam Saddle Field Ion Source is shown in Fig 6, while

Fig 7 shows the general operation principles of the source. Secondary

electrons, liberated from the cathodes by the ubiquitous presence of cosmic

rays and stray radioactivity, oscillate between the two cathodes through a

central anode under the influence of the applied d.c. field. Argon

introduced into the source readily ionises and the positive ions produced

are attracted to the cathodes. The emerging beam contains a percentage of

neutrals, together with charged ions.
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Thi: type of ion source has proved to be ideal for the deposition of
small amounts of very expensive isotopes.l®1%2

Table 1 shows typical sputter rates for various materials deposited.

TABLE 1

MATERIAL Ag Au Co Fe Mn Nd Ni Os Pb Pt Si Sn W 2n
DEPOSITION

RATE 2 46 12 10 9 29 13 8 25 45 4 16 12 10
(pg/ca’ /h)

Deposition parameters: Voltage 4.5kV, Ion current 3mA, Ion Source
at 30. to material source, Ion Source to material distance 5cm, sub-

strate immediately above material at a distance of 3 ca.

2.2 _Fila Thickness Monitoring aud Measuresent

For obvious reasons it is desirable to be able to monitor film
thickness and rate of film growth during the deposition process. Various
thin-film monitoring techniques have been described in detail,
2-6,11,15,163-12 ' put for the purpose of this paper only those that have

been used in nuclear target preparation will be discussed.

2.3.] Gravimetric Devices.

Gravimetric methods are among the earliest and most convenient to use
for deternmining film thickness. Various balances, such as pivotal, torsion
fibre, quartz or tungsten helical spiral and magnetic suspension have found
applications as monitors. For more recent developments, especially vacuum
applications the reader is referred to Vacuum Microbalance Techniques

(Plenum: New York), the proceedings of annual symposia which have appeared
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regularly since 1961.

Perhaps the simplest technijue for determining evaporated film mass is
to weigh a small specimen foil, (for example a thin glass microscope cover
slide or a thin foil of nickel or Havar), mounted adjacent to the target
substrate, before and after deposition, and tius determine directly the
areal density of the deposited film. However, with films of a few xg/ca’® it
may be difficult to obtain adequate accuracy, because of gas desorption by
the monitor foil. The problem is further aggravated when handling materials
that rapidly oxidise, or are deliquescent. To minimise the weight loss
problems encountered in the single technique referred to, various workers
have used sensitive micro-balances within the vacuum system itself and

weighed the target material as it was deposited.}’?17®

3.2.2. Optical Methods,
A simple rule-of-thumdb method to determine film thickness is to view

the incandescent evaporation source directly through a transparent glass
slide mounted inside the vacuum chamber; when the evaporated film obscures
the filament, as observed by the eye, the film will be a predetermined
thickness. Though various materials will have different thicknesses at
vhich they become opaque, these thicknesses can be accurately determined.
For a uniform source a range of thicknesses can be measured, by using the
formulae published in standard references on thin film deposition.'”?
This optical method is only applicable to materials that are
transparent in the range of thicknesses required, As different materials
have different svaporation temperatures, it is difficult to determine
accurately the exact moment a film becomes truly opaque; considersble
experience is necessary to make this techniquse produce meaningful results.

More precise optical methods have been reported’®® % put their

’
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application to nuclear target fabrication is limited by the small useful
range of thicknesses that can be measured. It is also necessary to
calibrate the device for each target material used.

Maier-Komor'®™ has used a quartz-spectrophotometer to measure the
transmission characteristics of carbon foils in the wavelength range of
20000-25000 A. The transmittance, as a function of carbon foil thickness
vas messured at differenc wavelengths, and the absorption coefficients and
reflectivities of the foils calculated. Knowing these optical constants for
one wavelength it was relatively easy to calculate the absolute thickness of
a carbon foil by measuring its transmittance for this monochromatic light.
It is claimed that it is possible to distinguish between a 5 pg/ca® carbon
foil and one of 4.98 pg/cm®.

A simple densitometer has been developed by the author for measuring
the thickness of thin carbon backings and stripper foils. The apparatus
consists of an inexpensive photovoltaic cell, a light source and micro-
ammeter, mounted in a light-tight box. A carbon foil to be measured is
inserted between the light source and the photocell, the percentage
reduction in light transmission being noted. This reduction in transmitted
light will be proportional to the foil thickness. The instrument was
calibrated against known samples whose thicknesss had been accurately
deternmined by Rutherford scattering. Although not as accurate as the design
previously mentioned,’® this instrument was inexpensive to construct, is
easy to use, readings can be rapidly taken, and the results are quite

adsquate for all practical purposes.

2.3.3 Moving Coil Microbslances

The use of a moving-coil meter movement has been reported by various

workers in the field of thin film technoiogy.’"V® This type of
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instrument is capable of measuring both rate of deposition and the final
weight of the deposit by the displacement of a vane attached to the meter
sovement. The usual method of unbalanced position detection, used with
mster-type microbalances, employs an optical system with photocells (or
photoscnsifivu semiconductor diodes). An imbalance is detected by
photodetectors mounted each side of the centre-pivoted pointer, amplified,
and the resulting d.c. signal applied to the meter coil to restore balance.
The voltage applied to the coil is a measure of the torque causing
imbalance, vhich in turu can be used to calibrate the instrument in terms of
mass of materiali condensed on th' vane. After evaluating a moving coil
microbalance of the type described, the author concluded that the
instruments usefulness was inadequate for routine thin-film nuclear target
work. The device was far too sensitive to vibration and not robust enough

for practical use.

2.3.4, Quartz-Crystal Monitors

Perhaps the most widely used device for measuring fila thickness is
the quartz-crystal thickness monitor which combines robustness with
sensitivity and esase of operation. The sensitive elemeat of this instrument
is a quartz crystal, oscillating in the thickness-shear mode. The
characteristic frequency of the crystal is a function of the thickness of
the quartz plate and on the frequency constant of the quartz. If the
effective plate thickness is increased by depositirg a film upon it a
frequency shift results. Sausrbrey’® showed quantitatively that the shift
in resonant frequency of the crystal is linearly proportional to the mass of
the naterial deposited (at least for thin films).

The choice of resonant frequency depends upon the characteristics of

the particular installation and on the purpose of the investigation: the
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thinner the films under investigations the higher the desired sensitivity
and therefore the higher the change in frequency should be. For a large
thickness range the deviation from the linear region should occur as late as
possible and consequently thicker crystals with a low frequency change
should be selected. In practice the best compromise crystal resonant
frequency is about 5 Miz

Beside mass changes other factors can also lead to frequency drift.
Damping of the crystal varies with changes in its surrounding msedium, f.e.
initial evacuation of the svaporator containing the crystal monitor. Small
pressure variations have no influence, so if all measurements are under. iken
{n vacuua the damping will be negligibly small. By suitable comstruction of
the crystal holder frequency shifts due to mechanical shocks (i.e.
activating a shuttsr, etc.) can be eliminated. The most difficult erronsous
frequency shifts to eliminate are those due to variatiom in crystal
temperature. It is therefore important to select crystals with a low
frequency-temp :xature coefficient. AT-cut crystals, sliced at an angle of
35. 20’ relative to the natural crystal axis and having a near zero
temperature coefficient from -S.C to +ss'c are normally used. The heat from
evaporation sources is often appreciable, resulting in a considerable
increase in crystal temperature during dsposition and can exceed the range
of the temperature coefficient, therefore cooling of the crystal is
necessary’’>. The temperature drift can be further minimised by mounting a
second, shielded, compensating crystal in close proxrimity and water cooling
the combined crystal housing'’’ .

Quartz crystals are possibly the most versatile thin film monitoring
devices and are marketed by the majority of high vacuum equipment
sanufacturers. Many excellent articles have been published on the design

and uses of this type of instrument, i0185.19530 mygir yge for thin fiim
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puclear target fabrication has been extensively reported. ?03"3%

3.3.5 Thickness Measuxements Using Charged Paxticles.

Apart from gravimetric techniques, all the monitors described are
saecondary devices and require calibration against knowa standards. From
previous observations it will be realised that the condensation or sticking
coefficient of vacuum-deposited films depends upon many parameters, such as
substrate material, substate temperature, surface cleanliness, surface
texture, surface slectronic states, crystallographic form of the substrate,
otc.- Therefore the characteristics of a thin film deposited on to a
monitoring substrate can differ greatly from the film deposited onto the
substrate material used as the target. Few of the methods described are
easily adapted to both thickness and uniformity measurements.

The loss of energy of alpha particles -~s they pass through foils has
been used by many investigators to determine target thickness and
uniformicy,18°192,200.203  5ny pethod that has been used by the author is
the loss of energy of charged particles as they traverse the target, as
described by Thompson.}® Alpha particles of a known energy pass through
the target to be measursd; their mean energy is then measured upon emergence
from the target. This pernits the determination of the energy lost in the
target, from which the target thickness can be calculated using published
stopping-power tables.®2® The following limitation should be observed:

(a) The lower limit to the thickness measurable is determined by the

accursacy to which the snergy of the alpha pesk can be measured;

(b) The upper thickness limit i{s ~ 5 ng/cn’ for most materials;

(c) The final limitation is that the method only works for targets of

known composition and prefarably for targets of pure elements.
However, the technique described is in general quite accurate and

useful for target thickness measurements.
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4. Thin Targst Preparation

The types of targets used in low energy nuclear physics research fall

naturally into two groups, a) Self-supporting targets, which as the name

implies requires no backing membrane to give mechanical support; b) backed

targets, vhere the eleme:r . »r compound to be investigated is deposited on

to, and supported by, a thin membrane of a stronger material.

The most

commonly used backing materials are listed in TABLE 2 where their individual

merits are discussed.

TABLE 2 Backing Materials

Material Method of preparation Chemical inertness
Aluminiun Commercially available with thickness Soluble in alkalis
down to 180 ug cm?, Evaporated Al, HCl, H,SO, .
practical unsupported thickness Insoluble in HNO,
20 pg cmZ, acetic acid.
Aluminium Prepared anodically by immersion of Al Very slight
oxide foil in an electrolytic solution, e.g. solubility in
ammonium citrate + citric acid in double- acids and
distilled water. PH ~ 5.0. Exposed Al alkalis.
foil removed with dilute HCl leaving self-
supporting Al 0, film. Minimum self-
supporting thickness about 25 ug cm’>.
. 200-211
- Carbon (a) Evaporated from carbon arc on to a Isoluble in
glass microscope slide coated with a acids and
water-soluble release agent. Carbon alkalis.

film removed by immersing slide in
wvater,

(b) Evaporated, using electron gun, on
to glass-coated slide as described
later. Minimum self-supporting
thickness 2ug cn’?,



Collodion

(Cy,H,,K,0,0)x
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Solution of collodion in amyl acetate.
Film prepared by dipping glass slide
into solution and slowly withdrawing it.
When solvent has evaporated, f£film floats
on wvater as for carbon. Temperature-
sensitive.

Commercially available with thickness
down to 3.0 mg cm’2. Useful as a
backing for electrolytically deposited
films. Used as a backing for the
preparation of -elf-supporting Fe, Ni
and Cr targets. Target material
deposited on to Cu foll vhich is then
dissolved in trichloracetic acid+ammonia
solution (30g CCI3COOH+50 ml NH.O!H

* 500 ml distilled water).

Polyvinyl formal dissolved in

ethylens dichloride or chloroform.

(a) Film can be prepared by placing
drop of solution on to surface of water.
Surface tension forces cause droplets
to spread and the solvent evaporates,
leaving thin film on water surface.

Film may be picked up with metal frame.
(b) Prepare film as for collodion,

(a) Commercially available with
thicknesses down to 200 ug cm™
(bookbinders’ gold leaf). Fragile,
fibrous and difficult to handle.

(b) Evaporated on to glass microscope
slide previously coated with a water-
soluble release agent. Slide slowly
{mersed in water bath and floating
gold film picked up on suitable
target frame., Minimum thickness
sbout 100 pg cm?,

Insoluble in
aclds and
alkalis.

Soluble in llllo3
hot Bz 80, , very
slightly soluble
in HCl.

Insoluble in
acids and
alkalis.

Scluble in
KCN, aqua
regia.




Mylar
(polyethylene
tersphthalate)
(C..HO)

10784
Nickel

Nylon

VYNS

CH, -CH

Clin O.CO.CH3

Zapon

-CH, -CH-

-29-

Commercially available polyester
compound. Temperature-sensitive.

Commercially available with thicknesses
down to 4 mg cm 2. Useful as backing
for electrodeposited films. Evaporated
backings thicker than 50 ug ca™2.

Nylon chips are dissolved in isobutyl

alcohol by careful boiling in a double
boiler.
Formvar. Water bath is made neutral by

Films are prepared as for

tri-sodium phosphate, allowng better
spreading of floating nylon film.
Minimum thickness 10 pg.cm™ 3?12

VYNS dissolved in cyclohexanane to form
a saturated solution at 50-60.C and then
diluted with cyclohexanone to give a
one-third saturated stock solution. A
few drops of the solution are pipetted
into the corner of a rectangular water

bath. On pulling the VYNS drop across the

surface of the bath the thickness of the
spreading film is readily controlled.

When the solvent dries off, the VYNS film

is lifted from the water surfauce with a

wire loop or target frame. Minimum thick-

ness 1 ug ca?,

Temperature-sensitive.
Zapon lacquer is diluted in amyl acetate
and films prepared as for VYNS.
Characteristics similar to collodion.
Temperature-sensitive,

Insoluble in
acids and
alkalis.

Soluble in HNO,
slightly soluble
in HC1, H,SO,.

Insoluble
in acids.

Insoluble
in acids
and alkalis.

Insoluble
in acids.



-30-

Thin files targets are vital to the majority of accelerator experiments
in nuclear structure investigations. In fact, in many instances the
preparation of such targets is crucial to the success of the experiment.
Backed targets have thicker, usually metallic backings on to which the
target materials are deposited. However, the majority of those targets used
in low energy muclear physics experiments are esither self-supporting or
condensed on to a thin membrance such as metal, plastic or thin carbon. The

choice of backing material is determined by the experiment being undertaken.

4.1 Polyexystallins. Self:-Supvorting Taxgets. and Targets on Thin Fila
Backings.

Depending upon the material, the thickness required and the chemical
stability of the material, the target can be deposited either on to a
suitable substrate and subsequently removed, or on to a thin carbon backing.
The requirements for these backings are that they should be strong
mechanically, thermally stable under beam bombardment, and should not
interfere with the experiment under investigation. Carbon frequently
fulfils these requirements and has the additional advantage that it is
structure-free #1321 ig relatively simple to produce and has good vacuum

properties.

4.1.1 A General Technique for Producing Self-Supporting Targets.
The steps used by the author for preparing self-supporting films are

1llustrated in Fig 8 and Fig 9. A polished substrate (usually a
borosilicate glass microscope slide) is thoroughly cleaned by boiling in a
suitable detergent such as Haemo-Sol (Haemo-Sol Inc., Baltimore, USA),
folloved by successive rinsings in de-ionised water. The cleansd substrate

is then coated with a water-soluble film, by dipping the cleansd substrate
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into a concentrated detergent solution such as RBS25 (Chemical Products, R.
Borhghgraef, Belgium), or Teepol (Shell Ltd.), or into a glucose solution.
Alternativsly, a vater-soluble compound may be vacuum deposited on to the
substrate. Target material is now deposited on to the substrate by vacuum
dsposition. On removal froa the vacuum waporat;»r the slide is lowered at
an angle of approximately 45.. with target film upmost, into a bath of de-
ionised vater. The vater dissolves the soluble interface betwesen film and
substrate alloving the film to float on the surface of the vater. A
suitable target frame is lowered bensath the floating fiim and carefully
raised vertically with the film adhering to the frame. The target is allowed

to dry and stored in a desiccator until ready for use.

4.1.2 Release Agents Used in the Preparation of Self-Suppporting Targets

The choice of a water-soluble release agent as the interface between
substrate and deposited target material will be dictated by: the target
material required, the temperature stability of the release agent, the
experiment being undertaken (e.g. the soluble release agent may leave
elemental traces that can interfere with the experiment in progress), and
the crystal structure and lattice constant of the material being deposited.
In vacuum deposition, the choice of surface can make the difference between
depositing a uniform, cohesive film and condensing no film at all. By
selecting a suitable release agent, stresses introduced into a condensing
film, with subsequent shattering of the film when removed from the
substrate, can be minimised. Ramsay’’® suggests that the crystal structure
and lattice constant of the material which is to be dsposited must be
matched with a chosen release agent. The most commonly used release agents

ars listed {n Table 3.



TABLE 3. RELEASE AGENTS
RELEASE CRYSTALLINE MOL. o o
AGENT FORMULAE FORN WT. DENSITY MNP('C) BP{C) SOLUBILITY IN GMS PER 100cc.
WATER  WATER OTHER SOLVENTS
BARIUM CHLORIDE BaCl, Ccus ‘208 .25 3.856 925 1560 37. - §9 ss HCl, HNO;3
vsls al,
BARIUM IODIDE Bal, RHOMB 391.15 S5.15 740 - 170 - al 7720
BORIC ACID H3b0; TRIC 61.83 1.435 169 300 6.35 27.6 glc, eth, al.
BORON OXIDE Bo03 RHOMB 69.62 2.46 460 cal860 sl.s s
CAESIUM BROMIDE CsBr CuB 212.81 4.44 636 1300 124 vs., s.a.
CAESIUN I0CIDE Csl RHOMB 259.81 4.51 621 1280 44 160 s.al.
CALCIUM IODIDE Cal,y HEX 293.89 3.956 740 1100 209 426 s.al,acet.
‘ a.
COPPER Cu cus 63.546 8.92 1083 2595 - - trichloro-acetic
+ ammonia
MAGNESIUN NgCl1, HEX 95.22 2.3 708 1412 54.25 72.7 sl.
CHLORIDE
NICKEL NiCl, HEX 129,62 3.55 1001 973 b 64.2 87.6 al, NH,OH
CHLORIDE s
POTASSIUN KC1 CuB 74.56 1.984 776 1500 34.7 56.7 s.sl al, s eth,
CHLORIDE glyc, alk.
POTASSIUN KI Cus 166.01 3.13 686 1330 127.5 208 al, acet, sl eth
I0DIDE s Mg
SODIUN NaCl CuB 58.44 2.165 801 1413 35.7 39.12 sl s al, liq NHjy
CHLORIDE s glyc.
SODIUN IODIDE Nal CusB 149.88 3.667 651 1304 184 302 al, acet, s, glyc.

—z:-



TABLE 3 (comt'd)

RELEASE PORMULAR CRYSTALLINE zl. oensITy W) BP(°C) SOLUBILITY IN GMS PER 100cc.

5 FORM wnmmk "% g OTHER SCLVENTS
ZINC CHLORIDE znc1, HEX 138.28  2.91 283 732 432 615 al. v.s. eth.

(a)
ALANINE CyH N0, ORH 89.10 - 295 258, v - al.
BEDACRYL - - - - - - - - xyl.
BETAINE  (b) C.H, .NO..H.0 - 117.15 - 293 - v - al.
NONOHYDRATE $711772%72 d
rORVAR(S) CcHg0, - - 1.2 110 - i i  chloro, toluene,
15/95E
GLUCOSE-D CH,OHGHCHOH, 0 - 180.16 - 150 - s vs a1, ace. 4
L4 &
HEXADECYLAMINE (V) [(Qi a1,) | M1, ] - 241.46 - - - i i  hexane
(ACETYLANINE)
res 2s(®) - - - - - - v v -
SUCROSE €, %,0, - 342.3  1.58 185 - s v s.al.
teeroL® 610  sobruw SEC - - - - - v - -
ALXYL SULPHATE

(a)  ALANINE Koch-Light Laboratories Ltd, England. (d) HEXADECYLAMINE Maxman3®3
(b)  BETAINE Koch-Light Laboratories Ltd., England (e) RBS 25 R. Borhghgraef, Belgium
(c) FORMVAR 1S/9SE Shawinigan Resins Corp., U.S.A. (f) TEEPOL 610 Shell Chemical Co.



It is useful here to recapitulace the formation process of thin films,
as datailed previously. The process commences with the arrival of a single
vapour molecule at the substrate surface. It may condense, migrate across
the surface, or re-evaporate. In migration both collision and recombination
can occur. With subsequent loss of energy, stable islands are formed at
preferred growth points or adsorption sites, in the process of nucleation.
With the impinging of more molecules, growth occurs until the areas start to
coalesce. This somewhat oversimplified summary utﬁs to illustrate how the
substrate directly affects the formation of a film. The condensing
molecules must have an adequate number of adsorption sites and these sites
must be spaced at an interval which will allow coalescence and inhibit re-
evaporation. For epitaxial film growth, in which atoms deposited from the
vapour on to & solid surface take up and continue the original crystal
structure, the matching of the lattice spacings is critical. 1In
polycrystalline films the lattice constants may not be so critical but it is
the deteraining factor for both the number of adsorption sites and the
distance between discrete sites. The critical area for causing stress md
creating crystal defects is at the substrate film interface. To taks an
example, cobalt: in the solid form this is normally hexagonal but can be
induced to grow at room temperature in a cubic arrangement on a substrate,
such as copper, which has a cubic crystal structure. Below 20 angstronms
thick the lattice is strained to exactly match the substrate. Above 20
angstroms dislocations are gensrated to accommodate part of the difference
between the cobalt and copper lattices. If such a cobalt film were removed
from its copper substrate it would disintegrate from internal stress®.
Ideally, in order to obtain a uniform stress free film, substrates with the
same crystalline structure as the depositing material should be used; this

is particularly trus for a single crystal film. Fortunately this is not
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always a stringent requirement, for reasons which are not fully
understood®’>. Many elements can be satisfactorily formed on an amorphous
release agent such as Teepol, RBS25, Betaine, etc. A couprehensive study of
various parting agents has been undertaken by Braski®®,

Abele et a1.?' made a detailed investigation of the effects of release
agents on the uniformity of thin, self-supporting targets and concluded that
a release agent, such as Teepol, should be used in preference to agents with
a more crystalline structure. Their interpretation was that, with a
crystalline release agent, a number of evaporated atoms strike the release
agent at an angle in a region off-centre of the evaporation source;
therefore some crystallite replicas partially shade any "valleys” on the
foil surfaces and there is less thickness of foil in these valleys. This
observation was confirmed independently by Muggleton an .nder®* when
investigating how the method of target preparation modified the charge state
distribution of bromine ions as they passed through a thin carbon foil.

During an investigation into the pre-equilibrium charge states of
heavy-ions in thin carbon targets®’® it was observed that there were
irregularities in their initial charge state measurements, due presumably to
the uneven topography of the carbon film surface. Further investigations
indicated that this unevenness clearly related to the release agent used
during the preparation of the targets. Sodium chloride was chosen as a
release agent because, from previous experience, an evaporated chloride
contained fewver contaminants and gave a much smoother, more uniform surface

than did detergent type release agents (e.g. RBS25, Teepol, Betaine, etc.)

4.2 Iaxgats for Heavy-Ion Bombardment

With the introduction of Van de Graaff accelerators capable of
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producing ion beams heavier than mass-16 it is now possible to undertake the
type of heavy-ion experiments that were not feasible a few years ago. Many
of the same target preparation techniques used to fabricate samples to be
bombarded by light-ions (protons, deuterons, alphas, etc.) are used in
making targets for heavy-ion interaction studies. However, the large energy
losses and straggling that take place when high energy heavy-ion beams
penstrate targets demand more stringent control over target parameters.
Factors such as target thickness (atoms per square centimetre), thickness
uniformity, chemical purity, compound form, substrate material and target
flatness are all of concern in light-ion experiments, but they assume far
more importance in heavy-ion interactions studics. The unique

characteristics of heavy-ion targets have been discussed in detail 2733

4.2.1. Target Thickness and Uniformicy
Both thick and thin targets are used in heavy-ion research. Thin

targets (S 1 mg/ca?) are frequently used to minimise energy losses in the
target by the incident beam as well as by the resultant reaction products.
As the ion beam passes through the target, particle energy is lost by direct
collision mechanisms and straggling occurs.

The amount of energy lost increases as the square of the projectile
atomic number.

For heavy-ions the direct collision effects tend to become more
important than straggling :ffects. The energy loss effects dominate since

they are proportionsl to Z3

, whereas the straggling effects are
proportional to the first power of z,m’” . For heavy-ion research, target
non-uniformity becomes an important consideration if satisfactory resolution
of the energy states of reaction products is to be achieved. Energy losses

will vary with the non-linearities in the target, heavier ions losing more
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energy per unit thickness of target than lighter ones.

When using very heavy ion beams, excellent target uniformity is
necessary if accurate measurements are to be achieved. A few typical
examples will indicate the problems associated with target non-uniformities.
In Fig. 10 is shown a grossly non-uniform target with a step in the centre
of it. This example illustrates how target non-uniformity increases the
ensrgy spread of the transaitted beam. The beam, passing through the
thinner section (shown as dashed lines), has a smaller energy loss than has
that portion of the beam passing through the thicker section (dotted lines).
The effect of combining the two smaller peaks into the larger one (solid
curve) is to increase the energy spread of the beam.

Three other forms of target non-uniformity encountered in practice are
illustrated in Fig.1ll. The target depicted in a) is a wedge-shape and can
occur if the substrate is situated too near the evaporation source during
target preparation. In b) the non-unformity takes the form of microscopic
roughness on both surfaces and is encountered, for example, when a
unsuitable release agent is used.

A third type is a void in the target c) or a cavity caused by a
material that has been deposited onto a backing having an isolated cavity
between the deposited film and the backing, or vhare a portion of the target

has become detached from the backing.

4.3 TIarget Lifetime

Since the cross-section for a particular reaction of interest may be
very small, the target may be required to endure long-term beam bombardment
to obtain statistically significant data. Several effects occur within the
solid target under heavy-ion bombardment which tend to shorten target

lifetimes: these effects will now be briefly discussed.
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4.3.1. Ihermal Effects

The energy per second, or power, deposited in a solid target by a
penstrating beam of heavy-ions can cause Iintense heating of the target foil
resulting in a limited lifetime dus to the evaporation of target atoms in
the vacuum, even at target temperatures below the melting point.B¥"4? 1t
has been assumed that the target foil will be destroyed if one third of the
target atoms are evaporated. Therefore in designing targets, careful
consideration must be given to the required beam intensity, target thickness
and the power dissipation limit of the target. A careful balance must be
maintained between the parameters noted and the time required to achieve
significant results without thermally destroying the target.

Several investigators have endsavoured to maintain target temperatures
by utilising the following techniques:

1) Design of target holders which provide gas cooling®?*:%23

2) Use of targets coated with a good thermal conductor®?®

3) Use of a rotating target mount to limit beam dwell time??%-2%%

4) lon beam scamning on a stationary target®

However, all these approaches to minimise thermal effects place
additional constraints on the targets, e¢.g. target size may increase with

gas cooling, and increased mechanical strength is frequently required, all

of which influence the choice of methods used to prepare such samples.

4.3.2. Iaxget Dasage Caused by Hesvy-Ion Bombardment
The process that describes the damage caused by the bombardment of

targets with heavy-ions has been comprehensively dealt with by Schilling®?’,
Yntema and Nickel?*? and Schulson®®®, it will be therefore sufficient to

sumnarise the process in the following two steps:
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1) Heavy-ions colliding with a target cause a transfer of kinetic
energy in approximately 10°Y second to one target atom. The
target atom receiving the input energy is called a "primery-
knock-on-atom” (PXA). If the transfer of energy is sufficiently
large (~25eV), the primary-knock-on-atom will be dislodged from
the lattice and a vacancy-’nterstitial pair (Frenkel Defect) will
be formed.?® The mmber of primary-knock-on-atoms formed is
dependent on the heavy-ion flux and the differential cross
section.

2) Primary-knock-on-atoms subsequently collide with other atoms and
distribute their energy throughout the target lattice until their
residual ensrgy is too low to cause further lattice
displacemsnts.

The second process is called a displacement or collision cascade vhich
proceeds until the energy of the primary-knock-on-atom decreases to ~25 eV,
The collision-cascade process lasts ~ 1 to 3x107’2 gec, with the remaining
energy dissipated in about 10! sec. The cascade region consists of
undisplaced atoms, lattice vacancies and interstitial atoms arranged such
that the vacancies are concentrated in a "depleted zone” and the
interstitial nuclides are in the periphery of that zone.

A single primary-knock-on-atom generally leaves a vacancy in the
target lattice and, if the moving interstitial nuclide has sufficient energy
to escape the vacancy, direct displacement occurs. However, if the
ip~erstitial atom has insufficient energy, a replacement occurs. For heavy-
ion collisions, replacement collisions outmmber displacement collisions.

To determine the effect of radiation damage on the useful target
1ifetime, a vartial lifetime resulting from nucleus-nucleus interactions

sust be established, {.s. the time required to displace one-half the target
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atoms from the original lattice®?!,

It has been estimated that if the target temperature is maintained at
a fev hundred degrees (as would be expected), a large fraction of the damage
sites would be removed by amme=ling and the partial lifetime increased by
one or two orders of magnitude??®. It appears that the effect of radiation
on target lifetime is minimal compared with thermal effects; however
radiation damage might become the primary consideration for targets where

the thermal effects are minimised through cooling.z“

4.3.3. Sputtering of Target Material

A special kind of radiation damage is sputtering of target atoms from
the surface (spallation). Sputtering is assumed to result from cascades of
atomic collisions. When an impinging ion collides with a target atom, the
recoiling atom, or primary-knock-on-atom, has sufficient energy to produce
other recoil atoms in subsequent collisions. This series of collisions can
result in ejection of atoms from the target surface into the surrounding
vacuun. The major portion of atom sputtering, caused by recoil atoms,
occurs within only a few atomic layers of the target surface because of the
relatively low energy of the recoil atoms. Maor®**® concluded from his
studies of the effects of heavy-ion radiation damage on target lifetimes,
that the damage caused by sputtering is negligible compared to radiation
damage. Most of the energy loss is consumed in generating thermal effects
and radiation damage, with only small amounts being dissipated in the
sputtering process. Sputtering of target material can be minimised by
coating the target layer with non-target material. This technique was
reported by Folger and Nickel?** who used 5.5 mg/em’ gold targets coated
with 60 ;:g/mlz carbon layers which reduced the gold sputtering rates by a

factor of approximately 100 during bombardment with 80 MeV iodine ions.
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Sputtering yield data for several materials under heavy-ion bombardment is

reported by Anderson and uy‘“ .

4.4 Target Puxity
In determining the appropriate target design and composition, one of

the major considerations in both light-ion or heavy-ion experiments is the
unvanted reactions which can either mask or :cducc detection of the desired
events. For heavy-ion experiments, low-Z contaminants are particularly
troublesome since they generate significant yields that are not esasily
substracted from the total target yields. On the other hand, high-2Z
materials produce a2 "smooth" background that can be more easily substracted.
It has been known since 192823%-3% that as the atomic mumber of target
nuclei decreases there is a decrease in the coulomb barrier energy and a
corresponding laxger cross-section for nuclear reactions with the incident
beam. The energy loss of the heavy-ion in the target also increases with
decreasing atomic number of the target nuclide. For all these reasons it is
clear that low-Z impurities in the target should be eliminated. Target
materials are used in their elemental form whensver possible to avoid the
presence of extraneous low-Z nuclides. Usually a compromise must be made
because other considerations such as chemical reactivity, material
availability, and material cost may limit the target material to some

compound form,

4.5. Doppler Shift Effects

Lifetine measursments of excited states of nuclei formed by heavy-ion
collisions create special problems in the preparation of suitable targets.
Two basic measuremsnt techniques are employed utilising the Doppler shift

phenomenon to determine nuclear events having periods of 107*% to 107°




-42-

seconds. They are the Recoil-Distance Plunger Method (RDM) and the Doppler
Shift Attenuation Method (DSAM). Both of these methods are described in
detail 527

Targets used in each of these experimental techniques have specific

characteristics which will be briefly described below.

4.5.1 Targets for the Recoil-Distance Plunger Method (RDM).

In experiments using the recoil-distance plunger method, excited
nuclei recoil from a thin target into a vacuum and are stopped by a plunger
foil situated a small distance from the target. The targets used for the
recoil-distance plunger method must be thin, flat and plane parallel to the
plunger foil. Recoiling nuclei must escape the target, and the distance
between the target and plunger foil must be determined to a high degree of
accuracy. Deviation in flatness of the target will cause errors in distance
determination and may prevent some nuclei escaping from the target. Also,
consideration must be given to beam heating effects in the plunger foil. It
has been observed?*® that thin Gd and Ca targets deposited on Mo backings
failed mechanically. It was claimed that the failure was due to tensile
stresses set-up between the target and backing by the temperature induced
from the irradiating beam. It is somgetimes necessary to minimise plunger
foil thickness to allow maximum transmission of the incident beam and yet
allow enough thickuess to stop recoil target nuclei. The plunger foil is
normally the determining factor governing the maximum beam intensity that

may be used.

4.5.2 Taxgets for the Doppler Shift
Actenuation Method (DSAM)

Targets for Doppler Shift Attenuation Method measursments frequently
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consist of thin deposits of the target atoms on relatively thick substrates
made from heavy elements. The thin target deposits must be uniform and void
free, adherently bonded to the substrate ntgrial. Voids in the interface
-botvun target film and substrate material can result in lifetime
measurer it inaccuracies. The recoiling ions that pass through voids
(microcavities) during part of the slowing down process give rise to lower
attenuatiorl of the Doppler broadened lineshape. Evidence for void formation
has been presented by Samoilov et al. for oxides of vanadium and niobium as
well as many other compounds.>® As bulk density valuss are used in
stopping pover calculations, voids will cause errors in measurements.
Generally, the targets must be free from contaminants because of inherent
changes in density and stopping power which these impurity nuclides may
cause. Other areas of concern include losses of material due to sputtering
or vaporisation and the possibility of separation between the target layer
and the substrate, known as blistering?®®. In the suthor’s laboratory, lead
used as a target stopper material melted on exposure to the heavy-ion beam
and had to be replaced with tantalum. A similar Doppler Shift attenuation
experiment undertaken in the same laboratory, indicated either blister or
void formation at the interface between the Fe and Cu layers in the Os-Fe-Cu

sandvich target being used.

5. gCaxbon Bsckings and Stripper Foils

5.1 Intreduction
Extensive use of carbon films is made i{in nuclear structure research
for thin carbon backings and for stripper foils. The contents of this

section will be concerned with this aspect of thin-film nuclear target

development,




5.2 gCaxbon Backings and Stripper Foils in Gensral
Depending upon the material, the thickness required and the chemical

stability of the msterial, the target can be deposited either on to a

suitable substrate and subsequently removed, or on to a thin backing. The
requirements for these backings are that they should be strong mechanically,
thermally stable under beam bombardment, and should not interfere with the
experiment under investigation. Carbon frequently fulfils these

requirements and has the additional advantages that it is structure-free and .
has good vacuum properties. It is also relatively simple to produce.

Thin (< S pg/ca®) self-supporting carbon foils are used extensively as
electron strippers in heavy-ion accelerators, especially in tandems where
the negative ion besm is converted in the high voltage terminal to a
multiply-charged positive beam, by means of a charge-exchange process. Both
gaseous and solid strippers have been used. However, for heavy ions the
mean charge state obtainable with gas strippers is considerably lowsr than
that obtained with foil strippers. Consequently the energy of the beam from
the tandem is much higher if a foil stripper is used. The energy for very
heavy ions is approximately doubled. For example, in an electrostatic
accelerator with a terminal voltage of 13 MV, the average charge state in a
uranium beas stripped by N, gas is +5 and that in one stripped by carbon
foils is +11. That is, the energy to which the stripped ion will be
sccelersted changes from 90 MeV to 180 MeV if a carbon foil can be used
instead of a gas scripporm . -

Compared with other possible foil materials, carbon has the advantage

of being mechanicslly stsble at very small thicknesses and has a low atomic

number which reduces multiple scattering of the ions passing through the
foll.
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As the use of thin carbon foils is so extensive their preparation has

been widely documented. 1283

5.3 Stripper Foils

The main interest of the experimentalist is in the quantity of
monoenergetic heavy ions per stripper foil he has available for his
experiment. Therefore, he is primarily interested in the quality of the
stripper foil and not so much in its lifetime. The main criterion of foil
quality is given by its thickness: the stripper foil should not be thicker
than necessary to achieve the equilibrium charge state distribution,
otherwvise the quality of the beam is unrecessarily worsened. It has been
demonstrated that for tandem accelerators with a terminal voltage below 15
MV the foil thickness should be less than 5 pg/cnz. The intensity of the
most probable charge state decreases very slowly for thinner stripper foils,
therefore the lower straggling in a thinner foil results in higher
transmission.?®® It was shown that with heavy-ions up to nickel a 3 pg/ca?
stripper foil increased the emittance by 508 compared to a 5 pg/ca® foil.
Obviously there must be a practical limit to the foil thickness and
consequently a compromise is made between minimum thickness and mechanical
strength, Carbon stripper foils, with thicknesses of 2-3 pg/cn®, are
routinely produced in the author’s laboratory by the technique described in

the following section.

5.4 Techniques for Preducing Carbon Stripper Foils
Thers are two main techniques currently used for making carbon

stripper foils:




1) evaporation/condensation processes in high vacuum, whereby either

an electric arc is struck between two carbon electrodes, or
conduction heating of the electrodes takes place. Altermatiwely,
an electron gun is used to sublime a pellet of pressed carbon
powder.

2) decomposition of organic compounds such as methyl iodide or

ethylens by means of a d.c. glow discharge.

5.4.1 Evaporation Condensation Process in High Vacuum.
The techniques employed for the evaporation, or more correctly

sublimation, of carbon are described in the following sections.

5.4.1.1. Conduction Heating.
The conduction method, first described by Bradley?*!, is the most

videly used technique although many experimenters have modified the original
concept, all report using similar apparatus 3:244.387.288  m,g cechnique
used in the author’s laboratory to produce carbon stripper foils is a
modification of the technique described in Ref. 244, Briefly, two 1/4"
dianeter, high purity graphite rods, having pointed ends and clamped in
water-cooled supports, are held in contact while a current of approximately
200 inporu is passed through them. Sufficient temperature is generated at
the junction to cause sublimation of the carbon. The carbon vapour is
condensed on 75mm x 25m borosilicate glass microscope slides which have been -
coated with & water-soluble release agent; in our case we use RBS25. Carbon
deposition takes place in a vacuum of ~ 1x10"2Pa. The carbon-coated slides
are removed from the vacuum evaporator and dipped into a dilute solution of
cellulose nitrate (70 ml of collodion diluted to 1 litre in amyl acetats).

This cellulose nitrate film thickness i{s controlled by the rate of

]




-47-

vithdraval of the slide from the solution!’.

When dry the cellulose coated carbon film is floated off on a
distilled water bath (Fig. 9 and picked up on an appropriate stripper foil
frame. By using a thin plastic coating, the extremely fragile carbon films
(2-5 pg’ca’) can be mounted on the stripper frames without breaking. With
the majority of self-supporting foils the most critical part of the
operation seems to be when the mounted foil is drying; most breakages occur
at this stage. A thin plastic supporting film minimises these losses. By
placing the dried foils in an oven at 400°C for 10 minutes the cellulose
layer is decomposed leaving only the carbon foil. Previous attempts at
removing this plastic layer with the accelerator beam or by focusing a high
intensity lamp onto the centre of the foil were only partly successful in
removing the cellulose, as a residus of the decomposed layer remained on the
carbon foil for a considerable period of time. All stripping and mounting
steps are undertaken in a laminar flow cabinet to minimise dust accumulation

on the carbon surface.

5.4.1.2. Arc Evaporation

Bradley?! first published the technique of producing thin carbon
foils by carbon-arc evaporation and he was soon followed by Pfeiffer®®® and
Blue.?”® More recently Takeuchi et al.?%’ have reported fabricating carbon
stripper foils by carbon-arc evaporation. They used 3 mm diameter
spectroscopic grade graphite electrodes mounted horizontally in a vacuunm
evaporator. One electrode was fixed while the other one could be adjusted
from outside the vacuum chamber to msintain a working gap of 1-3mm. The
pover supply used was that of an argon-arc welder with a no-load voltage of
80 volts; when a gaseous discharge was initiated this voltage dropped to 20

volts. In the plasms of this carbon-arc process the carbon atoms gain much



more energy than in the conduction heating method. Thus the condensation
mechanism can occur differently, which may result in a different structure
for the carbon fil_-.’“

5.4.1.3. Caxbon Evaporation by Elsctron Bombardmsnt
The technique of carbon deposition by electron bombardment has

increased in interest since the publications by Maxman®’! and uorpn.’n

With this method the control of evaporation rate is relatively simple and
the carbon source is nearly unlimited. Either a thick, long, carbon rod can
 be fed vertically into the electron gun crucible, or alternatively powdered
carbon can be pressed into a suitable sized pellet for insertion in the
crucible. Although control of evaporation rate is simple with this
technique, the deposition rate is slower and capital outlay for equipment is

much higher than with the conduction method described in 5.4.1.1. above.

5.4.2 Caxben Stripper Folls Produced by a d.c. Clow Digcharge
The use of a glow discharge to crack hydrocarbon gases was first
reported by Konig and Holwi;.zn Since then thin isotopic carbon targets

have been made by using a d.c. glow discharge in isotopically enriched

274,273

acetylens gas. More recently hard, high-resistivity carbon layers

have been produced on metal substrates from ethylene by the same

76

tcchniquc.z This led later to the production of thin self-supporting

carbon films suitable for use as electron strippcrs.m

A high proportion of laboratories engaged in low-energy nuclear
research use this glow discharge technique for making carbon stripper foils;
it is claimed that the lifetimes of these foils far exceed those of foils

made by other methods.?*
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5.4.2.1. Glow Discharge Technique for Making Carbon Strippex Foils as

daveloped by the Author
The apparatus and technique used by the author to produce foils by a

d.c. glow discharge is similar to that described by Tait et al.®* and
Gallant and Dmytrenko.?’” The assembly shown in Fig. 12 and Fig. 13
comprises two insulated planar electrodes spaced approximately 60 mm apart
and housed in a vacuum chamber. This chamber consists of two vacuum flanges
separated by a glass tube. The base flange, which supports the cathode, is
mounted on a standard vacuum evaporator. The top plate supports the anode,
a thermocouple pressure gauge and a needle valve. An earthed electrods
plate is placed between the baseplate and the cathode so as to enable the
confinement of a glow discharge to the volume between the two electrodss.
Without this plate the discharge spreads throughout the chamber making
control and reproducibility impossible.

The procedure we used to produce thin carbon foils by the d.c. glow
discharge method was as follows: a 75 mm x 75 mm, highly polished stainless
steel plate was used as the substrate. This plate was thoroughly cleaned in
a detergent solution, followed by an alcohol rinse and successive distilled
water rinses to remove any surface contamination. A thin layer
(~ 10 pg/cw) of sodium chloride was vacuum evaporated onto the polished
surface of the plate; care was taken to ensure that the plate was free of
surface dust to prevent pinholes in the final film. The plate was stored in
a vacuum desiccator until required. Prior to carbon deposition the
stainless steel plate was placed, sodium chloride coated surface upmost, on
the cathodse and the bell jar evacuated to less than 5x102Pa. The chamber
was back-filled with a 908 ethylene: 10% argon mixture to atmospheric
pressure and after a few minutes was evacuated once more. The

ethylene/argon mixture was again introduced and a pressure of 4 Pa (as
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msasured by a thermocouple gsuge) vas maintained. To safeguard the gauge it
was disconnected before applying a potential to the cathode. As stripper
foils thicker than 5 u;/a' are unacceptable deposition parameters were
chosen to produce foils less than this valus. Typical values of voltage,
pressure and time were: 3 kV, 20 mA, 25 Pa and 10 seconds to produce a 4.5
pg/ca® foil. Such plasma-made foils were found to be mechanically weaker
than those made by evaporation; therefore to minimise breakages vhen
attempting to mount the foils, the stainless steel substrate was dipped into

a weak collodion solution as described in section 5.4.1.1.

5.5. Techniques to extend Carbon Stripper Foil Lifetimes

The literaturs on cs~bon stripper foils is voluminous and to some
extent controversial. No attempt will be made to treat the subject
comprehensively. For such detailed reviews the reader is referred to
several other publications, 34:258.261,206,270,278-200 1¢ g gppgrent that
short stripper-foil lifetimes are partially caused by a change in the mostly
amorphous structure of the carbon films to a more crystalline form in the
beam spot area.

To date, efforts to improve foil lifetime have followed two general
lines of investigation: 1) modifying the crystalline structure of the foil,
and 2) developing techniques to relieve t"he stress in the foil and/or to
present a slackened foil to the irradiating beam. Currently there exists
consicerable difference of cpinion as to the most effective fabrication

technique to use.

5.5.1 Medifications to the Crvstallins Structure
Two fundamental approaches to extending carbon stripper foil lifetime

by modifying the foil’s crystalline structure have been investigated. One




-51-

technique is to prepare foils of an amorphous structure by a d.c. glow
discharge in a hydrocarbon gas. These foils resist the graphitisation
process for a longer time. The graphitisation process which takes place
during heavy ion bombardment, is delayed relative to the standard carbon
foil, due to the high hydrogen content which stabilises the amorphous
coqositian.”"z"'m The other method is to induce a graphitised
structure by either heat treatment, by electron bosbardment, or by laser-

beam irradiation. %28

5.5.2 Raducing Foil Breakages Dus to Shrinkage
Considerable ingenuity has been shown by various groups investigating

means of reducing the incidence of foil breakages due to shrinkage. Ome
technique reported is to slacken the foil once it is mounted on the
retaining ring.?”> The carbon foils are floated onto softened aluminium
rings of 16 mm and 17 mm outside diameter and allowed to dry. These rings
are then compressed in two stages under a hydraulic press to an outside
diameter of 15 mm. This reduction in diameter causes the attached carbon
foil to adopt a dome shape, thus allowing the surface area of the foil to
shrink by more than 208 during irradiation before destructive stresses
develop. Using this technique, the yield of useful 2-3 pg/cn foils,
suitable for stripping is very low due to their extreme fragility. The
typical capacity of a foil changer is approximately 250 stripper foils, and
consequently making a full loading of foils is both tedious and time-
consuming using the above method,

A simpler technique to produce "slackened” foils was to use a highly
polished "dimpled” stainless steel sheet as the substrate. The dimpled
plate was coated with a water soluble release agent and used as the

substrate for carbon foils produced either by vacuum sublimation or by gas-
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discharge. Vhen floated off on a standard water bath and picked up on a
suitable frame the mounted foils were slack in the centre. However,
considerable care was necessary to locate the slack portion centrally across
the frame cportnrc.m

Another technique was to seal the target frame, supporting the still
wet carbon foil, across a circular aperture. An air-jet vacuum pump was
used to evacuate the space behind the aperture to obtain a vacuum of
spproximately 5x10°Pa. This vacuum was controlled by means of a small
needle-valve and maintained until the carbon foil, still floating om its
frame, depressed into a domed area 2-3 mm deep. The foll was dried with a
hoa‘t lamp before the pressure across the foil was reduced.?®

An entirely different approach was to deposit carbon from an arc
'source onto hesated soda glass substrates. The glass surface had been given
a prolonged chemical treatment to form a "fogged”, roughened surface.?®

This roughened surface incresused the effective area of the deposited
carbon, thus prolonging the time before the foil stressed and ultimately
ruptured under ion bombardment.

The technique used by the author for manufacturing stripper foils has
been described in section 5.4.1.1. It is thought that two factors have
contributed to increasing the lifetime of these stripper foils compared with
the standard carbon foils used for target backings. Firstly, all floatati{on
and mounting operations are undertaken in a laminar-flow cabinet to minimise
the possibility of airborne dust particles settling on the carbon surface.
The foils, still wet, are allowed to dry in the cabinet with the low
pressure airflow blowing perpendicular to the foil surface. The tendency is
for the foil to form a "dome” centre. Secondly, the foils are transferred,

when dry, to an oven and baked for 20-30 minutes at 400°¢C to remove the

supporting collodion layer. Simultaneously, the temperature is sufficient
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to partially graphitise the carbon.

To date, the stripper foils produced at ANU by the above method have
been satisfactory for the experiments being undertaken, using heavy-iom
beans with masses up to and including that of bromine. Consequently there

has bean no necessity to undertake more elaborate fabrication techniques.

5.6. Comparison of Carbon Stripper-Foil Lifetimes

It is difficult to obtain a realistic comparison of stripper-foil
lifetimes between the various laboratories engaged in this work. Foil
lifetimes are compared between foils produced by the standard sublimstion
techniqus and those produced by the large mmsber of techniques detailed
above. Extended lifetime claims vary from a factor of 55** to a factor of
6.3 However, many results quoted have been obtained with test machines,
and the results extrapolated. Performances have been quoted for stripper-
foils as thick as 10 pg/ce® in many cases which bear little relationship to
hov a realistic stripper foil, 2-3 pg/ca® thick, will perform in practice.

Qualitative statistics for carbon stripper foils, made by the author
and used in the terninal of the ANU 14UD Van de Graaff accelerator over a
period of ten years show that the main reason for foil rejection has been
thickening of the foil, not breakage as has been reported by other
laboratories. The technique used by the author only differs slightly from
those techniques used in similar nuclear target laboratories, it is
therefore difficult to explain why our foils have a superior lifetime to

those reported elsevhers.




6. gpeclal Target Making Techniques

This final section is primarily concerned with special nuclear target
preparation techniques.

Section 6.1 discusses targets that are made by first reducing the
oxide of the element being investigated, followed by evaporation of the
resulting metal, to produce the required target. The two major methods of
oxide reduction, i.e. reduction with hydrogen or the simultaneous reduction-
distillation by the metallothermic method, are described. A technique for *
producing thin, self-supporting targets of calcium, magnesium and zinc is
outlined. The increasing importance of rare-earth isotopic targets is
emphasised and the use of lanthanum and thorium in the reduction-
distillation of these targets is discussed. The evaporation process is
treated in detail.

Techniques that have been developed for fabricating various isotopic
oxygen targets are discussed in section 6.2 and comparison is made between
the qualities of the methods.

- Section 6.3 deals with miscellaneous targets and target-making
techniques. These targets are either chemically or thermally unstable in
their elemental form and chemical couversion is necessary to produce a
satisfactory target. The development of a technique to fabricate self-
supporting, stress-free targets of some refractory elements such B, Be, Co,
Cr, Fe, Ni and Ta, is described. This section concludes with a description

of the technique developed to make self-supporting targets of Ca, Mg and 2n. .

6.1 Iargets Produced by First Reducing the Oxide to the Metal
The majority of solid, natural isotopes are only supplied in the form

of simple compounds; usually oxides. This {s frequently because the metal

is not the most stsble form of the element. It is therefore advantageous,




in the case of the more reactive elements, to perform the reduction to the

metal simultaneocus with, or immediately prior to, fabricating the target.
Three general reduction methods are used in nuclear target

manufacture; reduction using hydrogen gas, reduction/distillation with

active metals or with carbon, and electrolytic reduction.

6.1.1 Hydrogen Reductions
Hydrogen reductions are by far the simplest and most straight-forward

of all reduction techniques. This meth.d of oxide removal has been utilised
for many years in the electronic valve industry for cleaning metal
electrodes and compone..:s. When metal parts are heated in an hydrogen
atmosphere, not only are foreign (impurity) gases driven off but also metal
oxides are reduced by the reaction ZH.O - 2!!. +0,. For this reaction to be
effective, the partial pressure of the oxide (0z dissociation pressure) must
be larger at the chosen temperature than that of water vapour formed from 0,
and H, in the reaction vessel. If this is not the case the reverse reaction
occurs, 2M + o, - 24 _0: not only is there no reduction, but previously
unoxidised metal surfaces become oxidised.?® It is therefore necessary to
keep the partial pressure of o, in the reaction vessel as low as possible;
also the hydrogen used must be pure and free from water vapour. Cu, Ni, Fe,
Co, Mo and W are reduced at all temperatures between 200 and 2000°C and
remain oxide free. This is because the dissociation pressures of their
oxides are higher than that of water vapour. However, other oxides having
lower dissociation pressure, i.e. BeO MgO, Alzo’, etc., are not reducsd.
Friebel et a1.297:39 4nd Heagney and Heagney®®® report the reduction

of Cr,0,, Cu0, Fe O

2V 205 GeO

;0 In,0,, Pb(NO,),, $n,0,, TIZO, and WO, by heating

these compounds to a high temperature in a hydrogen atmosphere. In all

cases they have carried out the reductions in hydrogen-filled tube furnaces,
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taking precautions to ensure the hydrogen gas used was ultra pure and dry,
with a wvater and oxygen content less than 1 part per million.

The author has carried out routine hydrogen reductions of CuO, 1'-'.103 .
sn‘o, . Pb(No,) 2 and WO3 in a standard vacuum ovapotatoi chamber, which has
the advantages that, once reduced, the metal can be evaporated without
exposing it to atmosphere and the reduction process can be observed
continuously. It has been found that reductions are satisfactorily achieved
using high-purity cylinder H,, without resorting to purification, such as
drying the gas or passing it through a palladium barrier to eliminate
residual oxygen. The oxide to be reduced is contained in an evaporation
boat, which is mounted in the vacuum chamber. The chamber is initially
evacuatad to ~ 1X10™? Pa, isolated from the vacuum system and filled with
hydrogen. This step is repeated to ensure that the residual oi:y;cn within
the chanber is negligible. The chamber is once more filled with hydrogen to
a pressure of approximately 5x10°F. and maintained at this pressure while
hydrogen is leaked into the chamber at a flow rate of 2 litres/minute. The
evaporation boat is heated by either R.F. or resistive heating to -
approximately 1ooo°c and the reaction allowed t. proceed until complete
conversion has taken place. When cool either the chamber is evacuated to a
good vacuun for subsequent evaporation of the reduced metal or alternatively
the metal is removed and stored for future use.

Hydrogen reduction of oxides has the advantages of:

1) 1it is a clean procedure, because there are no impurities to
contaminate the orepar~d element as is the case with
metallothermic reductions to be described in the followng section.

2) efficiency of hydrogen reduction is in most cases nearly 100s.
However, as has been explained previously this technique is
limited to the reduction of the oxides of those elements with a

lower oxygen affinity than hydrogen.?%
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6.1.2 Metallothermic Reductions
The application of pyrochemistry to the preparation of pure metals has

been used for many ycars"”“““

and presents itself as a useful technique
for reducing isotopic oxides of those elements that are not readily reduced
by hydrogen. This technique involves the reaction of a reducing metal
(referred to as the reductant),with the oxide of the element to be reduced.
The temperature at vhich this reaction occurs must be such that the vapour
pressure of the reduced metal is at least 10 Pa, while the reductant vapour
pressure is at least two orders of magnitude less than this value. Under
these conditions the reduced metal is separated from the oxide by
vaporisation according to the chemical equation uio, + zR - nio' + xnt.
where M is the pure metal distillate and R is the reductant metal .3

The technique, in general utilises an active reductant such as Al, C,
Ca, La, Ta, Th, Ti, Y or Zr, whose oxides are non-volatile. The process
usually takes place in a vacuum evaporator, using any one of the many
heating methods described previously to achieve the reaction temperature.
In the majority of cases the reduced metal evaporates near the reaction
temperature, whereas the reductant and its oxides hav a relatively low
vapour pressure at this temperature.

One can often simultaneously reduce the target material and evaporate
it onto the substrate. However, in many instances it is necessary to
evaporate onto a thin backing or membrane (usually carbon), particularly
with materials such as Ba, Ca or Mg which react with the atmosphere and have
to be conveyed to the accelerator target chamber in a sealed container.
Unfortunately the sticking coefficient for Mg and Ca evaporated films on
carbon is low and the resulting deposits are patchy or uneven. To improve
condensation, the author mounts an auxiliary hoatof of coiled tungsten wire

adjacent to the evaporation boat. Using the radiation generated by this
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heater to heat and outgas the carbon foils before reduction and evaporation
taks place, film adhesion i{s considerably improved. The backings are also
shielded from the evaporation source, apart from a small central hole for
the stream of evaporant. The two precautionary steps of outgassing the
foils and shielding most of the heat from the evaporation source greatly
improve condensation of the evaporant. The powdered oxide of the material
to be reduced is heated in air for 2-3 hours to drive off absorbed compounds
such as H,0 or CO,. The oxide is then intimately mixed with the finely *
divided reductant and the mixture is pressed into a pellet to assure good
physical contact and to exclude as much gas as possible. Generally, one and
a8 half to two times the stochiometric ratio of reductant to oxide is used to
allow for oxidised reductant and non-uniform mixing. It {s important to use
finely-divided reductant, but since active metal powders oxidise rapidly,
they are most effective if freshly prepared from the bulk material just
prior to each reduction. Fresh filings from a lump of the reductant are
generally used. The compressed pellet is designed to make good thermal
contact in the tantalum crucible. Most reductions take place at 1000-
2500°K.

A list of the materials the author has reduced by H, reduction and by

reduction-distillation methods using reductant metals is given in Table 4.

6.1.3. Rare-Earth Targets.

With the introduction of higher energy Van de Graaff accelerators it -
is now possible to undertake many more experiments involving the ;aro-earth
group of isotopes that previously were impracticable. Consequently there
is an increasing demand for nuclear targets fabricated from this group of

elements.

304

Spedding and Doane

developed a metallothermic method for the
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TABLE 4
Matals Reduced from their Oxides using H,
Cx,. W, Fe, Sn. Cu, Fb
Matals Reduced by the Metallothermic Method
Matexrial Reductant Chemical Reaction
t
Ba Ti 2Ba(Na,), + T - 2Ba + TiO, + 48O, + O,
t
Ca Y 3Ce0 + 2Y - 3Ca + Y,0,
t
Mg Ti 2Mg0 + Ti - g + T0,
t
Zn Ti 2200 + T1 - 2Zn + 'l.'i.Oz

production of Eu, Sm and Yb metals by the reduction of their oxides with
lanthanum in vacuo. This technique was used by Westgaard and Bjornholm who
fabricated self-supporting foils of Dy, Ef, Eu, Gd, Nd, Sm, and Yb for use
as nuclear targets. "

Although 'laiu:hamn has a melting point of 920'c its vapour pressure
at this temperature (1x10'Pa) is low enough to ensure its use as a

reductant for clean separation from the relatively volatile Eu, Sm and Yb

metals. For example the reaction for Sm is:

$n,0, + 2La £:2300C 29m 4 La,0,

The use of lanthamu as a reductant is difficult for the less volatile
rare earth elements, e.g. Dy, Er, Gd, Lu and Nd as the distillate tends to
become contaminated by lanthamum. To overcome this difficulty less volatile
reducing agents such as metallic thorium or zirconium (both having
practically non-volatile oxides) are used. For example, gadolinium oxide

can be reduced with thorium metal according to the chemical reaction:
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t

4Gd + 3Th01.

c.2100 C
264,0, + 3mh S-2190°

6.1.3.1. Lanthanum Reduction
Lanthanum metal has been used by the author as a reductant for the

preparation of Dy, Eu, Sm and Yb metals from their oxides.

Approximately 50-60 mg of the powdered oxide is carefully dried by
heating in a porcelain crucible over a bunsen burner to drive off absorbed
gases. The oxide is then intimately mixed with approximately 1.2 times the
stochiometric amount of freshly prepare’. lanthamm metal filings, using an
agate pestle and mortar. The mixture is then transferred to a 5 mm i/d x 20
mm long tantalum crucible and compacted with a glass rod. A conical
tantalum stopper, with a 1 ma central hole, is hammered into the entrance of
the crucible. Both crucible and stopper had been vacuum stoved previously
to remove occluded gas and surface oxides. Tantalum was chosen as the
crucible material because it has a negligible tendency to alloy with the
rare earth metals; it also has a high melting point and low vapour
pressure, and is easily uch.ined.

The loaded crucible is mounted in the electron bombardment apparatus
depicted in Fig. 14 and the system evacuated to a yressure < 1x107° Pa.
After degassing the crucible, by preheating with the electron gun filament,
the high voltage is switched on and slowly increased to approximately 3 kv.
The filament current is adjusted until the power dissipated in the crucible
raises it to operating temperature. The temperature is measured with s
disappearing-filament pyrometer. Crucible temperature is maintained until
evaporation and distillation is completed (approximately 5 minutes).
Reduced metal condensation takes place on a 0.025 mm thick molybdenum foil,

placed 2-3 mm above the crucible exit. Other workers report using a 0.5 mm

d. 305-208

thick, polished tungsten plate onto which the evaporant condense
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After cooling, this condensate was remaved by tapping the plate with a few
hammer strokes, vhereupon the main portion of the deposit could be peeled
off in one piece; metal residus was scraped from the plate with a sharp
knife and stored for redistillation. Our experience was that either the
small lump of condensate broke into small pieces or else was so stressed
that the subsequent rolling operation to produce thin foils caused the foils
to crack and shred. To minimige the stresses introduced during condensation
it vas decided to evaporate onto a thin (0.025 mm thick) molybdenum foil
which could be dissolved in a HF/HNO, acid solution [20 ml HF to 15 drops of
HNO,]. This acid etch rapidly dissolves molybdenum without appreciably
attacking the rare earth metals. The assembly, which supports the
molybdenum foil, was designed so that the rare earth deposit becomes
radiantly heated by the evaporation source during deposition; this produced
a far more malleable and stress free deposit.

Target foils were produced by rolling the condensate between polished
stainless steel sheets until the required thickness was achieved. In some
instances foils as thin as 300 ug/cm were made this way. As most rare-earth
metals exhibit pyrophoric behaviour and are sensitive to atmospheric
decomposition, the greatest care has to be taken when handling thin foils
made from this range of materials. As quite often foils will spontaneously
ignite during handling, it is advisable to handle them with plastic coated
twveezers and to ensure that metal surfaces likely to come in contact with
the foil (e.g. stainless steel rolling plates, balance pans, etc.) are
adequately earthed. The finished foils are generally stored between cleaned
degassed microscope glass slides and housed in an evacuated vacuum
desiccator until required.

Temperatures necessary to perform the chemical reaction and

evaporation of the reduced metal are:

Yb : 1100-1200°C, Sm : 1300-1400°C, Dy : 1650-1750 C.
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6.1.3.2. Thorium Reduction
Metallic samples of the separated isotopes of Dy, Ex, Nd and Gd have

been prepared by the reduction of their oxides using thorium metal as a
reductant. The technique used is identical to that described for lanthanum
reduction described in 6.1.3.1. the only exception being that twice the
stochiometric amount of fresh thorium filings are used.

Thorium is used as a reductant in preference to lanthanum for the
higher melting point rare earth oxides to minimise contamination by the °
reductant.

Crucible temperatures required to perform the combined
reduction/distillation process are:

Dy: 1650-1750 C, Er : 1750-1850 C,

Nd: 1750-1850 C, Gd : 2100-2200 C.

The reduction/distillation temperatures for both lanchanum and
thorium are the temperatures quoted by Westgaard and Bjornholm.’*® These
temperatures have been independently confirmed by the author.

6.2 Thin Filn Isotopic Oxvgen Targets

Considerable interest continues to be shown in the nuclear properties
of oxygen and its isotopes. Jaklovsky’“ lists over 340 references to the
preparation and use of isotopic oxygen targets. These targets range from
gas targets, and targets using enriched water, to plastics such as Mylar

(C 0,), boric acid (H,BOa) and various inorganic oxides. The form sach .

108,
target takes is dictated by the experiment to be undertaken and the quantity
of target material available. In the majority of nuclear-structure
investigations the main requirements are a thin self-supporting target for

optimum resolution, containing the minimum amount of contaminating elements

and having the maximum concentration of the isotope under investigation.
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For isotopic oxygen targets the use of gas cells or frozem water is often
impracticable and recourss is made to thin films containing a compound of
the isotope in question.

Those isotopic oxygen targets developed by the author are described in

the following sections.

6.2.1. Iungsten Oxide
The preparation of tungsten oxide targets have been reported by the

author. 3%

Tungsten was chosen as a suitable compound since it is easily oxidised
and the oxide formed can be vacuum evaporated without difficulty.
Furthermore it is often important that in nuclear spectroscopy a wide
separation of mass numbers exists between the element being investigated and
any other elements present. The separation between oxygen and tungsten
adequately fulfils this requirement. Finally, tungsten oxide is a stable
compourid which can be stored without dsterioration.

Isotopically cnr:l.'chcd tungsten oxide was produced by heating cleaned
tungsten filaments to incandescence in an enriched oxygen gas atmosphere and
collecting the tungsten oxide formed on the walls of the glass vacuum
vessel. The tungsten oxide was evaporated from a platinum boat and
collected on suitable backings. Platinum was chosen to prevent the oxide
being reduced, a factor which makes the usual source materials such as

tungsten, molybdenum or tantalum unsuitable.

6.2.2. Self-Suppoxting Tantaluam Pentoxide Films (Ta, *0,)

The technique adopted to produce targets of tantalum pentoxide is

similar to that described for niobium.?!® Tantalum was chosen as both

tantalum and niobium appear to be the only rare metals which can be anodised




using wvater as an electrolyte without adding another oxidising agent; as is
the case when anodising a metal such as aluminium which requires the
addition of ammonium citrate (NH, ),.HC.H,O,.

Tantalun films, approximately 100 ug/cnz, were vacuum deposited, using
an electron gun, onto glass microscope slides that had been previously
vacuum coated with a thin layer of barium chloride. The microscope slides
were ma:atained at a temperature of 350.0 prior to and during tantalum
deposition and allowed to cool naturally to room temperature before venting -
the system. After clamping the microscope slides, tantalum film downwards,
they were lowered, with a suitable d.c. voltage applied to the tantalum
side, so that the tantalum film made contact with the small amount of oxygen
enriched water [Monsanto Research Corp., Miamisburg, Ohio, USA] that had
been introduced into the electrolysing cell. Tantalum films of 100 pg/cm’
vere totally anodised over an area of 1.3 cm’ with an applied voltage of 100
volts. Anodising was assumed to have been completed when the cell current
had fallen to zero and the anodised area was transparent; this occurred in
a few minutes. The resulting films were floated off on a watexr bath and

mounted on suitable target frames.

6.2.3. Self-Supporting Silicon Dioxide Targecs (si'®0 )"

Silicon dioxide, enriched to 93s %0 [Isotope Labelling Corp,
Whippery, N.J., USA] was vacuum deposited from a directional tantalum boat
onto glass slides that had been coated with the water soluble release agent
RSB25. The evaporated film of s:.“oz vas readily floated off on a water

bath and picked up on target frames. Alternmatively the s:.“oz was evaporatd

onto self-supporting carbon films.
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6.2.6 Self-Supporting Nickel Oxide Targets (N *0)**

Commercially available nickel foils [Chromium Corp of America,
Cleveland, Ohio, USA], approximately 90 pg/ca’ thick, were mounted on target
frames and supported in a reaction chamber. This chamber was connected to a
vacuum system capable of achieving a base pressure of <1x10™* Pa. A glass
cylinder, containing 100 atmospheric litres of 99.3% enriched Oxygen-18 gas
was joined to the system, together with a small cylinder of molecular sieve.
After evacuation of the complete apparatus to <1x10"3Pa, the reaction
chamber was isolated from the main vacuum system and the glass seal on the
Oxygen-18 gass bottle broken. Oxygen gas was admitted into the reaction
chamber to a pressure of ~ 10 Pa, as measured by a capsule dial gauge; this
pressure wvas not critical. For convenience the Sun wvas used as a radiant
heat source, the solar rays being focused onto the centre of the nickel
foils by a suitable lens. When the centre portion of the foil became
transparent, as seen with a mirror, oxidation was assumed complete. The
remaining enriched oxygen gas was absorbed by cooling the molecular sieve
with liquid nitrogen. After absorption was completed the molecular sieve
was isolated from the reaction chamber and the enriched oxygen gas stored

for future use.

6.3 PErsparation of Targets from Elements that are either Chemically or
Ihernally Unstable. snd those Targets where a Carbon Backing is
Unsuitable

A number of elements are either difficult to produce i{n elemental
form, are chemically unstable, or will not withstand heavy-ion beam
irradiation without re-evaporating. Typical elements that fall within this

category are: barium, cadmium, caesium, calcium, lead, mercury, etc., plus

the gaseous elements such as hydrogen, nitrogen, oxygen and the inert gases.
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In this discussion only the solid elements will be considsred. Here will be

described nuclear targets of these elements made in chemically stable forms.
_In some nuclear structure experiments carbon is an undesirable

impurity which seriously interferes with the reaction under investigation.

A technique for producing carbon-free targets will be described.

6.3.1 Mercuxy Targets
Techriques for preparing mercury targets by 010ctrospraying.3u nass
separator implantation,’’’? forming an amalgam with gold,’? or electro-

plating in metallic form and cooling,™*

are considered unsatisfactory due
to the thermal instability of the targets under beam conditions.

A modification of the methods dsscribed by Doubt et al. , 38 Esat et
al.,’ and Friebel et al. ,31% involves the vacuum deposition and

condsnsation of S-HgS (Metacimnabar), a stable mercu:y compound.

6.3.1.1. Formation of Mexcury Sulphide from Mercury Oxide.
Enriched mercury isotopes are obtained as HgO from Oak Ridge National

Laboratory, Separated Isotope Division. Small quantities of the mercury
oxide are dissolved in 2N.HC1l (it is important to use dilute HCl as mercu;,
oxide is not soluble in the concentrated acid), and H,S bubbled through the
solution to form a black precipitate of S-HgS. The precipitate is
thoroughly washed by a succession of washing and decantings with distilled
water, followed by a final wash in absolute alcohol. The precipitate is

dried under an infra-red lamp.

6.3.1.2. Daposition of Mercury Sulphids

Mercury sulphide was evaporated from a quartz crucible, mounted in a

hole drilled in the end of a stainless steel rod. Heat to the crucible was
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provided by a small 500 watt cartridge heater. For efficient condensatiocn
the target backing vas sounted on a liquid nitrogen cooled copper plats.
Both crucible and cooling plate temperatures wers continuously msonitored by
means of thermocouples in contact vith the crucible and foil respectively.
Generally HgS sublimation wvas commenced when the target temperature reached
. 80°C. At temperatures less than -130 ¢ large internal stresses were
apparent, causing the thin deposited film to split when warmed up.

A predetermined amount of HgS was placed in the quartz boat, and the
distance between boat and backing adjusted to approximately 2 sm, and not
more than 5 am. The system was evacuated to <1x10Pa and the cooling plats
allowed to reach -80 C before deposition was commenced. The crucible was
slowly heated to 250 C-280 C and maintained at that temperature for
aspproximately 20 minutes, by which time typically 508 of the HgS charge had
been deposited onto the cooled backing foil. Above 300 C the wveakly-bound
molecules of HgS disassociated, as inc‘cated by a yellow deposit surrounding
the target area. After the boat vas cooled, and the backing had reached
room temperature the target was removed and a satisfactory deposition was
indicated if the target was a shiny grey/black in appearance. A further
protective film of carbon (10-15 pg/ca® thick) was evaporated on to the face

of the target to minimise re-svaporation undsr beam bombardment.

6.3.2 Compound Targets

6.3.2.1 Barium Targets

Barium is a chemically active metal which reacts violently when
exposed to atmosphere and must therefore be handled in an inert gas

atmosphere or under high vacuum. Metallic barium is used extensively in the

electronic valve industry as a "getter” dus to its high affinity for oxygen.
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The affinity of barium for oxygen, and the metal’s relatively low melting
point, result in metallic barium targets deteriorating rapidly under
irradiation. To improve target lifetime undrr beam conditions it was
decided to use a stable compound of the element. The selected compound was
barium chloride, which was made from barium nitrate by firstly converting
the nitrate to barium oxide by gently heating in vacuum. The oxide was then
dissolved in 2N hydrochloric acid and slowly evaporated to dryness under an
infra-red lamp, leaving a vwhite crystalline deposit of barium chloride. The
barium chloride was gently heated to drive-off water of crystallisation
immediately prior to vacuum evaporation of the compound; othe:wise it was
found that the hydrated form of barium chloride (BaCl,.2H,0) decomposed in
vacuum. Vacuum evaporation o. barium chloride from a collimated carbon

crucible on to thin carbon foils was successfully accomplished.

6.3.2.2. Cadmium Chloride

Metallic cadmium and zinc are the most difficult elements to deposit
by vacuum evaporation due their very low "sticking coefficients"*.
Consequently to produce isotopically pure cadmium targets it was decided to
utilise the same technique as described in the previous section for barium
chloride. 1Isotopic cadmium oxide was converted to the chloride by
dissolving in 2N hydrochloric acid and drying the solution under an infra-
red lamp. Vacuum-evaporated films from a collimated carbon crucible onto

thin, self-supporting carbon backings was readily achieved.

6.3.2.3. Lsad Sulphide

For some experiments, investigating certain of the lead isotopes, it
was decided to use lead sulphide as the most suitable compound. The lead

isotopes were supplied as lead nitrate Pb(NO, ),+ which were firstly




dissolved in distilled water and then converted to lead sulphide by bubbling
hydrogen sulphide through the liquid. Lead sulphide, vhich precipitated out
as a black powder, was thoroughly washed in distilled water, rinsed in

alcohol, and then dried in an oven. The compound was vacuum evaporated from

a carbon crucible, onto thin, self-supporting carbon backings.

6.3.2.4 Selenium

Lov melting point materials pose special target lifetime problems.
Unless special precautions are taken chs target material will be rapidly re-
evaporated under heavy-ion bombardment. An obvious solution is to cool the
target but for thin self-supporting target: this is often impracticable. In
many cases it is possible to evaporate the target material on to a thin
self-supporting carbon backing and deposit a thin "flash" of carbon over the
top, thus forming a carbon-target material-carbon sandwich. The protective
carbon layers considsrably reduce ro-evaporation.

A further technique that has been successfully developed for making
seleniun targets (melting point 217.0) is to evaporate the selenium on to a
glass microscope slide that has been coated with a thin water-soluble
release agent, such as RBS25. A protective carbon layer, ~ 10 pg/cm2 thick,
is evaporated on the selenium surface. ‘The multiple foil is floated off, as
described in section 4.1.1. and picked up from the surface of the water bath
by allowing the film to fold across a standard target frame, thus trapping
the double-thickness selenium film between two protective carbon layers.

This tachnique is illustrated in Fig. 15.

6.4.3. Targats that Require Annealing to Remove Thermal Stresses.
Many high melting point metals, e.g. B, Be, Co, Cr, 'Fc, N{, Ta, etc.,

can easily be vacuum evaporated, using the "e"-type electron gun described
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in 3.2.3. Howsver, for thin self-supporting targets of these materials,
great difficulty is experienced obtaining films that do not shred or break
vhen mounted on target frames. The reason for fragility in these instances
appears to be due to thermal stresses introduced during condensation.
Stress-free targets were obtained by vacuum depositing the target material
onto thin copper foil {0.025 mm thick] which was mounted on an auxiliary
pancake heater within the vacuum chamber. The chamber was evacuated to a
vacuum of <1 x 10Pa and the copper backing slowly hcated to approximately
350 C and maintained at this temperature wvhile the target material was
svaporated. The heater was then switched off and the assembly allowed to
slowly reach ambient temperature before the system was vented to atmosphere.
When cool, the coated copper foil was removed from the svstem and cut into
suitably sized pieces; these pieces were floated, copper surface downwards,
on a bath of trichloroacetic solution, as described in table 1. After the
copper backing had dissolved, the floating target material was thoroughly

washed with distilled water and the foils mounted on target frames.

6.4.4 Thin Self-Supporting Targets of Magnesium. Calcium and Zinc

In some nuclear structure experiments, e.g. #g1(1%0,2¢c)%s, and
%Mg(’*0,%0)** Mg, the presence of carbon can seriously interfere with the
reaction being investigated. This is because carbon has a very large cross
section for certain reactions, resulting in a large number of spurious
background counts, sufficient to mask the required reaction products.
Consequently, it is imperative for these experiments that the amount of
carbon in the target is negligible. The simultaneous reduction/distillation
of the elements Mg, Ca or Zn onto thin carbon backings is not possible and
self-supporting targets are required. One method suggested was to evaporate

the element onto a mirror-finish, chromium coated metal plate and carefully
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peel awvay the deposited £11m.%'® Although an attractive technique it is
only practicable for foils = 500 p;/cn?. The foils required by
experimentalists in the author’s laboratory were 100 p;/cn? or less.
Unfortunately thin foils of magnesium, calcium or zinc are rapidly attacked
by water and cannot therefore be floated from a water soluble substrate.
Exhaustive investigations into floating films of these elements onto a
suitable liquid other than water were unsuccessful. Either the soluble
release agent vas incompatible with the evaporant or the release agent was
not soluble in a suitable liquid or if the film did float off it sank and
could not be readily picked-up on the target frame. The most satisfactory
technique was to coat a glass microscope slide with a thin layer of Formvar,
as described in Table 2. The target material was then vacuum evaporated
onto the Formvar surface and the evaporated film scored into pieces of a
size suitable to be mounted on a standard target frame. The Formvar-
supported films were carefully floated off on a water bath, care being taken
to ensure no vater came into contact with the target material. The films
were picked up on target frames, the residual water removed with the corner
of a piece of absorbent filter paper and the mounted films placed beneath a
desl. lamp to dry. When dry the thin formvar backings 'rere removed by
suspending the targets over a beaker of warm chloroform for approximately
half an hour. Thin Mg, Ca and Zn films oxidise in air, so the completed
targets were stored in a vacuum desiccator until required.

A comprehensive list of the common targets is presented in Table 5.
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on thin backing. Useful

as yolease agent.

TABLE S
Naterial Cheaical Method of Fabrication M.P. B.P. | Evap.Temp Remarks Refs.
Element or Form of (*C) (°C) (°c)
_Compound Target Vp= 1Pa
ADENINE (Cs lls Ns) Evaporation from Mo dimple boat |350 ZzosuB - Useful thin nitrogen ~ |:320
(PURINE- target on suitable
6 AMINO) backing
ALUMINIUM" |AL Vacuum evaporation from AL,0 660 | 2467 ~1200 Aluminium film floated 2,6
coated dimple boat, W spiraf 8r from slide.coated with
C crucible release agent.
ALIMINTUN" Al203 Vacuum evanoration (electron 2045 |}2980 ~1800
bowbardwent)
At203 Anodising - - - Used as thin backing. 209,321-
Also source of isotopic | 326
0,
AMMONTUN lll‘.ct Vacuum evaporated from Mo dimple [340 [520 - Sublimes. Useful thin 135
CHLORIDE boat suB nitrogen target on thin
Rmtiﬂg lhstoble at
* Antimony film f1 at 6,135
ANTINONY Sb Vacuum evaporation 630 |1380 ~680 y s?¥ asilm 21 g O 2,6,
release agent.
ANTINONY Sb Electrodeposition - - - 327
CHLORIDE
ANTIMONY Shl,s3 Vacuum evaporation $50 1150 550 Can be used as a sulphur| 135
TRISULPHIDE target
ARSENIC A Vacuum evaporation 817 |613 ~350 Toxic 2,6,328
(sus)
BARIUM Ba Vacuum evaporation 717 |1640 629 Oxidises rapidly when 2,8,49,
exposed to air. 329,330
[ BARTUN Baclz Vacuum evaporation 963 1560 - Barium or Chlorine target 135
CHLORIDE

A___J._J_%



: ;Allm Ba0O Vacuum evaporation from Pt. 1925 |> 2000 [1540 dnly slight docouposltlo[ 2
1DE crucible from Pt. source '
|nlil!¥l.l.llll' Be Vacuum evaporation (Electron 1284 12970 1246 Highly toxic material 2,6,135,
Bosbardment) Flgated from slide coated 331,333-
w en
IB1s}umn” Bi Vacuum evaporation 271 [1560 698 oon " 532.135-
[Electrodeposition fron Bi (NO nY - - - Deposited on Mylar + Ag | 327
[HNO + lll4tll Sv, 7 M backing
hnomn" B Vacuum evaporation [Elactron 2300 [2550 350 Molten metal reacts with] 2,8,337-
bombardment) all source materials. 342
Floated from slide coated
. with release agent.
BORIC ACID  [Vacuum evaporation 236 - - Unstable at high beam | 135
kl 80 . currents.
380y
" Cd Vacuum evaporation 321 765 fﬂsun Condensation difficult 2,8.135,
Floated from slide coated 343
with release agent.
Electrodeposition of CJ4CL3 14,37
(0.1N HCP) /
Cdas Vacuua evaporation. 750 - lssosun Cadmium or Sulphur 2,138
target.
O Vacuum evaporation B10 4ss 505 ¢ Possible to get self 2,6,14,
supporting targets by 135,271,
strinping in Hexane 344
"Film peeled from polishe
chromium plated metal
plate,




[ 1

Reduction of oxide after decompos- - - 900-1200 - | Oxide reduced by using 1 131,135,

CARBONATE ition of carbonate, with simultane- Ta boat, CaCOs mixed with 345,347,
(CaCO,) ous evaporation of wetallic Ca, La. 348
CALCIUN CaCN Vacuum evaporation 1300 - - Can be used as a nitroge# 135
CYANANIDE SuB target

(CacN,))

CALCIUM CaF Vacuum evaporation 1360 [2500 1400 Can be used as a 2,8.135
FLUORIDE : fluorine target.
(CaF,)

-9l-




CampON " C Vacuum evaporation < 355() 4827 2680 Resistance heating or 241-248,
] carbon arc using pointed| 253,256,
carbon rods. Electron 257,265,
bombardment. . 285-294
Floated from slide coate
. with release agent.
; C hﬁlectrical Discharge - - - Glow discharge in either| 249,252254
acetylene, methane or 258,259261
ethylene/5% argon 264,274275
277,283,349
Blectron-beam-heated 250
carbon source used to
introduce carbon vapour
into an argon discharge
pressure plasma Deposition using an R.F, | 251,351~
discharge in Butane gas | 354
C Thermal cracking - - - Thermal cracking from 63,64,
Methyl lodide. 143,3°S
C Settling - - - Air suspension of 100
graphite powder settled
then pressed.

. |CAESTUM CsBr Vacuum evaporation 36 [1300 - Deposit onto thin back- | 2,356,
ings. Soluble release 357
agent.

CERTUM Ce Vacuum reduction of Ce0 and 00 [257 - 2,356,

‘ simultaneous evaporation of Ce 357




hlulllli NaCL, lal:l.z. Vacuum evaporation 786- (1413-1704 - Deposit onto thin back- | 135,346, |
KCe y 963 ings. All compounds 3s8
useful’ as release a;cntq
pl!()lllll’ Cr Vacuum evaporation 1900 [2672 12055“B Cr deposited onto heated| 2,6,135,
copper foil to relieve 297,359
stresses. Copper foil
dissolved in Trichloroact
etic acid + ammonia.
Electrodeposition 360,361
Cr,04 Electron bombardment from C 131
crucible with simultaneous reduction
and evaporation
6 Co Vacuum evaporation 1478 ]870 1649 Co deposited onto heated| 2,6,14,
copper foil to relieve 135,271,
stresses. Copper dissol-| 362,364
ved in trichloroacetic
acid + ammonia.
Sputtering - - - 152
PER " Cu Vacuum evaporation ho83 ps67 1273 Floated from slide coated 2,6,14,
with release agent. 135,152,
: 2N
Vacuum reduction of Cu.0 and 271,348
simultaneous evaporatioﬁ of Cu
Electrodeposition from Cu(‘.t3 14




‘ Cu Electrodeposition from CuSO, 37,363
coat). .
UTERATED [c2°4] Polymerisation Deuterium or Hydrogen 106,107,
YETHY n target 365, 366
Film casting 367
fFomevar* CHg0, Dissolve in chloroform. (3g Formva Hydrogen target or back-| 13,14,
to 100ml chloroform). Dip glass in ing foil 135
solution and remove film when dry '
[BALLTUN Ga Vacuum evaporation 30 p4o3 1093 2,6,14,
368
GaN Vacuum evapoi-ation | OSOSUB Also useful as a nitroge# 135
_ target
Ga283 Electrodeposition 327
CERMANTIN® | Ge Vacuum evaporation pso  paso 1251 Floated from slide coated 2,6,14,
with collodion as 135,271,
release agent. 369
Ge0 Electrodeposition O.IN NH.OH 327
oo * M Vacuum evaporation hoes poce 1465 Floated from slide coated 2,6,135,
with release agent. 346
Electrodeposition Deposited from AuCf or | 327
AuCN




Wllﬂ llfoz Vacuum evaporation (electron 2812 ) ~5400 137,370
bombardment)
Hf Sputtering 152
HYDROGEN POLYETHYLENE |Polymerisation 106,107,
(W, b, M }IC, W), ' 135,366
. Absorption into Ti or Ta 70,71,
371,372,
374,375
]
INDIUM In Vacuum evaporation S7 00O 952 Floated from slide coated| 2,6,14
X with release agent,
InCL Vacuum evaporation 35 p70 327
_ JElectrodeposition 327
I10DINE Bal_, Cal,, [Vacuum evapotation' 21- QR100- Useful release agents.
2 2
« 1740 }1330
Cs1, KI, Nal
IRIDIUM Ir Vacuum evaporation (Electron |24S4" 130 2556 2,6,14,
Wbo-bard-ent) 135
Isotope separation 376
IRON * Fe Vacuum evaporation hs3s prso [14a7 Fe deposited onto heated| 2,6,14,
Cu foil to relieve 135,271
stresses, Cu foil
dissolved in Trichloroac-
etic acid + amwmonia.

-8‘-.
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Stable lithium éoupound

MON Fe Vacuum reduction of PQZ:S and 131,377
CONT.) simultaneous evaporatidn“of Pe.
Alternatively reduction of the oxidd
in H2 prior to evaporation
Electrodeposition 37,378
_yjuu)* Pb Vacuum evaporation 328 Q1725 718 2,6,327,
o 379-382
Vacuum reduction of PbO and simultanp- Self supporting Pb films] 131
ous evaporation of Pb obtained by depositing
onto Formvar and
dissolving Formvar with
chloroform
PbC£2 Electrodeposition 14
pbCe, Vacuum evaporation 501 |b54 2,6
PbB Vacuum evaporation rll4 }281
LITHIUN Li Vacuum evaporation hvs F.".so Y Highly reactive metal | 2,6,135,
which requires depositinL 346,383-
in 8 vacuum transfer 387
system to prevent rapid
oxidation :
Li Electrodeposition 388
LiF Vacuum evaporation B70 p681

2,6,135




¥

| » - ] 1f-supporting films ob-. 2,6,14,
beaesine g Vacuum evaporation F»sn 1107 sy, o EEoreing fiams obof 218
ormvar and dissolving
ormvar with chloroform.
Vacuum reduction of MgO and simultane- Oxide reduced by Ta 135,136,
ous evaporation of Mg evaporation source, or by 299,307,
mixing MgO with Ti powdey 348,389,
and forming a pellet. 392,394,
455,466
* . Mn deposited onto heated| 135,136,
IMANGANESE*  |Mn Vacuum ev:ltx):ration (Electron Pao R097 1244 coppogofo ted onto heat AT
stresses. Copper dis- 394'
solved in trichloroacetis
8cid ¢ ammonia,
NSO, Electrodeposition 327,363
[MERCURY Hg Absorbtion of Hg into thin Au 14,313
backing
Electrodeposition from Hg,Cl, 314
HgO Electrospraying 311
ngctz Vacuum evaporation 276 B02 -
HgCL,
Hgs Vacv » evaporation Ba4 315-317
Settling 83

-08-



MOLYBDENUM *

v

Mo Vacuum evaporation (electron 2622 {5560 2533 2,6
bombardment)
Sputtering 156
Rolling 395
uuos Vacuum evaporation 798 1SS Useful 02 target 135, 346
TIICIEI.' Ni Vacuum evaporation 1458 [2732 1510 Ni deposited onto heated| 2,6,14,
) Cu foil to relieve 135,346
stresses. Cu foil
dissolved in Trichloroa-
cetic acid + ammonia.
Nice, Vacuum evaporation 10C1 P”SUB 14
Ni Electrodeposition Electrodeposit from 14,37,
either Nts@4 or Ntczz 135,363,
solution 392
nrosIwe® N> Vacuum evaporation psoo tsoo 2,6,396
ubcts Vacuum evaporation Ro4 k54 14
N Sputtering 310,400
1TROGEN GaN [Vacuum deposition H’OOSUB 135
ADENINE 135,346,
(CsHyNs- M) lvacuum evaporation 397
n
3 G.:m & vapour on 308,309




AR o

1TROGEN 'l'iN ttering Ti-or Ta sputtered in a | 148,149,
(CONT.) TaN, N, atmosphere 401,405
Sisll4 |Sputtering Si sputtered in Nz 402
i ' atmosphere
QSMIM Os Vacuum evaporation (electron 000 |~ S000 403
bombardment)
[Electrodeposition 404,406,
408-410
Isotope separator 376
OXYGEN 5> DO, acuum evaporation Oxide evaporation from 309, 346,
Sio_. V.0 Pt boat to prevent 407,411
2* "2°s reduction of oxide
3 13
lsio, , v,0, fiodising 7
hnzo5 [nodising 412
Moo, Rnodising 310
2(13 »odising 209,321-
326
{PALLADIUM * lVacum evaporation 555 | 1556 2927 Pd film floated from 2,6,14,
slide costed with releas«f 135
agent,
F.lectrodeposition 14
[isotope separation 876




buoseronus | p Vacuua evaporation 590 280 413-415
9205 Vacuum evaporation 585 | FNOSUB 14
anPZ Vacuum evaporation 420 1100 135
" PLATINN® Pt Vacuum evaporation 1774 [3800 2090 Floated from slide coated 2,6,14
with release agent.
Sputterinig 156
Electrodeposition 14,416,
418
Isotope separatidn 376
" JPOTASSIUN K Vacuum evaporation 66 744 Possible to get self 346,383
supporting targets by
stripping in Hexane
KZCO3 Vacuum evaporation 91 14
KCe 776 500 135,418
EARTHS*|Pr, Nd, Sm, |Vacuum reduction of the oxide with, Oxide reduced with La 305,306,
Eu, Gd, Tb, [simultanecus evaporation of th or Th powder. Metal 308, 348,
Dy, Er, Yb, “-etal , . pellet rolled to produce] 419,420
lu, Ho, la self-supporting target.
Electrodeposition 417
RHENIUN l!ti(!l4 Vacuum evapcration 500 14
Electrodeposition
RHODIUM Rh Vacuum evaporation 967 PB800 2149 2,6
iElectrodeposition 14




%mmnmt RLCL Vacuum evaporation 711s 1390
lthczﬂsoz Vacuum evaporation 246 421
RUTHENIUN Ru Vacuum evaporation (electron 2250 {3900
bowbardment)
Electrodeposition 423,422,
40
ScANDIUM * | Sc Vacuum evaporation (electron 1539 2727 Floated from slide coated| 135,383
bombardment) with release agent.
ScCly Vacuum evaporation PBQ rsoSUB 14
SELENIUM * | Se Vacuum evaporation 217 |685 234 Floated from slide coated| 2,6,14,
with releuse agent. 135,424-
426
SILICON * Si Vacuum evaporation (electron 1410 [2355 1343 Floated from slide coated| 2,6,135,
bombardment) ' with release agent. 383,427
Sputtering 156,428
Electrochemical etching 429
§i0, sio0, Vacuum evaporation 1700 P 2000 1725 135,346
Sio Anodizing 71,439
SILVER * Ag Vacuum evaporation f6l IF212 1047 Floated from slide coated|2,6,135,
: with release agent. 346

- R~



ILVER Ag Blectrodeposition 3
F((lel'l‘.] 7,363
SODIUM Na Vacuum evaporation |98 92 580 346
NaCl, Nal, |[Vacuum evaporation 51- [1304- 11 'compounds useful as | 135
NaBr ' 801 1413 release agents,
" |STRONTIIN | Sr Vacuum evaporation 7v9 1384 800 346
SrC0, Vacuum evaporation 135
SULPHUR s Vacuum evaporation 113 |aas 431,432,
434,435
Ag,S Vacuum evaporation {825 430,433,
. 436,437
Sb.S,, CaS, |Vacuum evaporation PbS is the most stable 135,438
372 compound at high beam
PbS currents.
ANTALUN Ta Vacuum evaporation (electron 2996 [5425 3350 137
bombardment)
TaN . Sputtering 148,149,
152,401,
441
TELLURIUM Te Vacuum evaporation 452 390 650 2,8.440
'l‘eCl‘ Vacuum evaporation 224 380 14
THALLIUN ™ Vacuum evaporation 305 1457 606 2,6,135
Eiectrodeposition 14




HALLIUN ‘l‘tct3 Electrodeposition ' RRT
CONTY.)
2,0, Vacuum evaporation 717|875 ' 135,348
HORIUN Th Vacuum evaporation (electron 1828 |~ 4000 | 2196 Radioactive, a emitter | 2,6,135
bombardment)
Sputtering ' . 152
ThNG, Electrodeposition _ : 442
THULLIUN Tm Vacuum evaporation 1545 P727 1120 14
TIN" Sa Vacuum evaporation 232 260 . 1187 Floated from slide coated 2,6,135,
with release agent. 346 .
a
]
Vacuum reduction of Sn0, and 348
simultaneous ovaporatio& of Sn
Sn(:l2 Electrodeposition _ . 14,363
SllS(()4 Electrodeposition . ' ' 17
TITANIUM " i Vacuum evaporation 1727 p260 1546 Floated from slide coated 2,6.135,
' with release agent. 346,443
Sputtering : 156
TiN Sputtering - | Also useful as nitrogen | 148,401
target : ,
’ . '




)
TUNGSTEN | Vacuum evaporation (electron 3410 15927 3500 137,444
bowbardment ) ’
I)s Vacuum evaporation 407,411
N Sputtering 152,156
URANIUM ) Vacuum evaporation (electron 1132 [3138 2350 Radioactive 2,6,135,
bowbardment) ‘ a-emitter 152,445-
449
)
S
IK)2 Electrospraying 55,57, '
, 178,450
0308 Electrodeposition 451-453
u Isotope separation 454
usoa Pa.intin'g 103
u Rolling 395
UF‘ Vacuum evaporation 60 135
<




. URANIUM 1) Sputtering 152
; (CONT.)
[ ® . ' deposited onto heated 2,6,135,
| VANADIUM v Vacuum evaporati... 1697 3450 1888 opper foil to relieve 346"
tresses, Copper dissolve+
n trjchloroacetic acid +
vzos Vacuum evaporation (electron P% 71
bombardment)
zinc” Zn Vacuum reduction of ZnO and Cox}densla,ggn“gigﬁculgb 135,343,
: ~ ms ob-
simultancous evaporation of Zn ained by depositing onto g;g,us,
Formvar and dissolving
Formvar with chloroform.
Vacuum evaporation ¥19 Ppo7 3438!]8 2,6
Sputtering . 156
Rolling 348
Electrodeposition 363,14,
17
ZIRCONIUM Zr Vacuum evaporation (electron 1842 | 4377 2000 2,6,135,
bombardment) 346
Sputtering 152
NB. 'D*notes targets{that can be readily made self—suppoﬂting.
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Various possible ways of film growth: a) island growth; b) layer
growth; c) island growth following layer growth; d) vertical
stack growth (Cerofolini®*).

Schematic section of a typical oil diffusion pump evaporation
system. (Muggleton®®).

Clean, high vacuum pumping system using sublimer and sputter-ion
pumps. |

Be-t beam electron bombardment source (Varian Assoclates).
Duoplasmatron ion source used for producing nuclear targets by
focussed ion beam sputtering (General lonex Corporation).

Fine bean saddle field ion source (Ion Tech Ltd).

Schematic section of fine beam saddle field ioa source.

Steps in the preparation of self-supporting films (m“htonu)
Self-supporting carbon foils; a) being floated from glass
microscope slides; b) being picked-up on target frame. .
(Muggleton®®).

I1lustration of a grossly non-uniform tarjet and the effect on
energy resolution AEZ. (Erskine®).

Illustration of various types of target non-uniformities.
(Exskine®®®),

Photograph of ethylene cracking apparitus for producing carbon
filas using s d.c. glow discharge.

Schematic diagram of the ethylene cracking apparatus shown in
Fig. 12,

Schematic diagram of the apparatus used in the simultaneous
reduction and evaporation of rare earth elements.

Diagram demonstrating hov a selenium filas is picked-up on s large
frase to give thermal protection to the target by sandwiching the

selenium becween two carbon ﬁlu.
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