
XA0101189

LECTURES:

1. Current Status of Solid State Target Technologies

David J. Schlyer and Richard A. Ferrieri
Brookhaven National Laboratory

INTRODUCTION

Why is this important?

\ In general radioisotopes fall into two basic groups, those that are neutron rich and
those that are neutron deficient. Those that are neutron rich are usually made in a nuclear
reactor while those that are neutron deficient are produced by bombarding a suitable target
with protons, deuterons or helium particles. Particle accelerators and in particular cyclotrons,
were very important in the preparation of radioisotopes during the years of 1935 to the end of
World War Two. The amount of radioactive material which could be produced in an
accelarator was many times greater than the amount which could be produced using the alpha
particles from naturally occurring radioactive elements.

After World War Two, reactors were used to produce radioactive elements and the use
of accelerators for this purpose became less common. However, as the techniques for using
radiotracers became more sophisticated, it became clear that reactor produced radionuclides
could not satisfy the growing demands and therefore accelerators were needed to produce new
radioisotopes which could be used in new ways.

There are three major reasons the accelerator produced radioisotopes are used more
widely that reactor produced radionuclides. These are:

1) The radioisotopes produced in a reactor may have unfavorable decay characteristics
(particle emission, half-life, gamma rays, etc.) for a particular application.
2) The radioisotope cannot be produced in a reactor with high specific activity
3) Access to a reactor is limited. The number of reactors available has become many fewer
than the number of cyclotrons available to the scientific community, or the radioisotope has
too short a half-life to be transported to the site where it is needed.

There are a wide variety of nuclear reactions which are used in an accelerator to
produce the artificial radioactivity. The bombarding particles are usually protons, deuterons,
or helium particles. The energies which are used range from a few MeV to hundreds of MeV.
There is a minimum energy required to overcome the Coulomb barrier. Particles with
energies below this barrier have a very low probability of reacting. ^

Number of isotopes with solid targets
Table 1 is a list of the isotopes which have value in medical applications or which

seem promising for development. The radioisotopes which can be made using solid targets
are marked with an "X".



General Constraints

Power deposition
One of the main concerns in solid targets is the deposition of power in the matrix

during irradiation. If the power deposited exceeds the ability of the target to remove the heat,
the targe will eventually be destroyed or the target material will be melted or volatilized. The
power deposited in the material is very simple to calculate. It is the beam current in
microamps multiplied by the energy in MeV and the result is the number of watts deposited.
The exact position of the heat deposition will of course depend on the dE/dx (stopping power)
of the beam in the target material with most of the heat being deposited near the end of the
particle range in the Bragg peak. A simple approximation for the stopping power is given by
the realtion:
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Where:
dE/dx = energy loss per unit length
z = the atomic number of the projectile
e = elementary charge 4.803 x 10"10 (erg-cm)1/2

mo = the electron rest mass
V = relativistic projectile velocity
T = Avogadro's number
Z = atomic number of the target material
I = adjusted ionization potential of the target material

Some additional helpful approximations are that the relativistic velocity is given by
the realtion:

V= 1.384,1—10y cm -sec"
V m

Where:
E = particle energy in MeV
m = particle atomic mass number

The other useful approximations for the adjusted ionization potential are:

I = 1 3 Z e V ifZ#13

I = 9.76Z + 58.8Z-019 if Z > 13

The stopping power of particles other than protons are given by the relationships:



deuterons Sd(E) = Sp(E/2)
tritons St(E) = Sp(E/3)
3He S»(E) = 4Sp(E/3)
4He Sv(E) = 4Sp(E/4)

Heat transfer in Solids
Heat transfer in solids is somewhat simpler than in other media since the heat usually

flows through the target matrix mainly by conduction. The heat will be conducted form the
hotter region of a material to the cooler region according to Fourier's Law which is in one
dimension:

Qcond = -kA dT/dx
Where: Qcond = heat transferred by conduction (watts)

A = cross-sectional area (cm2)
k = thermal conductivity (watts/cm-EC)
dT = temperature differential (EC)
dx = distance differential (cm)

If this equation is integrated holding k, A and q constant, then the result is the heat transfer
equation in one dimension given by:

Qcond = -kA(T1-T2)/x (7)

where k = coefficient of thermal conductivity (watt/cm-EC)
A = cross-sectional area (cm2)
x = distance (cm)
Ti = temperature of the hotter part (EC)
T2 = temperature of the cooler part (EC)

Once the heat has been transferred to the cooled surface of the target, the heat will
usually be removed by a fluid such as water flowing against the back of the target. This
convective heat transfer is another topic, which will not be discussed.

A picture of the target material points up several design considerations for solids.
This is shown in Figure 1.

backing Material

Water Cooling

The transfer of the heat through the target material and through the backing material are fairly
straightforward. The real surprises in designing solid targets comes in the interfaces where
the target material meets the backing material. This is where many problems arise and the
more secure one can make this interface, the better the heat transfer will be and the less likely
one is to have problems with loss of target material or damage to the target during the
irradiation.



Target Preparation

Solids
By far the easiest target preparation is that for a solid metal. The metal target is

merely mounted on a water cooled backing plate and placed in the particle beam. There are
several examples of targets such as this. One such target is the one fro making Cd-109 which
consists of a silver plate mounted on an aluminum backing plate which is water cooled. An
example of such a target is shown in Figure 2.

Electrochemical deposition
The abbreviation ECD covers both electrochemical and chemical plating processes.

Although in chemical plating (usually referred to as electroless plating) an external supply of
"electrons" is not necessary, it is still an electrochemical process. For all types of ECD batch
processing is possible, and the fact that the electrolytes are usually operated at temperatures
from room temperature to about 90°C, also helps to reduce equipment needs as well as costs
in general. Operating temperatures close to room temperature will reduce the problems
originating from differences in thermal expansion (between Si and most metals), that are
known from other deposition techniques.

Deposition of metals using ECD requires an electrolyte. The electrolyte must fulfil a
number of demands specific for the metal involved:

suitable salts of the metal can be dissolved in the electrolyte, at a reasonable temperature and
in sufficient amounts, the electrolyte must be a relatively good electrical conductor in order to
get an even distribution of the material and to avoid excessive heating of the bath (this does
not apply to the group of electroless processes), the pH-value of the bath and the
concentration of complexing agents should be kept within a certain range, so that reduction of
the metals occurs before evolution of hydrogen.

For some metals all these demands can not be fulfilled using a water based electrolyte.
Elements such as Ti and Al can only be deposited from organic electrolytes, while other
metals such as Mg, Nb, Ta, and W can only be plated from molten salt electrolytes (at 700°C
and above).

Consider a Ni electrode (on the left hand side) and a Cu electrode (on the right hand
side) both submerged into a sulphate electrolyte, the total cell reaction would be:

Ni + CuSO4(aq) <->• NiSO4(aq) + Cu (z=2)

and the half-cell reactions are:
Left: Ni° <-» Niz+ + ze' (E°ieft = - 0.257 V)
Right: Cuz+ + ze" <-> Cu° (E°right= 0.3419 V)
Using the Nernst equation from above we get that:
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or on substituting the numbers

This means that E will be greater than 0 as long at the ratio between the concentration
of Cu2+ and Ni2+ is larger than 5.84'21 i.e. [Cu2+] / [Ni2+] < 5.84"21. Consequently the reaction
will move to the right almost indefinitely. If we imagine an experiment in which we
submerge a piece of Ni into a solution of CUSO4 we get a situation similar to the example
above. The fact that the reaction "moves to the right" means that Cu will deposit on the Ni
surface, and at the same time Ni will dissolve. This is a good example of a socalled ion-
exchange reaction, a reaction that will continue until there is no more available Ni to provide
the electrons needed for the deposition of Cu.

Material

Distribution
One of the most important properties in the field of electrochemical deposition is the material
distribution, or throwing power, that can be obtained with a given process. During
electroplating the potential measured between anode and cathode at a given current, is the
sum of several types of over voltage and the Ohmic drop in the electrolyte. The size of the
Ohmic drop depends simply on the conductivity of the electrolyte and the distance between
anode and cathode. Because of the very good conductivity of the electrodes (anode and
cathode), it can be assumed that the charge will be distributed instantaneously on the surface
of the electrodes - so that the potential between anode and cathode is the same everywhere. As
a result of this, the current density of a specific local area of an electrode is a function of the
distance to the opposite electrode. This effect is called the primary current distribution, and it
depends only on the geometry of the electrodes (distance, shape and surroundings) and the
conductivity of the electrolyte.

Examples of the primary current distribution on three different cathodes (+). The
thickness of the deposits depends on the distance.

An electroplating process using an electrolyte with good conductivity has a better
primary material distribution as compared to a similar electrolyte with poor conductivity,
because the distance becomes less important and the distribution depends more on the
overvoltage.

The issue of current distribution is a more complex than what can be expected from the
primary distribution. The contributions from the overvoltages are for some electrolytes very
important. The overvoltage, h, is the total deviation between a situation in which no current is



flowing between the electrodes (Ei=0) and the potential that can be measured when current is
flowing: h = E(I) - Ei=o

The total polarisation or overvoltage is a function of the current, and for a specific area
of the cathode, a function of the local current density. Apart from the Ohmic drop in the
electrolyte itself, there are several types of overvoltage. For some processes one type of
overvoltage is dominating and for other reactions another will be dominating. Usually the
overvoltage is associated with:

1. Activation. The transfer of electrons from the cathode surface to the metal ions. The
rate of this reaction depends strongly on the activation overvoltage (rja).

2. Crystallisation. The crystallisation of the reduced metal ions from the layer of ad-
atoms on the surface. The rate of this step depends on the concentration of ad-atoms
on the surface and the surface morphology. The crystallisation overvoltage is called
Tic

3. Diffusion. The transport of metal ions to the cathode surface is called diffusion (see
below). In some cases, when strong chemical complexes are involved, the release of
the metal ion from the complex is much slower than diffusion itself and the
overvoltage from this reaction must be added to the diffusion overvoltage r|d- The
total overvoltage, r\, is sum of these contributions:

T| = Tla + T|c + Tld

The primary current distribution, together with the overvoltage, becomes the secondary
current distribution. For an electrolyte without complexing agent, with good agitation and
high concentrations of the metals ions, the primary and secondary distributions are almost
identical.

For electroless plating processes there is no applied potential (no external power supply)
and consequently there are no electrical field lines running between anode and cathode. For
these processes the material distribution depends only on the availability of reducing agents,
metal ions and catalytic surfaces. In practice a good material distribution can always be
achieved in an electroless process, when good agitation and an appropriate temperature is
established.

Diffusion layer. No electroplating process can deposit metal ions faster than they can
arrive at the cathode surface. When the applied potential between anode and cathode is
increased the current density (there is a close relationship between deposition rate and current
density) will increase until the number of metal ions being transported to the cathode surface
is equal to the number of ions being deposited. This is called the limiting current density. If
the applied potential is increased beyond the limiting current density, other reactions such as
evolution of hydrogen, 2H+ + 2e~ —> H2(g), will occur. This is usually avoided since it will
reduce the current efficiency (without depositing more metal), and because the deposits
become rough and powdery due to the increased pH in the cathode film (inclusion of metal
hydroxides, extreme hydrogen evolution etc.).

There are three major mechanisms for metal ion transport to the cathode surface. In the
electrolyte (far from the electrodes) the transport is ensured by convection (agitation).
Reasonable agitation is usually provided for this reason, and to ensure that the temperature of
the electrolyte is the same everywhere in the plating tank. At the cathode/electrolyte interface
a zone of diffusion will be formed, with a concentration gradient of metal ions. At DC



conditions ultimately a sort of steady-state situation or balance will be set up, in which metal
ions are replenished at the cathode at exactly the same rate as they are depleted. This zone is
called the diffusion layer, and is usually less than 300 um in thickness and often from 1 to 50
um. Apart from convection and diffusion, also ion migration will contribute to the transport.

When material distribution is discussed one usually looks at macro distribution and
micro distribution. The phenomena covered above are mainly associated with macro
distribution. Micro distribution deals with the phenomena in the diffusion layer - i.e. with
structures in the substrate that are smaller than the thickness of the diffusion layer itself. The
micro material distribution is sometimes referred to as micro throwing power or leveling
effect. A plating process with leveling abilities will change the appearance of the finished
deposit, since the substrate (or cathode) structures that are "filled up" are the in same region of
size as the wavelength of visible light.

In some electroplating baths it is not possible to obtain 100% current efficiency. This is
because other parasitic processes also consume electrons at the cathode. The most important
of these side processes is evolution of hydrogen, but other processes such as reduction of
some of the additives, reduction of higher oxidation steps to lower (e.g. Fe3+ + e' —> Fe2+) etc.,
can also occur. When the current efficiency is less than 100%, or if the limiting current is
exceeded in a process that normally has 100% current efficiency, the material distribution is
also affected. When the secondary distribution is combined with the current efficiency, we
arrive at the final tertiary current distribution that will govern the macro material distribution
of all electroplating processes. If follows from the fact (see above) that current efficiency
depends on current density, that we could easily have a situation in which the deposit in a
high current density region will not grow as fast as expected, because a larger part (compared
to lower current density regions) of the current is used for side reactions.

Means of Improvement
The easiest way to improve the macro throwing power or material distribution of a DC

operated plating bath, is to reduce the current density. For many processes, especially those
involving additives, there is also a limit to how low a current density that can be used.
Fortunately there are many other ways to improve the material distribution.

Compressed Solids
A typical method for making targets composed of oxides or other compounds which are

not amenable to electroplating is to place the material in a depression and then press the
material under high pressure in order to obtain a uniform layer. An example of this is the
tellurium oxide target which is used for the production of Iodine-124. The tellurium oxide is
pressed into a depression under 15,000 psi. It is also possible to add some metal to help with
the heat conduction out of the target oxide.



Chemical Vapor Deposition
Chemical vapor deposition (CVD) is the process in which a film is deposited by a

chemical reaction or decomposition of a gas mixture at elevated temperature at the wafer
surface or in its vicinity, see figure 1 for a schematic view of the CVD process.

Typical Targets

Perpendicular Incidence
For some targets where the material is a good conductor, the matrix is not sensitive to

heat, the quantities required are small or the isotope being used as the target is very rare, a
perpendicular target may be used. A schematic diagram of such a target is shown in Figure
XX
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External

Radioisotope Recovery

Dissolution
A common method for the recovery of the radioisotope is to dissolve the target and then

extract the desired radioisotope from the solution. This is often done by solven extraction or
by ion chromatography. An example of this method is given in the following example for

Distillation
During irradiation

In certain situations it is possible to distill the radioisotopes out of the solid matrix by
using the heat of the beam to aid in separating the radioisotope from the solid matrix where it
is contained. This techniques is successful only if the radioisotope being produced can be
volatilized and carried out of the target. An example of this type of target is given by the
carbon-13 powder target for the production of nitrogen-13. A diagram of this type of target is
given in Figure 4. Temperatures inside the matrix can easily exceed 600EC.

Graphite Secondary
Holder

.003" Molybdenum
Foil

C-13 Powder

t^~> I Spring Loading

Figure 4. Solid carbon-13 powder target



Post-irradiation
The most common method for the removal of radioisotopes from a solid target matrix is

a post-irradiation distillation, hi these techniques, the target plate is removed from the target
holder and placed in a furnace. The temperature is increased until the radioisotope is released.
In some targets this occurs when the target melts while in other targets, the volatilization of
the material occurs at a temperature below the melting point of the matrix. An example of
Fig. 5. Furnance for the distillation of 1-124 from the solid [I24Te]Te02 matrix of the target

TeO.Twgo* Hc**r

Supercritical
Supercritical fluids are attractive as media for both chemical reactions, as well as

process extraction since their physical properties can be manipulated by small changes in
pressure and temperature near the critical point of the fluid. Such changes can result in drastic
effects on density-dependent properties such as solubility, refractive index, dielectric constant,
viscosity and diffusivity of the fluid. This suggests that pressure tuning of a pure supercritical
fluid may be a useful means to manipulate chemical reactions on the basis of a
thermodynamic solvent effect. It also means that the solvation properties of the fluid can be
precisely controlled to enable selective component extraction from a matrix, hi recent years
there has been a growing interest in applying supercritical fluid extraction to the selective
removal of trace metals from solid samples [4-10]. Much of the work has been done on
simple systems comprised of inert matrices such as silica or cellulose. Recently, this process
as been expanded to environmental samples as well. However, very little is understood about
the exact mechanism of the extraction process. Of course, the widespread application of this
technology is highly dependent on the ability of scientists to model and predict accurate phase
equilibria in complex systems.

Target Material Recovery

Precipitation
One of the ways of the radionuclide production increasing on present cyclotrons is the

use of the targets from enriched stable isotopes for irradiation. This allows to raise the
productivity in two or more times in some cases and to increase a radionuclidic purity.
Enriched stable isotopes are very expensive, therefore it is advisable to recycle such raw
materials as many times as possible. As an example of this process, the recovery of zinc-67
or zinc-68 is given below.

Depending on gallium-67 production method (deuteron or proton bombardment) the
targets from zinc-67 or zinc-68 are used. The target represents a copper block with a thin
nickel layer covered with stable zinc by electrodeposition. Its treatment includes the
dissolution of irradiated zinc in hydrochloric acid and following organic solvent extraction of
gallium-67.



The remaining solution contains some quantities of copper, nickel and cobalt-57 besides
the zinc. The technique is based on the well-known anion-exchange behavior of the relevant
elements in hydrochloric acid. During the zinc target irradiation zinc-65 (T./2 / = 244d) is
obtained. These procedures do not provide for the zinc isotopes separation

initial solution (Zn, Cu, Ni, Co, Pe)

in 7M HC1

transfer in ZM HC1 by evaporation

and following dissolving the residue

sorption on Doviex 1

column (Zn, Pe) solution (Cu, Ni, Co, Pe)

±
| washing with 1M HC1 |

i t
column (Zn) solution (Fe)

L
| washing with 0.01M HCl|

solut ion (Zn)

Fig. 2. Scheme of zinc-67, 68 recovery

This type of scheme results in a recovery of the enriched isotope of greater than 95%.

Usefulness of Solid Targets
As can be seen from these examples and the table, most of the radioisotopes can or are

being produced by irradiation of solid targets. The targets have a wide variety of designs, but
can be grouped into three basic groups, which are perpendicular external targets, inclined
external targets and inclined internal targets. The target type being used is dependent on a
number of factors which include the amount of isotope being produced, the sensitivity of the
target material to heat, the cost of the target material and the type of cyclotron available for
the irradiation.

Future Developments
There are many advances yet to come in the area of target technologies. As cyclotron

have improved, it has become possible to irradiate a target with more than a milliamp of beam
current. At these currents, the power deposition on the target will be in the several kilowatt
range. Presently the targets in use cannot withstand these power levels and the best in current
use are at levels of about 600 microamps. Advances in solid targetry will probably come in
the following areas:

Progress in heat dissipation
Progress in beam distribution control
Progress in target deposition technologies
Progress in extraction technologies

All of these techniques and technologies should be explored in the future.



Table 1 - List of Radionuclides Produced with a Cyclotron

Be-7

Na-22

Mg-28

V-48

Product Solid Half Nuclear Nominal Demand Other Reactions

Nuclide Target Life Reaction Energy mCi/yr for Impurities

X 53.3 d 7Li(p,n) 20 15
22Ne(p,n) 15 1500

X

X

X

Fe-55

Co-55

Co-57

Cu-61

Cu-64

Zn-62

Ge-68

As-73

As-74

Br-77

X

X

X

X

X

X

X

X

X

X

X

X

X

2.6 y

21 h

16d

25

27

48

Mg(p,a) 20

Al(a,3p) 45

ti(p,n) 11

47-'Ti(d.n)* 10

2.73 y 55Mn(p,n) 20

17.5 h 56Fe(p,2n) 25

271 d 60Ni(p,a) 25

55Mn(3He,n 40

3.35 h 61Ni(p,n)* 12

64Zn(p,a)* 22

6712.7 h b'Zn(p,a)* 20

66Zn(d,a)* 20

63,9.2 h wCu(p,2n) 22

69272 d b9Ga(p,2n)* 30

7480.3 d "Ge(p,2n)* 11

7417.8 d "Ge(p,n)* 15

78,2.37 d '°Se(p,2n) 20

50

100

1000

15000

50

50

50

2000

2000

100

100

100

27 26/AI(g,nrbAI

49Ti(p,a)46Sc
49Ti(p,n)4V

50Ti(p,a)47Sc
48Ti(d,n)49V

55 54Mn(p,pn)54Mn

56 56Fe(p,n)56Co

611 \58m

Impurity
Half-life

73,000
y

83.8 d

337 d

2.44 d

3.3 d

337 d

312d

77.3 d

Ni(p,af mCo 9.1 h

67Zn(p,n)67Ga
66Zn(p,n)66Ga
66Zn(d,n)67Ga
66Zn(d,2n)66Ga

65Cu(p,n)65Zn
65Cu(p,pn)64Cu

71Ga(p,n)71Ge

74Ge(p,n)74As

74Ge(p,2n)73As

80Se(p,a)77As

3.3 d

9.5 h

3.3 d

9.5 h

244 d

12.7 h

11.4 d

17.8 d

80.3 d

38.6 h



Nuclide

Y-88

Zr-89

Tc-95m

Tc-96

Ru-97

Cd-109

1-124

Xe-122

Xe-127

Ba-128

Ce-139

Ta-179

W-178

Pt-195m

Hg-195m

Pb-203

Bi-205

Target

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Life

106.6 d

3.27 d

61 d

4.3 d

2.89 d

462 d

4.2 d

20.1 h

36.4 d

2.43 d

137.6 d

1.8 y

21.6d

4.02 d

1.67 d

2.2 d

15.3 d

Reaction
88Sr(p,n)

89Y(P,n)

96Mo(p,2n)*

96Mo(p,n)*

95Mo(3He,n)

109Ag(p,n)

124Te(p,n)*

121Sb(a,n)*

122Te(3He,3
n)*

127KP,n)

126Xe(3He,
n)*

139La(p,n)

18OHf(p,2n)*

181Ta(p,4n)

192Os(a,n)

197Au(p,3n)

194Pt(3He,2
n)*

203TI(p,n)

207Pb(p,3n)
*

En

11

15

25

15

45

20

26

30

50

20

30

11

22

38

40

30

40

20

77Se(p,a)74As

mCi/yr for Impurities

100 88Sr(p,2n)87Sr

100 89Y(p,2n)88Zr

10 96Mo(p,n)96Tc

100 96Mo(p,2n)95m Tc

17.8d
Half-life

3.3

83.

4.3

61

d

4 d

d

d

5000

500 124Te(p,2n)123i

123 126iSb(a,nr°l

13.1 h

13.0 d

122 123xTe(3He,2n)1^Xe 2.0 h

300 127, 13.0 d

10

1,000# 18OHf(p,4n)177Ta 2.4 d

100

100 197/ \197Au(p,n) iy'Hg 2.7 d

194 193mtPt(3He,a)iyjmPt 4.3 d

200

30



Bi-206

Nuclide

At-211

Pu-237

*Uses
isotopically
enriched
target
material

X

X

Target

X

X

X

6.2 d

Life

7.2 h

206Pb(p,2n)
*

207Pb(p,2n)
*
Reaction
206Pb(p,nr

209Bi(a,2n)

237Np(p,n)*

22

22

Energy

15

46

25

mCi/yr

200

10

for

40

10

Impurities Half-life

hr

hr


