CHAPTERYV

THE PRODUCTION TARGET

5.1 The target concept

Three important parameters are required to optimidession ISOL target: first of all a high
number of fission reactions (to provide high RiBemsities), then a low power deposition in the
target materials (to avoid melting temperatures) &nally a fast isotope release time (to
improve extraction efficiency). The main problem &direct target configuration concerns the
power deposited by the incident beam in the prodadarget, mainly due to the electromagnetic
interactions. In the SPES target this issue waseaddd: only protons with energy high enough
to have good®®U fission cross-section interact with UCx, the fipart of the range is spent
inside a graphite dump; the whole target was pigmgtimised from the thermal point of view.

As a matter of fact, thé*U fission cross-section and the stopping power h@weosite
dependency on the proton energy, as shown in figukg1-4]. The low energy protons have
high stopping power and release a high power intdhget but are not so efficient for isotope
production because their low fission cross-section.
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Figure 5.1: Stopping power and fission cross-section for prston UG.

If the low energy protons (for example with enetgwer than about 20 MeV) are driven
towards a passive dump, the power deposited ifJe target is lowered considerably and at
the same time the number of fission reactions ittaimed high. Moreover, th&®U fission
cross-section increases with the proton energp i®tMeV and than stay constant. For energies
exceeding 100 MeV, spallation enters in competitioith the fission cross section and
transuranium (alpha emitters) elements are produoaetplicating the radiation protection issue
of the target management. With this in mind thgdamwas designed for proton energy of 40
MeV and a possible upgrade up to 70 MeV will bestdered in the future.

In order to optimize the heat dissipation and #lease time of the fission products [5], a
multiple disks target was proposed [6]: the tangesplit into several thin disks opportunely
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spaced in the axial direction in order to improwe ttooling of the UCtarget by thermal
radiation and to avoid big temperature differen@spect to the graphite box containing it. The
advantage of this configuration is the simpliciti tbe cooling system and the consequent
relatively low cost (see figure 5.2). The main ewderistics of the SPES target are listed in the
following [7]:

« the reference diameter of the target disks is 4 cm.

e the incident 40 MeV proton beam has a currdn0.8 mA. The beam profile spans
uniformly over a circle distribution, which matchie disk radii;

» the window, necessary to separate the beanfrtne the target void regions, is made of
one (or two) thin carbon foil of 400m total thickness;

+ the UG target (aboup=3 g/cn?) is made of seven disks about 1.3 mm thick each;

* the beam dump is made of three carbon diskstdbh® mm thick each;

» the box containing the disks is made of gragphit

window \QCX disk
B\ |
Figure 5.2 Reference target configuration (the 7 lufisks are shown in yellow).

At this point it is important to observe that toagantee an efficient RIB production rate the
SPES target has to work at very high temperaturelde close to 2000°C; the aforementioned
proton beam power is not sufficient to heat thephite box (containing the disks) up to the
required temperature level because of the inteadiative heat exchange from the graphite box to
the water-cooled chamber. As a consequence, it aMasial to introduce an additional and
independent heating and screening system. It isiitapt to underline that such heating device is
completely independent from the proton beam anditiadally, allows for a better thermal
control of the target when the proton beam powerisstabilized, i.e. during the start-up and the
shut-down procedures. The target heating systeristsnof a thin tantalum (Ta) tube, with an
average length of 200 mm, an external diameteraathitkness of 50 and 0.2 mm, respectively. It
is welded at its edges to two tantalum wings, whack directly connected to copper clamps,
through which an electric current delivered by ak¥® power supply (maximum currenfiax =
1300 A and maximum potentiAVyax = 10 V) heats by Joule effect the Ta tube. Tantalas
chosen to build the heating system because it ligiiy corrosion resistant transition metal, able
to conduct heat and electricity (thermal conduttignd electrical resistivity at room temperature
equal to 57 W/(m°C) and 1.34-1qohm-m), respectively, both increasing with terapee
increase) and able to operate at very high tempest for the pressure of 1@Pa (that is the
pressure level inside the chamber during the wgrkionditions) Ta starts to sublimate at
approximately 2200°C. Moreover thanks to its lowisswity (0.15 at 1000°C and 0.26 at
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2000°C), tantalum is able to screen efficiently theget box, limiting the cooling effect by
thermal radiation.

The high temperature target system (composed &bdisox and heating system) is located
under vacuum inside a water-cooled chamber (seeefi§.9 at paragraph 5.3): vacuum and high
temperature are essential to enhance the radieasttopes extraction.

5.2 The in-target yields

The following results were obtained through sevéMainteCarlo calculations (MCNPX code
[8,9] with the ORNL fission model) performed foretharget configuration described in the
previous paragraph. Numerical results turn out thgtower of 0.19 kW is deposited in the
window, 4.1 KW in the seven UG@lisks, 1.7 kW into the three dump disks and 2.2 &\/lost
outside the disks (due to proton scattering). Thiis, average power deposition for the JUC
target disks is about 4.1 kW / 7 disks = 0.58 k\KdiThe energy loss and the fission yield
values for the seven disks are reported in Figude 5
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Figure 5.3: Energy loss and number of fissions in the disks
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Figure 5.4: Fission mass spectra yields
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The total calculated fission rate in the sevendliskabout 1- 18 fissions &. The peak-to-
valley ratio in the mass number distribution of flesion products, that is very pronounced in
thermal neutron induced fissions at about A=115;120ere only about a factor of 2 (see figure
5.4).

The isotope in-target production reaches value® ufl 0" atoms/s. Thé*’Sn isotope, being
a double-magic nucleus, is one of the radioactiuelenr of interest. Its production is here
estimated to be ~1-16™ A more general view of the in-target yields isegi in figure 5.5.
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Figure 5.5: Representation (nuclide chart like) of the in-tarigtope production.

5.3 The target thermal analysis

The power of the primary beam deposited in theetacgmponents.¢. target disks, dump disks
and box) is mainly due to the beam-material intgvac Due to the low pressure environment
and to the high temperature of the target, thig baa be removed mainly by thermal radiation,
and directed to the heat sink constituted by treiwen chamber (see figures 5.6 and 5.9). This
process can be divided into two steps: the disks thadiate heat to the box, which, in turn,
transfers the heat to the chamber walls, alsoisncthise by thermal radiation. It has to be pointed
out that the box has to be held at about 2000°@itimizing the fission product extraction; the
vacuum chamber walls are kept at about room terhpera

The primary beam power deposition described inptie@ious sections was used as an input
data in a set of numerical thermal analyses peddrto study in detail the thermal behaviour of
the target. In particular the target steady stameperature distribution was calculated thanks to
somead hocnumerical models defined using the ANSYS finiteneénts commercial code (see
figure 5.6); the main results are presented in][&i@d a plot of the target steady state
temperature distribution is reported in figure 5.7.

With respect to the disks, the analysis was madeyoted to evaluate the maximum
temperature, in order to warrant that no meltinth @dcur. The thermal load input data related to
the primary proton beam were assigned in an acewvay, considering the variability of power
density along the radial direction. The resultsaoted for the U¢disks show, even in the most
heated disk, a safe margin with respect tq B€lting point. In the dump disks the temperatures
are sensibly lower.
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Figure 5.6: Section views of the FE numerical model used tolate the thermal behaviour of the SPES
target.

Figure 5.7 Temperature plot [°C] of the production targetroespondent to the proton beam thermal
load (results from the new FE model).

With the aim to validate calculations, an importaet of experimental off-line tests was
performed at LNL, in the SPES High Temperature fatooy. A full scale prototype of the SPES
target (see figure 5.8) was produced, using Si€sdisstead of UCones. It was installed with
the target heating system inside the vacuum chamuh@érheated by Joule effect. Temperature
measurements were performed (using a two-colodrared pyrometer), showing in general a
good agreement with FE calculations. Figure 5.p0nts the comparison between numerical and
experimental temperatures, monitored on the extsuréace of the heating system’s Ta tube.
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Figure 5.8 The full scale SiC SPES target prototype.

Figure 5.9 Target and heating system installed in the vacehamber (left); the water-cooled vacuum
chamber closed and ready for the high temperatese (right).
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Figure 5.10 Comparison between numerical and experimentaptratures, monitored on the external
surface of the heating system’s Ta tube.
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Once concluded the experimental tests with thestasgstem only, a new set of off-line tests
was performed including the SPES surface ion sowaenected to the target system by means
of the transfer line. Two Joule heating electricatuits were considered: the target circuit
supplied by the target heating system current, thedion source circuit, supplied by the ion
source current. In particular figure 5.11 showsttrget — ion source assembly heated by an ion
source current of 200A: the temperature discorynbetween the tantalum tube of the target
heating system and the transfer line is evidene &forementioned discontinuity is clearly
visible also in figure 5.12 where only the targetating system (with 700A of heating current)
contributes to heat the target — ion source assenilile two objects seem to be separated,
independent: the transfer line’s extremity is catee to the Ta tube’s hole by mechanical
interference that, respect to a welded joint, dagsallow to create a perfect material continuity,
even if the interference is very tight. Figure 5r&ports an image of the target — ion source
assembly heated by both the heating system cufrf@0#d) and the ion source current (200A):
also in this case the discontinuity at the trankifier— Ta tube connection is evident.

Figure 5.11:Picture of the “production target — hot-cavity i@ource” assembly heated by an ion source
current equal to 200A.

Figure 5.12: Picture of the “production target — hot-cavity i@ource” assembly heated by a target
heating system current equal to 700A.
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Figure 5.13: Picture of the “production target — hot-cavity iource” assembly heated by a target
heating system current and an ion source currentétp 700 and 200A, respectively.

5.4 The target thermo-mechanical analysis

The thermal stress state of the disks was calall@ieing as reference the temperature field
obtained by means of the FE model described ipteeious chapter. The calculation, however,
was drastically simplified by the assumptions odsét material and steady-state regime.
Moreover, the U physical properties are not sufficiently known dadher measurements are
to be carried out.

Differential thermal expansions are generated iochedlC, disk by the non-uniform
temperature distribution originated from the norfanm power deposition of the primary proton
beam. The state of stress arising from such difteaak expansions was examined. Different
approaches were attempted and they all led toaimekults:

e an order-of-magnitude analysis [10];

* a numerical treatment of the equations of lineastaity both in one- and two-dimensions
[11,12];

* anumerical analysis using the ANSYS finite elem@ammercial code.

In this third approach, when the solution of therthal problem was calculated (see the
previous paragraph), volumes and elements belongirtpe UG disks were selected and the
thermal mesh was converted into a structural one:structural element type SOLID45 was
adopted and temperatures were input as elementlbadg at the nodes. The state of stress at
2000 °C, for all disks, represented by the equivaltressoeq is reported in figure 5.14. The
maximum equivalent stress calculateddés= 181 MPa at 2000 °C. The conclusion is that the
equivalent stress is lower respect to the fracitness.

The physical parameters adopted for thermo-mechhr@nalyses have been found in
literature [13]. The elastic modulus E = 215 GPauggested for UCat room temperature, and
it is put forward together with a matching value tioee Poisson’s ratip = 0.269. A curve for the
decrease in E for Ubetween room temperature and 1500 °C has beernealdfspm [13] and
gives E = 176 GPa at 2000°C.

The mean thermal linear expansion coefficient of, d€2000 °C was kepty, = 12.4- 16
°C'. As to fracture behaviour, uranium carbide is &tlerceramic material which may be
susceptible to catastrophic fracture at low temtpeea but a brittle-ductile transition is expected
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to occur at some temperature in the range of 1B0@-I°C. It is assumed that, above this
temperature, plasticity assures some relaxatidhesfmal stresses.

Fracture stress is given up to ~1300 °C only, wiitiec ~ 200 MPa. The assumption of
linearity seems rather adequate up to ~1300 °Cemuoestionable beyond. Therefore the study
at 2000 °C can be considered as a sort of ‘besgtdatal’ of what happens in nominal operation.
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Figure 5.14:Equivalent Von Mises stress plot [Pa].

5.5 Release time calculations

The final intensity of a radioactive ion beam deggean the efficiency of different processes: the
target production vyield, the target efficiency, thanization efficiency, the transportation
efficiency along the accelerator. In order to oenthe target efficiency it is very important to
minimize the time needed by the radioactive specigsin the ion source.

Several simulations have been performed using tBANT 4 toolkit [14], as well as the
RIBO (Radioactive lon Beam Optimization) code [1i],order to estimate the release time for
some neutron-rich nuclei. The target temperature waposed equal to 2000°C for all the
simulations. The diffusion inside the grains of taeget material, the effusion in the inter-grain
space and the free-effusion were taken into accddateover, for each collision an average
adsorption-desorption time ¢sticking time) was considered. Release time catmis were
performed considering the release of the neut@matoms=>?Sn andKr.

In the calculations we assumed the SPES tli€ks being made with standard ISOLDE,UC
so the ISOLDE parameters were used:

average flight path in the powder FP =1t§;
sticking time for Sn isotopes t 10° s;

diffusion time constant for Sn isotopgs=1 s;
diffusion time constant for Kr isotop&s = 10 s [16].

The average total effusion timeg; &= (0.41 +0.02) s and¢k = (0.22 +0.02) s were
calculated, for Sn and Kr isotopes respectivelynsitering the average diffusion and effusion
time the total release fraction was calculatedSiorand Kr isotopes as a function of the half-life,
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as reported in figure 5.15. The final total relefraetion for'*?Sn is about 90% whereas the total
release fraction for the short-livéd®Sn is about 40%. The total release fraction*fér was
found to be 80%.

It is clear that the diffusion time gives an img@ort contribution to the total release time
therefore it is very important to optimize the mete structure of the target disks. To this
purpose, an extensive study of the target matasaitsprogress at LNL.
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Figure 5.15: Calculated total release fraction for Sn and Krtigoes produced in UGnaterial.

Experimental tests to be performed at ORNL and laxt also planned in order to validate
the simulations.

5.6 Development of the target pellets

Radioactive lon Beam (RIB) production is deeplyeaféd by the characteristics of the target
impinged by the proton beam. The composition arel dbgree of purity of the constituent
materials, the microstructure and morphology @rgstalline phase, grain size, porosity) of the
target are of particular importance to this purpoBee kind of isotopes produced, in turn,
depends both on the energy of the incident beam candhe fissile material, whereas the
efficiency release is mainly related to the isomgédfusion inside the target and to their gas-
phase effusion (molecular flow plus multiple ad-atpsion) [17].

Both the diffusion and effusion of the radioactsgecies in/from the target strongly increase
with the increase of the temperature. For thisaedlse target working temperature must be kept
as high as possible, in order to grant atoms rel&ger than their decay. On the other hand, the
working temperature of the target is limited by ttag@our pressure of the target constituents, by
the temperature stability of the target materiatl 4ty possible reactions which may occur
between the target and the target holder at highpéeature. For these reasons, refractory
compounds like carbides and oxides have to be asedrget materials in order to sustain these
conditions.

5.6.1 The Pellet Production
Three main routes are nowadays available for tbdymtion of porous materials:

a) the replica technique: a polymeric sponge is ggpated by slurry of appropriate
composition, the system is then dried and the pehgrsponge burnt-off;

b) the direct foaming technique: a foaming agenintsoduced into a suspension of
appropriate composition;

c) the sacrificial templates technique: a sacrificamponent with selectable shape and
size is introduced in the system and then burntlediving empty spaces.
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Mixtures of uranium oxide and graphite at high temapure showed particularly favourable
release characteristics for many isotopes [18-BO]particular, the uranium carbiden be
produced byeaction of a precursor (metal oxide) with a carbased matrix (graphite powder
or low density carbon foam generators) accordinggtaation 1.

UO; + 4C +nC > UC,+ 2CQq + nC 1)

Figure 5.16: The high temperature furnace for Y@roduction assembled at LNL

This is due to the fact that working in excess i@pdite results as an improvement of the
release efficiency, issue very important in the LSRIB target application. Therefore, the
carbides of lanthanum and uranium produced byr#astion, or Lagand UG are commonly
referred to by La¢ and UG, indicating that they will be composed of carbigled carbon
residue.

The formation of uranium carbide occurs under highuum at temperatures ranging from
1100 to 1400 °C. The gas released during carbenrthlereduction (CO in eq. 1) is responsible
for pores formation. Open porosity (interconnecgtdicture) was demonstrated to improve
isotope release [21]. Moreover, in order to obtaiaterials withstanding the extreme working
conditions, sintering of the composite powder isukcessive, necessary, step achieved at
temperatures even higher than 1700 °C.

The preparation of SPES samples for thermal treatfolows the classic procedure for the
production of ceramics from powders: precursorsigiteally mixed manually or using a mill,
and then add a binder (typically polymer). Withthis, the resulting powder is cold-pressed for
enough time to write a pre-sintering of the mixfuaowing for the extraction from the die-
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pressing withoutompromisini mechanical stability. The samplésis obtaine are subjected to
heat treatmeraf carburizatio in an high vacuumhigh temperature furnace (see figure E.

According to the SPES steering committee guideliles developient of tailored UE
disks will follow the scheme reported inure 5.17.
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Figure 5.17: Schematic overview of the R&D on the developmef® ofim U, disks.

The processing route followed to produced x and UG 13 and 40 mm thin disks consi:
of 3 steps, as reported figure 5.17. As can be observed in Figure5.ft& critical points of
process transfer from 13 mm to 40 mm disks arde@leo the larger amount of reagents (m
oxide and graphite) involved in the reaction. Téehnhological ioubles that arise from this po
can be divided into two categori

» The first one is related to the instruments to bedufor the three process steps (mixing
grinding (1), pressing (2), carburization and ginig (3));

e The second is related safety and in other words to the compatibility o€ls techniques t
the production of radioactive materi
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Figure 5.18 Process scheme and critical points
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Handling radioactive material (even if of low adtyMike depleted uranium) requires special
precautions, authorizations, and dedicated radicégontrolled area to avoid workers and
instruments contamination. Two production lines I8mm and 40-mm diameter pellets have
been developed.

The thermal processes are performed in two difteimaces, depending on whether it is
requested to produce samples for testing the xéigctf the components (prototype discs, 13
mm of diameter) or samples of the final size regpliy the SPES target (reference discs, 40 mm
of diameter). In the first case, the carburizateomd the subsequent sintering processes are
performed in a dedicated furnace located in theattepent of Chemistry of Padova University
(see figure 5.16), which allows to reach maximummgeratures of about 2100 °C in high
vacuum (~ 10-6 mbar).

Working at very low pressures facilitates the re@gtof the components and, in the same
time, prevents the rapid oxidation of the carbidecl would undermine stability. The main part
of the furnace consists of a bell-shaped vacuunmblea containing a graphite crucible heated
by Joule effect using a power supply capable ofiding the maximum voltage of 10V and the
maximum current of 1000A.

To reach the temperature levels needed for theudadtion of the oxides and for the
sintering of carbides, a dedicated screening systisigned and built at LNL, was installed
around the crucible. The following figure shows W@, furnace and its main components.

T

Figure 5.19 Graphite crucible (left) and screening systenglt).

The crucible (represented in figure 5.19) allowe ttarburization of the sample placed
within it in a horizontal position, and therefolgettreatment performed in this oven is called
"horizontal carburization”.
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In the case where we want to produce samples dogottte SPES standard diameter of 40
mm, the furnace used, entirely designed and buttieLegnaro Laboratories, is quite different
than the previous one. In this case the oven sykieks like the on-line SPES target heating
complex. The furnace vacuum chamber in this cassists of a hollow cylinder of stainless
steel mounted on a guide to allow easy openingchosing, as reported in Fig 5.20.

The stainless steel chamber which houses the tamtaéater with size similar to the SPES
target, is connected to two current terminals qfpay associated with the power supply system.
Inside the Ta heater a cylindrical graphite bopasitioned, containing the samples that will be
thermal treated.

The heating chamber is equipped with a dedicatexbsing system (see figure 5.21), which
allows to reach the temperatures required for aaation and sintering heat treatments (more
than 2100°C).

Figure 5.20: The LNL furnace for the production of carbides iahgeter 40 mm.
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Figure 5.22 The 40 mm UCx pellet (1 mm thick) after thernmahtment (the average bulk density is
about 3 g/cr).

5.6.2 The Pellet Characterization

The final target sample features are influencednmny physical, chemical and structural
properties (i.e. purity degree, grain size, poyysiin spite of research on the development of
suitable targets, going back several decades, gletenknowledge of the influence of the
production processes of the targets on all thestirfes and on the RIB production has not yet
been full achieved. Therefore a careful characéon of the features of the produced pellets
represents a primary purpose for developing sw@tabd reproducible targets. The main goal in
this R&D activity is to design a standard procedairaed to the production of uranium carbide-
based pellets with the bestline performances.

This can be achieved, by a careful characterizgtrmeess of prepared pellets in order to
optimize the thermal treatment of several oxide giagbhite mixtures, in different ratio and with
dimensions ranging from nano- to micro-meters. lddi#on, similar procedures and
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characterizations will be extended to npromising porous, lovdensity ceramic materials (l,
or LaG; foams).

So he final step of the R&D on SPES material developmeonsists on the pell
characterization stage. In facfter the heating treatment, some pelles been designdo have
a characterization procesgich consistsmainly of Differential Scanning Calorimetry (DS(
analysis performed on the starting mix the X-Ray Dffractometer (XRD) an, finally, the
SEM-EDS investigations afamples carburized and sintered at different teatures (see figure
5.23).

Following the route showed, several x samples, with controlled amount of porosity
tailored emissivity, is under developmeAs reported in figure 5.24XRD analyses show the
formation of tetragonal ULand graphite. A mincamount of a secondary-C phase was also
formed up on carburization & sintering. Samples possessing a bulk densitabout 3 g/cr
and grain size less tharuin have been produc in the Pada University U( laboratory.

Figure 5.23:(A) Scanning Eldconic Microscope (SEM); (B) -ray diffractometer (XRD); (C) TG/DS
thermal instrument.
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Figure 5.24: SEM analysis of UCx targeat different magnificatiorand XRD (left upper) after
carburization and sintering.
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In the future the production of U(ellets with different techniques will be employtd
change the sample porosity (from <10 %, dense ttargé& 0-80%, typical value of foams) and
the pore dimensions and shape (spheroidal, acjcutaparticular, the porosity will be realized
either by means of sacrificial fillers (PMMA basedcro-spheres that decompose completely
during the thermal treatment) or by direct foammgthods (mixing the raw materials with a
low-temperature evaporation solvent) or with thaioa technique (polymeric foams covered by
ceramic powder and treated at high temperatures).

In this way, it will be possible to acquire the essary know-how to control not only the
shape and dimensions of the pores but also themphotogical characteristics. In fact the
passage from a closed to an open structure wogidfisantly improve the target permeability.
All the correlations between the observed effugiooperties of theon line targets and their
structural properties will be exploited in ordertgprove technology of the pellet production.

5.6.3 Emissivity and thermal conductivity measurements

At the working temperature of an ISOL target (2000%hermal radiation, mainly, and thermal
conduction control the target heat dissipation twedtarget temperature field.

Since the amount of radiative heat transfer isutated by temperature, emissivity and
geometry of the target, emissivity as well as terajpge measurements are very important for
preliminary studies and calculations. Thereforasitoften required to directly measure the
emissivity and the conductivity for a given materimder the real conditions since significative
variations values may occur. The experimental pebuilt at LNL-INFN and used for thermal
characterization of the SPES samples is reportédgare 5.25. A power supplyn{d= 1000 A
and Vina= 10 V) directly heats by Joule effect a graphitectble connected to copper clamps.
Heat is shielded by Tantalum foils symmetricallgtdbuted around the crucible. Vacuum is
supplied by a diffusion and rotary pump in series.

The system is capable to reach a temperature &sasi2100 °C and vacuum up to°10
mbar. Temperature is measured by a double frequg@ycgmeter. The pyrometer has a
temperature range of 1000-3000 °C and the wavdieragiges are respectively 0.85-10%
and 1-1.1Qum.

Concerning the emissivity measurements, up to tiesemt several methods have been
performed using various detectors such as IR speeter, a radiometer and an infrared
pyrometer.

In the framework of the R&D of SPES target a dine&thod for emissivity measurements
upon heating in the range 1000- 2000 °C under vacisuworking at SPES laboratory. The
method consists on the use of a dual frequencynpgter put above to the sample surface. Once
temperature has been measured in bi-chromatic nmedessivity can be calculated from the
Stefan-Boltzmann law with the pyrometer in monoechatic mode.
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Figure 5.25:The LNL furnace for pellet thermal characterization

The pyrometer is settled in a direction normal® sample and the radiation passes through
a boro-silicate glass window almost completely $pmrent to infrared radiation for the
wavelength band of the instrument adopted to measemperature. Different kinds of
commercially available SiC and isotropic graphigngles were tested. In Figure 5.26 the,UC
emissivity, is reported.
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0.4 = UCX from UO 2+nC

emissivity
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0.0

1000 1100 1200 1300 1400 1500 1600
T (°C)
Figure 5.26: Emissivity behaviour of the SPES Ugellet

Concerning the thermal conductivity measuremente\e method has been developed at
LNL. The thermal conductivity is determined by quantifying the radiation fluxiged from a
heated sample in steady-state thermal equilibriline. steady-state direct method performed at
LNL overcomes this problem by quantifying the rdidia heat flux emitted from a sample
heated by a graphite crucible. Theis determined by a linear integration of the hiaiyv
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equation for a sample with a cylindrical geometfpr thermally insulated samples, with no
internal heat sources, and a geometric symmetnygalbe gradient axis, the formula for heat
flow is well known.

Figure 5.27 The experimental set-up.

Once the sample has reached steady-state thermibegm with a corresponding uniform
thermal flux along its axial direction, the radoatiexchanged between the cold surface of the
sample and its colder environment is directly prtpoal to the heat flow inside the sample.
This is facilitated experimentally by exposing ttedd sample surface to a water-cooled stainless
steel vacuum bell that acts as a constant coldatr $iek. The radiation flux is determined by
direct temperature and emissivity measurementg wstwo-wavelength optical pyrometer.

5.7 The target — ion source system and the related exjimental apparatus

5.7.1 The target - ion source system

We have adapted the engineering principles embadi#k target - ion source systems used in
the HRIBF and ISOLDE facilities for remote and shBndling [22]. The attractive features of
this approach is that loose contamination is erclos a relatively compact system.
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Figure 5.28 The target — ion source system connected todhaum chamber unit.

The SPES target unit is composed of a graphitecbotaining the U¢disks, windows and
dumper disks (all made of graphite), and is comigim a tantalum cylinder which is resistively
heated by passing a high current through it in taaidito the heat supplied by the irradiating
beam. A small tantalum tube, called transfer lufget connects the target unit to the ion source
in order to plug in several kinds of ion sourcese(fgure 5.28).

5.7.2 The SPES target chamber

In the context of the SPES facility the target chamis used to contain and support the target —
ion source complex in an high vacuum environmerdyiding both the water for the cooling
system and the electrical current needed to hedbble effect the production target and the ion
source; we recall that the target — ion source dexnponstitutes the core of the facility and is
used to convert the stable primary proton beam [RRB a radioactive ion beam (RIB) (see
figures 5.29 and 5.30). The target chamber, withtdrget — ion source system inside, will be
irradiated by the primary beam for approximatefyeBn days; once completed the irradiation
phase the chamber and the components containechatcterized by an important radiation
dose, will be removed by a remote automatic hagdéiystem (see the following paragraph).
With the aim to facilitate the handling operatidhe chamber was accurately design including
fast mechanical, electrical and hydraulic couplings
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Figure 5.3Q Picture of the SPES target chamber

5.7.3 The SPES front end

The SPES production area (see figure 5.31) is totest by the production target (that with the
transfer line composes the target block), the ioaree (in this chapter we will take into
consideration the surface ion source or hot-caeitysource) and all the experimental apparatus
needed for their functioning that is the targetnshar and in particular the front end.
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Figure 5.32 Picture of the SPES production area prototypét fatiLegnaro National Laboratories.

The SPES front end is a sophisticated experimapaératus whose construction was based on
the experience of important European ISOL facsitiés main functions are:
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* to guarantee a stable positioning of the targettiea containing both the target block
and the surface ion source;

* to provide high vacuum inside the target chambeatewto cool it down and electrical
power to heat by Joule effect both the target bl the surface ion source;

» to allow the entrance of the primary proton beafPRPdirected to the target block;

* to extract the radioactive ion beam (RIB) from therget block — surface ion source”
complex and accelerate it to the subsequent afdghs @acility;

» to provide high vacuum both in the primary prot@aim and in the radioactive ion beam
channels.

The front end used in the context of the SPES pragan evolution of the front end 6
developed at ISOLDE (CERN). Respect to its preaunsdhe SPES front end a channel kept
under high vacuum was added to allow the entrahtieeoprimary proton beam: in fact respect
to the ISOLDE facility in the SPES one the ener@yhe proton beam is sensibly lower (40
MeV respect to the energy level of approximatelgdV that characterizes the ISOLDE proton
beam) and consequently it cannot impinge the targses$ing through air.

Then, with the aim to support maintenance operafidhe front end general assembly,
indicated by the cod&T_FEO000(according to the codification scheme defined tfew SPES
project), was divided in two portions: the remowapért (subassemb&T_FE20p and the fixed
part (subassembliST_FE100andST_FE30) (see figure 5.33). The former, lying close to the
target block, receives a big dose of radiation wasrthe latter is more distant and its absorbed
dose is sensibly lower; as a consequence subasseflblFE200needs to be removed
approximately every seven years because of matdagrtadation while the subassemblies
ST_FE100and ST_FE300(constituting the fixed part of the front end) aret subjected to
important damages due to radiations and can lashmore time. The front end was accurately
designed in order to allow an easy and fast remoivelibassembI$T FE200

In this apparatus most of the components are miadeiminum alloy (low density) in order
to minimize the material activation as consequenfcie huge production of neutrons coming
from the production target.

The most important and sophisticated section ofritre end is surely the radioactive beam
channel: once produced the radioactive isotopéisariarget and ionized them thanks to the ion
source, the radioactive ions are accelerated lylkd/Gotential difference produced between the
ion source and the extraction electrode of thetfiemnd. After this stage the beam will pass
through the deflector system which consists of felectrostatic steerers: by tuning the electric
field of the steerers, it is possible to modify fhesition of the beam in the transverse plane. The
next stage of the radioactive channel of the frentl consists of a triplet of electrostatic
guadruples responsible for bringing, by changing ¥alues of the electric field, a focus in a
desired downstream point.

Once passed through the radioactive beam chanaehthoactive ion beam is directed to
the beam transport area and then to the post aatmle
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Figure 5.33 The SPES Front-End

5.8 The target chamber Handling

The SPES Target handling is a delicate and comgutéion, complicated by the high degree of
radioactivity reached the target after irradiatibm.order to improve the security features and
possibilities of intervention on the target we ahts prepare two types of movements: a vertical

and horizontal. For both handling of cases, thgetahandling has been divided into two main,
and specular, sequences:

1: the loading phase;
2. the unloading phase.
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The SPES target-production chamber must be easipved ( for servicing or storage) from
both beam lines after the irradiation process.thisrreason, the mechanical design of the SPES
target chamber strongly takes into account thisoeffThe target chamber unit is coupled to the
proton driver and to the RIB’s beam by means otkjgbnnectors. Since the target could be
used several times, it will be shipped into a daidid box with lead walls of 2 cm thickness.

The lead box containing the target chamber willhbesed in a special repository along with
other exhausted boxes waiting for the radiationellereaches acceptable values, allowing
subsequent phases of disposal and possible regy@le time required to the target materials of
exhaust their dangerousness, is around two years.

Two independent devices are designed for the tarigainber handling in the horizontal and
vertical directions.

Recently, the handling procedures have been tesi¢lde SPES laboratory, using prototypes, in
order to check the fitting system of the targetrohar (figure 5.17) to the front-end apparatus.

— \ﬁ-” i ‘
—

Fig. 5.17. The SPES target chamber complex during the handling test performed at LNL.
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The handling system must be designed in order nd $and remove) the target chamber, of
about 40 kg weight, into the irradiation area, vehtre target will be hit by the proton beam.

Figure 5.18. shows the proposed handling layounpased by two different devices, both of
which operate in two different halls.

Srato di ritaghed D

Fig. 5.18. Layout of the SPES target chamber handling system.

A) The Horizontal handling system

For the horizontal handling system, the first phiade carry, through the use of a trans-pallet,
the target chamber, previously inserted into a hbath walls of lead, inside the room
dedicated to handling where there is the vehicig. @19).
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Fig. 5.19.- Transport of the 'sarcophagus' lead améer containing the target to the handling vehicle.

To transport the target chamber from the depoghied-E, it has been decided to use an AGV
(Automatic Guide Vehicle). The vehicle can travaldwing an imposed path with extremely
reduce position errors. The main duty of this kfdvehicle will be the target chamber
delivery from the chamber deposit to the FE couptaible, where the target chamber will be
connected to the overall system.

To automatically perform the pathway, the AGV whidlve optical sensors in order to monitor
its position respect to a painted line onto therldBeside optical line monitoring as primary
driving system, possible solutions will be chosemoag magnetic lines and laser distance
driving. These kinds of solutions, even if it is maost expensive rather than a fixed rall,
allows more flexibility and a complete isolation thfe bunker when all the doors will be
hermetically closed, due to the absence of holethtorail.

Additionally, it will be possible to change the neodf operation from automatic to manual
where cameras on the AVG and a remote joystick allidlw a human operator to control the
vehicle. This redundancy on the control systemtisnded to ensure a minimal fault rate.

In order to place the target chamber inside angideitthe vehicle, a series of mechanical
devices placed on top of the AVG will be used (fegb.20.). The system includes a series of
sequential operations: positioning of the lead sde the vehicle, removing the lid of the
box, taking the target chamber unit from the boxubiyng a dedicate interface tool and placing
it onto the FE coupling table. The moving operatiane carried out by screw systems, driven
by electric motors controlled by means of PLC desjavith the possibility of a remote check
of the operator in case of malfunctions.
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Fig. 5.20.- The 3D representation of the SPES harital handling device. The machine is able to mahe
target chamber from the lead box to the FE and vigersa. This part of the device will be place ottee AGV.

After the target chamber is placed, the machiné dve the radiation area and the target
camera will be connected to the beam pipes, readié irradiation stage.

A similar procedure is followed in order to remothee target chamber after the irradiation
process.

B) The vertical handling system

The second device that was studied was the vedioal The machine is located in a room just
above the irradiation room on the SPES buildingis Tdevice consists of a rigid frame that
moves in a special rail, in which it is insertedealicated actuator device in order to guarantee a
precise connection with the target chamber, aesgmted in figure 5.22.. These tools have been
designed in order to maintaining an extremely gpeatability level during the insertion and
extraction process.

The system performs a series of sequential opesatimitially the lead box is positioned by
operators with the aid of a motorized lift above ttame of the machine; then the vertical device
leaves the loading point and, after removal ofdAps on the roof of the irradiation room roof,
goes towards the center of the bunker access makich the chamber must be replaced.

Once arrived at the working point, the machines lifie target chamber from the lead box, and
starts the descent towards the irradiation buniiger placing the target chamber on the FE
coupling table the machine disconnects itself ftanget chamber, returns to the upper floor and
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closes again the room roof and returns to the hgpgosition where a user can download the
lead box and place it in a special depository.

In the planar motion table is placed a suitablé dedicated to engaging with the target chamber.
The whole device has a size of about 1.5m3.Thediep will be removing the 'cap’ in concrete,

using the crane. You can then pick up the car Bperand go vertical in the hole. The machine
will be lowered by crane and will be inserted angmorted in a slit between the irradiation room

and shed.

Targer
chambe

Fig. 5. 22: The 3D representation of the SPES vedi handling device. The machine is positioned otee roof
hole just above the irradiation room.

Once positioned and centered in the frame, the dwidr cylinder rods, which guarantees a
retracted length of 2 meters and a capacity of MQ@An be relaxed allowing the attachment of
the machine room with the target placed in thetfeod below.
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Fig. 5. 23: The device connected to the target clirem

5.9 The target prototype

In order to develop the final SPES multi-foil targeresearch program has been activated to test
the target configuration with proton beams of dldaenergy. The elective facility to perform
these tests is HRIBF (Holified Radioactive lon Belatility) at ORNL [23]. HRIBF is an ISOL
RIB facility based on a primary beam of protongd@tMeV of energy and with current intensity
up to 20 pA. Two different tests have been perfatinethe last years with the target prototype,
which has dimensions scaled to 1:5 in comparisahddull scale SPES target. The SPES target
prototype consists basically on a graphite tubetasomg 7 discs with diameters of 13 mm
(about 1 mm thick) and a graphite dumper as regontégure 5.44.

This prototype can be positioned inside the HRIBFgét holder, allowing to test in this
facility the main ion release characteristics ahd tapability of the target architecture to
dissipate the nominal power density of approxinyab€l0 W/g.
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Figure 5.44: TheSPES target prototype tested at HRI

This scaled version is demonstrated to be fullyajpee and functione by means of a scale
factor thedata collected in this wo can be usetb predict the behavior of the real scale ta
onceinstalled in the SPES facili. The first experiment was performed2007 using SiC targ
discs, whereas the secowds carried out in 2010 using Udliscs of 4 g/cm3 density eacAll
isotopes produced in the target were ionized thaokhie Electron Beam Plasma lon Sot
(EBPIS).

5.9.1 Ondine test of the SiC target prototy

The use of SiC diskis devoted to the production of exc aluminium beams*Al and %°Al,
which are isotopes of astrophysical interest botHRIBF and EXCYT.Thetemperature data of
the first test performedn 2007 with SiC disks confirm thepredictior [24] of thermal
simulations.

Figure 5.45 SiC SPES target inside the target heater (left) tiectarget area at HRIBF (righ

A comparison between different target configuins and materials will be donThe
aluminium isotopes production was measured as atibum of proton current and her
temperature. The results are reported in figL46.
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Figure 5.46: Aluminium isotopes production SiC SPES target at HRIE

The target performance was considered very satgfand this target is actually usec
HRIBF.

5.9.2 On-line test of the UQarget prototyp

The SPES U(Ctarget prototype was tested on line at HRIBF usang0 MeV proton bean

coming from the Tandem, with intensity values opaximately 50 nA The procedure for ts

experimental testvas to span a total number of 36 masanging from 72 to 141, measuri

yields current amount (by means of the Faraday eumg) savingthe gamm-decay spectra.
Calculation of the yield of different isotof, as reported in figure 47, was carried out
analyzing the gammeay spectra obtained coupling the Ge detector with a m-channel

analyzer (MCA).
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Figure 5.47 The preliminary result of tt neutronrich isotopes collecte.
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After data collection, following a week of coolirdpwn time, a visual inspection on the

uranium carbide disks used during the experimernd dane, and no significant structural
changes or breakdown were observed (see figurg.5.48

Figure 5.48:Seven discs after on-line tests
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