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An electro-chemical deposition technique, under US Patent Application, to produce NbsSn coat-
ings was developed in the last few years by FNAL in collaboration with Politecnico di Milano. In
this summary report of my training period I describe how to realize superconducting NbsSn thin
films through electro-deposition processes onto a Nb substrate followed by heat treatments. SEM
and EDS analysis are performed in order to characterize the cross section of the samples during the
fabrication. The phase diagram critical current against magnetic field of the samples is eventually
measured. Optimizations of the process are made in order to improve the superconducting proper-
ties of the samples. Future research and applications are also presented. Details on my contributions

to the project are given in the conclusions.

NbzSn PROPERTIES

NbsSn is an intermetallic compound of niobium and
tin having an A15 crystal structure. It has a critical
temperature of 18.3K and withstands magnetic fields up
to 307. Indeed, Nb3Sn is largely diffused for applications
where high critical currents are required, e.g. magnets
with DC persistent fields larger than 107". Nevertheless,
it is extremely brittle and its critical current is strain
sensitive, meaning that high stresses on the sample may
reduce or totally destroy the alloy superconductivity.

The Nb3Sn phase is produced through three DC
electro-plating steps onto a Nb substrate followed by heat
treatment in inert atmosphere.

ELECTRO-PLATING

Electroplating is a process for applying a metallic coat-
ing on a metal surface by electro-deposition from a suit-
able electrolyte solution. The object to be plated is con-
nected as cathode in the electrolyte solution and, when
the current is applied, positively charged ions of the an-
ode will be discharged and deposited as a film on the
cathode. The solutions for the electroplating steps are
obtained through mixing processes by using the hotplate
Corning PC-620D. The electro-deposition processes are
done using the Legor SixStation plating system. The
temperature is controlled by a heater and the solution
can be agitated with a magnetic stirrer. In heating pro-
cesses it is important to use only pyrex beakers, since
they can sustain high temperatures without breaking.

Step 1: Cu seed layer onto the Nb substrate

The composition of the bath is the following:
e HCL: 67.8ml
(] HQSO4Z 217.4ml

e CuSOy4: 120g

e H>0O: as needed to achieve 2L

The HCI allows to raise the acid concentration in the
solution.

The bath has to be made adding first 600m! of distilled
water, followed by liquids and salts slowly and in the
same order as listed above. It is not necessary to heat the
mixing solution. A magnetic stirrer has to be inserted,
with a velocity around 260rpm or more.

For the electro-plating process, the anode is the pure
Cu electrode and the cathode is a Nb substrate. The
temperature of the bath is around 40°C. Prior to the
deposition, the substrate is immersed for 1min in 49%
hydrofluoric acid. Then both electrodes are cleaned with
sandpaper and acetone in order to reduce the presence
of oxides on the surface. Indeed, oxides could reduce the
adhesion of electro-deposited metals and act as a diffu-
sional barrier layer during the heat treatment, hindering
the formation of the superconducting phase. After the
deposition the electrodes are rinsed in water.

Step 2: Sn layer onto the Cu seed layer

The composition of the bath is the following:

e Solderon Acid HC: 430ml!
e Solderon Tin HS-300 Concentrate: 333ml
e Solderon MHS-W Primary: 200ml

e H>0O: as needed to achieve 2L

The Solderon MHS-Primary is necessary to maintain
smooth deposits and throwing power. The Solderon Acid
HC allows to raise the acid concentration in the solution.
The Solderon RD Concentrate is designed to minimize
the oxidation of tin in the electrolyte.

The bath has to be made adding first 600m/ of distilled
water, followed by liquids slowly. The order of mixing is
irrelevant and is not necessary to heat the mixing so-
lution. A magnetic stirrer has to be inserted, with a
velocity around 260rpm or more.



For the electro-plating process, the anode is a pure Sn
electrode and the cathode is the Nb/Cu sample. The
temperature of the bath is 50°C. Prior to the deposition,
the Sn layer is cleaned with sandpaper and acetone and
after the deposition both electrodes are rinsed in water.

Step 3: Cu barrier layer onto Sn

The composition of the bath is the following;:
e CusP207: 52¢g
e NaNOs: 10g
e Na,P>07: 360¢g
e H>O: as needed to achieve 2L

The copper pyrophosphate CusP2O7 promotes an effi-
cient dissolution of the anode and prevents the formation
of insoluble salts. The sodium nitrate NaNOj3 and the
sodium pyrophosphate NayP20O7 are added to improve
the deposition rate and the smoothness of the coating.

The bath has to be made adding first 600ml of dis-
tilled water, followed by liquids and salts very slowly
while heating up to 100°C at least. A magnetic stir-
rer has to be inserted, with a velocity around 1000rpm
or more. It is also recommended to agitate manually the
bath in order to speed up the mixing process.

For the electro-plating process, the anode is a pure Cu
electrode and the cathode is the Nb/Cu/Sn sample. The
temperature of the bath is 50°C. Prior to the deposition,
the Cu layer is cleaned with sandpaper and acetone and
after the deposition both electrodes are rinsed in water.

FIG. 1: Layers deposited onto the substrate during the three
electro-deposition steps. For simplicity, this scheme shows
only the upper surface of the sample but of course the whole
immersed surface of the sample is pleated.

Laws and Parameters of Electrolysis

The weight W of substance released/deposited dur-
ing an electro-plating process can be computed using the
Faraday law:
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FIG. 2: Tafel plot showing the current density against voltage
in a plating cell (the current density axis is logarithmic). Jiim
is the limiting current density over which hydrogen evolution
occurs.
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where [ is the electrode current, ¢ is the time for which
that current flows, A is the atomic weight of the sub-
stance, Z is the number of electrons involved in the elec-
trode reaction (valency) and F is the Faraday constant
(1F = 96.500Cmol~'). The weight of the plating on
the cathode is thus a linear function of the total electric
charge passed through the substance, i.e. It. Moreover,
the average thickness deposited will also depend on the
density of the material.
The rate of the electrochemical reaction is related to
the overpotential by the Tafel equation. On a single elec-

trode it reads:
J
=A-log| —
n=a-toz ()

where 7 is the overpotential, A is the Tafel slope, J is
the current density and Jj is the exchange current density
i.e. the current at zero overpotential. In Fig. it is
shown the current density against the voltage in a plating
cell. Since the metal ions cannot be deposited faster than
the time they spend to arrive at the cathode surface,
there is a limiting current density Jj;,, which of course
depends on the plating parameters. If the applied voltage
is increased beyond that limit, other reactions will start
to occur, such as the evolution of hydrogen.

The surface morphology of the deposited layers de-
pends on various parameters. In [4] the effect of those
parameters are investigated and it turns out that:

e As the DC current density increases:
— The nucleation rate increases, resulting in a

reduction in the grain size.

— The flow rate of ions toward cathode becomes
higher with respect to the replenishment of
the ions from the anode. Thus a gradient is



created around solution/cathode interface and
the deposition takes place at certain protru-
sions/nucleation sites on the sharp boundaries
of the cathode, whose density increases with
the current density. The smaller the number
of protrusions the faster will be their growth.
This results in the development of an unsta-
ble growth front, giving dendritic structures in
a random orientation. Then the DC current
flows more densely on the sharp boundaries
than to the flat bulk of the sample, which im-
plies a non uniform current distribution.

— The adhesion between layers decreases.

e As the deposition time increases, the amount of
coated metal increases.

e As temperature increases:

— The grain size increases.

— The conductivity of the electrolyte solution
decreases, due to the decomposition of chem-
ical species at higher temperatures.

e As the PH of the solution increases the porosity
and the roughness of the deposits increases.

e As the stirring rate increases the concentration of
ions coming out from the anode gets more dis-
tributed in the electrolyte, then:

— The porosity and the roughness of the deposits
decreases.

— The grain size increases.

— The deposition rate decreases.

On the other hand, a too large stirring rate causes
the ions to reach the electrode surface at a faster
speed, resulting in a reduction of the deposition
rate.

Thus, in order to improve the uniformity and the ad-
hesion of the depositions, it is more convenient to use a
pulsed power generator. The pulsed waveform is char-
acterized by various time and current parameters, which
are shown in Fig.. The period T of the waveform is
given by T' = tr + tr and the frequency f is its inverse.
The duty cycles for the forward and reverse on times are
defined as:
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FIG. 3: Parameters pulsed waveform: forward duration tg,
forward-on time ¢, or , forward-off time ¢ of, reverse duration
tRr, reverse-on time tg,on, reverse-off time ¢ o, forward-on
current i on, reverse-on current g, on.

During troff, tRon, tRoff ions migrate away from
the cathode surface and this reduces the amount of nu-
cleation sites, implying a more uniform coating.

Clearly the space of parameters becomes much larger
than in the DC case. In [4] the effects of these new pa-
rameters are described and it turns out that:

e As the frequency increases the pulse duration is
higher. This means that less time is available for
the charging and discharging of the electrode dur-
ing on/off times and this implies that:

— The nucleation rate increases with a limited
growth rate, resulting in a dense microstruc-
ture.

— The average roughness and thickness of the
film decreases.

e As the forward duty cycle increases:

— The grain size of the deposits decreases con-
tinuously, because of larger overpotential at a
longer current on times.

— The porosity and the roughness of the deposits
increases due to the increase in average cur-
rent flow time.

Finally the cell geometry and the position of the elec-
trodes affects the thickness of the deposited layer. Be-
cause both electrodes are good conductors, it can be as-
sumed that the potential between them is the same ev-
erywhere. As a result, the current density at any specific
local area of the electrode is a function of the distance
to the opposite electrode. In Fig. are shown few ex-
amples. In order to have a uniform deposition on both
sides of the sample, a choice could be to put the cathode
perpendicular to the anode and to the stirrer flux lines,
as it is shown in Fig..
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FIG. 4: Examples of current distribution and thickness de-
posited layer for three different orientations of anode and
cathode. The shape of both electrodes and their relative ori-
entation affect strongly the characteristics of the deposition.
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FIG. 5: Perpendicular disposition of the electrodes. The
plane of the cathode is perpendicular to the plane of the anode
and to the flux lines induced by the stirrer.

HEAT TREATMENT

The phase diagram of Nb-Sn is shown in Fig.@. In the
binary system Nb-Sn, the single-phase NbsSn is formed
only above 930°C between 18% and 25% of Sn. At
temperatures below 845°C the two non superconducting
phases NbSns and NbgSns are also stable and they grow
at the interface, together with the Nb3Sn phase. Thus,
in order to minimize the formation of undesired low-T,
phases, it would be necessary to reach a reaction temper-
ature above 930°C. Notice that if the Sn concentration
is below 25% the Nb3Sn phase remains the only ther-
modynamically stable phase during cool down to room
temperature.

However, in the ternary system Nb-Cu-Sn, the phase
NbsSn is the only stable phase even at lower tempera-
tures due to the addition of Cu. Additionally, the pres-
ence of Cu does not dramatically change the supercon-
ducting behaviour of the material. This is why before
depositing Sn there should be a Cu seed layer onto the
Nb substrate.

Thus, the Nb/Cu/Sn/Cu samples undergo the heat
treatment shown in Fig.@.

e The initial step is at T} = 206°C for ¢t; = 72h.
T is slightly lower the Sn melting point to allow
the relaxation of the internal stresses in the metal
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FIG. 6: Phase diagram of Nb - Sn.

layers and to start the diffusion between Cu and
Sn.

The second step is at Ty ~ 456°C for to = 10h.
This step allows the formation of a liquid tin phase
and make start the diffusion with Nb and Cu. After
this step, an external bronze ¢ phase and a most
internal n phase are formed.

e The third step is at T3 =~ 700°C for to = 24h. Af-
ter this step, the Nb3Sn superconducting phase is
formed.
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FIG. 7: Heat treatment of Nb/Cu/Sn/Cu samples.

The heat treatment is performed using a computer con-
trolled tubular furnace. The oven is 1m long and has
three different induction resistances, one at the centre
and two on the sides, that can be separately programmed
to maintain the temperature gradient the most possible
low. The furnace is provided of valves for the connection
to vacuum pumps and a gas tank. The sample is put on
an inox sample holder, and placed at the centre of the
heating chamber. Before the heat treatment, vacuum is
generated in the retort and argon is later inflated and let
flow, always maintaining a small internal overpressure to
avoid air entrance. At the end of the cycle the oven is
turned off, and the sample is removed when the internal
temperature is lowered enough.



STOICHIOMETRIC CALCULATION

It is possible to do a stoichiometric calculation to make
previsions on the thickness of the Nb3Sn film after the
heat treatment.

The Nb belongs to the space group number 229 and
it has an fcc structure (2 atoms per unit cell) with the
following cell parameters:

c=3.004A4
v =90°

b= 3.004A
B = 90°

a = 3.0044
a = 90°
The Sn belongs to the space group number 141 and it

has an tetragonal structure (1 atom per unit cell) with
the following cell parameters:

c=3.18194
~ =90°

b=5.83184
B = 90°

a = 583184
a = 90°

Assume an uniform deposition of the first two layers
of Cu and Sn and let t¢, and tg, be as the thickness of
Cu layer and Sn layer respectively.

Let Viup the volume of the substrate and let Vi and V5
be the volume of the sample after respectively the first
and the second electro-deposition step. Then:

‘/sub = lsubwsubtsub
‘/1 = (lsub + tCu)(wsub + tCu)(tsub + tC‘u)

e Third layer: 15um

Indeed, the thickness of the Cu seed layer should be
approximately the 10%-15% of the expected Nb3zSn phase
formed, which should be around 10um. Thus a Cu seed
layer of 2pym should be sufficient to have a good diffusion
with Sn.

SEM AND EDS ANALYSIS

The cross section and the surface topography of the
sample can be studied using the Scanning Electron Mi-
croscope (SEM), whereas the composition of the coating
can be determined by Electron Dispersive Spectroscopy
(EDS). The cross sections of interest are:

e Transversal cross section of the sample before the
heat treatment, in order to find the thickness of
each electro-deposited layer.

e Longitudinal cross section of the sample after the
heat treatment, in order to find the thickness of the
Nb3Sn phase formed.

Preparation of the sample

Before using the SEM, the sample has to be prepared
properly in order to fulfil the dimensions required by

Va = (Lsub + tow + tsn)(Wsub + tow + tsn) (Esub + tou + Esn) SEM and to expose a minimum distorted cross section.

The number Ny of Nb atoms in the substrate and the
number Ng,, of Sn atoms in the thin layer are respectively
given by:

‘/sub N _ VQ_VI

NNb =2 n —
VSn,cell

Vb cell

In order to realize the Nb3Sn phase, the following in-
equality must hold:

Ngn < -Nnp

which implies:

2 VSn cell
VoW1 < o7 Voup
3VNbeen

from which it is possible to find out the maximum value
of tsn.

According to [I], the optimized values of the thickness
for each layer should be:

e First layer: 1um

e Second layer: 15um

Thus, the sample has to be cut and this causes deforma-
tions of the order of 10 + 100um on the cut boundary.
For next steps, it is useful to hold the sample in vertical
position by using a clip, like it is shown in Fig..

. == 7
(a)
FIG. 8: (a) Cut of the sample to look at the transversal cross

()
section before the heat treatment. (b) Cut of the sample to
look at the longitudinal cross section after the heat treatment.

Then the sample undergoes an epoxy process. The
resin has to be conductive, otherwise there would be
charge localization on the surface of the sample during
the SEM technique, producing a brighter image. The
mold is realized putting the sample hold by the clip and
30g of the bakelite KounductoMet inside the chamber of
the SimpliMet 300 mounting press, which is set with the
following parameters:

e Heat time: 1min



e Cool time: 3min
e Pressure: 4200psi
e Temperature: 300F

Both pressure and heating are gradually applied.

(2) (b)

FIG. 9: (a) Mounting press setup and mold to look at
the transversal cross section before the heat treatment; (b)
Mounting press setup and mold to look at the longitudinal
cross section after the heat treatment.

One possibility for looking at the longitudinal cross
section of the sample would be to cut the mold obtained
after this epoxy process with the help of a Buehler Isomet
low speed saw.

Then a grinding process has to be made for the front
size of the mold in order to produce a smooth and flat
surface. The surface of the grinder is made by hard par-
ticles, whose size characterizes the level of grit of the
surface. It is better to do a wet grinding with distilled
water, in order to wash away the removed material of the
sample, as long as the sample is not sensitive to water.
This is very important, especially for high level of grit.

With the help of a Buheeler HandiMet roll grinder it
is possible to perform grinding with 320, 400 and 600
grit. At fixed level of grit, the sample has be periodically
dragged along the grinder surface (5 times are sufficient)
and rotated (preferably of 45°) in order to do not have a
tilted surface. For this purpose it may help labelling the
back side of the mold in order to identify the different
orientations. The general prescription is to move from
one grit value to the successive one only if there are no
scratches left over from the previous step, which can be
checked using an optical microscope. The first grit level
has to be kept until the whole cross section of the sample
becomes clearly visible.

Further level of grits, like 800 and 1200, can be made
using the Metprep 1 grinder/polisher. During this phase
it is not necessary to rotate the sample, since it is very
unlikely to realize a tilt of the surface. Thus, at fixed
level of grit the sample has to be hold steadily to the
grinding surface for 1min. The angular velocity of the
grinding surface can be set to 100rpm. The automatic
rotation has to be started once the sample touches the
surface, whereas to stop the process is sufficient to take
away the sample from the surface and then to stop the
rotation.

Eventually the sample undergoes a polishing process.
First, it is put into a fixer which allow to have a com-
pletely flat surface independently from tilts of the sample
surface (clearly the height of the sample must be higher
than the height of the fixer). Then the sample is inserted
into a chamber filled with a liquid containing hard par-
ticles and it is kept in rotation under the vibrations of
the machine. This process is more gentle than grinding
and it removes material much more slowly. Indeed, hard
particles are attached to flexible fibres which gently pol-
ish the sample surface. This process is made with the
help of the vibrometer VibroMet 2 with rotational speed
set to 60%; it may take several hours. At the end of the
process, the sample has to be rinsed with acetone and
then dried with a blower.
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FIG. 10: Scheme of grinding and polishing processes.

After the polishing process, the scratches in the surface
of the sample should be oriented along the same direction
and it should be possible to see the grain boundaries. The
sample is now ready to be observed with the SEM.

SUPERCONDUCTING PROPERTIES

In order to determine whether the sample is super-
conducting or not, tests are performed both in a field
parallel and perpendicular to its surface, like it is shown

in Fig. (TI).
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FIG. 11: Scheme of sample orientation used with respect to
the magnetic field B for the superconducting test.

In [5] parametrization of the critical current are dis-
cussed. At fixed strain this parametrization reduces to
the following expression [0]:

BB = e (Bf;i(z?)n {1 - Bfmr (BjT))Q5

where I, is the critical current, B is the magnetic field,
B, is the upper critical magnetic field and B.og the up-




per critical magnetic field at T = 0K. It is possible to
find Bggg by using the following relation:

'~ (vrsw) |

where hg, Beoo and 7 are free parameters for the fit.

In order to perform critical current measurements, the
sample is hold at the bottom of a probe and then in-
serted into a magneto-cryostat, which consists primarily
of a vacuum insulated helium dewar (main bath) con-
taining a superconducting solenoid at the bottom. In
order to make measurements at different temperatures,
the main cryostat feeds a second smaller helium cryo-
stat, called Variable Temperature Insert (VTT), which is
inserted inside the main dewar, down into the solenoid
bore. Current is supplied to the sample by pressure con-
tact between the copper rings and two copper lugs welded
on the probe. A thin layer of indium is used to improve
the electrical contact between them.

Buo(T) _
Beog

SAMPLES AND RESULTS

The experimental setup used are shown in Fig.(2).
Samples were realized onto substrates with a paral-
lelepiped or disk shape, as it is shown in Fig..

For the parallelepiped samples, let I, w, t be respec-
tively the length, width and thickness of the substrate
and let h be the length of the non exposed surface. The
area A, exposed to the solution is given by:

Ap =2(lw + 1t) +wt

For the disk samples, let  and t be respectively the
radius and the thickness of the substrate, let h be the
vertical length of non exposed surface and let 6 the angle
shown in Fig.. The area Ay exposed to the solution
is given by:

Ay = 2r? [w -0+ (1 _h tan(e)ﬂ + 2rt(m — )

r

where 6 = arccos (1 — %)

Before making the various electro-deposition steps, it
is important to make previsions about the area of the
immersed surface. In order to do this, making a scratch
on the sample can help to underline the portion that has
to be immersed.

The time between the rinsing in HF and the first
electro-deposition step as well as the times between the
various steps should be no more than few minutes, in
order to avoid the formation of oxides.

The dimensions of the cross section of the cell are 5ecm
x 5em. The dimensions of the anode electrodes used are:

(a) (b)

FIG. 12: (a) Samples with rectangular shape; (b) Samples
with disk shape.

e Cu electrodes: (13.0 £ 0.5)em x (2.5 £ 0.2)em x
(0.04 £ 0.01)em

e Sn electrode: (8.5 + 0.5)cm x (0.35 £ 0.2)em x
(0.02 £ 0.01)cm

The electro-deposition parameters used to realize the
samples are shown in Tab.I and in Tab.II.

For all the electro-deposition step the samples are put
in the middle of the cell at a distance of (4.5 £ 0.5)cm
from each other. Samples from 1 to 6 were disposed with
parallel orientation, whereas samples from 7 to 23 and all
the disks were disposed with perpendicular orientation as
it is shown in Fig.(5).

After the electro-deposition processes, the immersed
surface of the sample is measured.

It comes out that a uniform deposition it is obtained
with the following values of current densities respectively
for steps 1, 2 and 3:

Ji =20mA/em?  Ji =35mA/em?® J; = 15mA/em?

In Tab.Il and in Tab.III there are shown the dimen-
sions of Nb substrates and the parameters used in the
various electro-deposition steps.

The first samples were realized using long deposition
times in order to emphasize the effects of the parameters
chosen. Once a good set of parameters was found, the
electro-deposition times were reduced in order to achieve
layers of few micrometers. As an example, pictures of
sample 10 during the fabrication, SEM/EDS analysis and
resistance as function of the temperature are shown in
Fig., Fig., Fig., Fig., and Fig..

In Fig. it is shown the phase diagram of critical cur-
rent I against magnetic field B obtained for the various
samples produced and compared to samples produced in
the last few years (denoted with ”old”).

In Tab.I are shown the values of B.og obtained for each
sample.
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FIG. 13: Sample 10 - (a) substrate; (b) after the first electro-
deposition step; (c) after the second electro-deposition step;
(d) after the third electro-deposition step; (e) after the heat
treatment.
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FIG. 14: Sample 10 - transversal cross section before the heat
treatment. The scale is quite large but it allows to show that
a quite uniform deposition for each step is formed on both
sides of the sample.
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FIG. 15: Sample 10 - transversal cross section before the
heat treatment (zoomed image). It is possible to estimate
the thickness of each layer and therefore determine the depo-
sition rates for each electro-plating step.
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FIG. 16: Sample 10 - longitudinal cross section after the heat
treatment. The superconducting phase is formed where is Sn
is present. The outer layer is bronze, which is formed dur-
ing the heat treatment and can be removed with appropriate
etching processes.
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FIG. 17: Sample 10 - resistance as function of temperature.
The transition is quite sharp and occurs at T, ~ 17.5K.
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FIG. 18: Phase diagram critical current Ic against magnetic
field B at T =~ 4.2K. The first samples produced turned
out to be superconducting. Some samples got broken during
the tests since the NbsSn phase is very brittle. Thus, as a
remark, it is convenient to realize samples with a thickness
of at least 0.5mm. Almost all the samples clearly show an
improvement with respect to the old samples, indicating that
the fabrication procedure was optimized.



Sample| Be,20(T
1 23.17
2 23.36
9 18.96
10 27.10
1old | 23.13
2o0ld | 22.92
3old | 22.26

TABLE I: Values of Bc2o obtained from the fits I, against B
at T~ 17.7K. Data are reported without uncertainty since
they are considered lower bound values.

FUTURE RESEARCH AND APPLICATIONS

The procedure can be optimized further at least in the
following aspects:

e In order to improve the uniformity of the deposi-
tion on both sides of the sample, a double anode
electrode could be used, as shown in Fig.. This
requires to adjust the current applied in order to
have the current densities J;', J5 and J3 for the
three steps.

e At fixed value of current densities, find the depo-
sition rates by varying the times for each electro-
deposition step.

e Try to optimize further the parameters for the
electro-depositions.
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FIG. 19: Double anode configuration for the disposition of
the electrodes.

Applications can be found in three main fields:

e Superconducting wires. The Nb3Sn films could be
used to research and investigate nanotechnology
methods to enhance the transverse component of
pinning. If a technique proves to be successful, it
would be possible to work with billet manufactur-
ing company to transfer and implement it in wires.

e Superconducting magnetic shields. Shielding capa-
bilities depend on the total superconducting thick-
ness of the material. For stability, each super-
conducting shield layer cannot be thicker than a
given value. A multi-layer shield can be obtained
by replicating the Cu/Sn deposition method on

sputtered Nb until the desired total thickness is
achieved.

e SRF cavities (high Q, high gradient and low cost).
The Nb3Sn films could be produced onto Nb sub-
strates of appropriate geometry (2 inch discs) for
surface resistance measurements at JLab, which is
related to Q. Based on results achieved, the tech-
nique could be scaled up to 3D surfaces, using the
appropriate design of the anode and of customized
galvanic cells as well as the appropriate software.

CONCLUSIONS

My main goal was to reproduce and optimize the orig-
inal recipe. The experimental apparatus was procured
and commissioned before my arrival at Fermilab, in or-
der to synthesize thin films in-house. I was trained on:

e How to use chemicals by D.Hicks.

e How to perform the various electro-deposition steps
by E.Barzi and D.Turrioni.

e How to perform grinding/polishing process and use
the SEM by P.Li.

The data shown in Fig., Fig. and in Tab were
collected by D.Turrioni. The first samples produced re-
sulted already superconducting, despite the unsuccessful
results in the last years in reproducing the original recipe.
This allowed to make variations around the original pa-
rameters in order to optimize them. New nominal values
for current densities are proposed and the result is re-
markably better than the previous values, as it is shown
in Fig.. Moreover a systematic method to realize
the samples is provided in order to make the recipe re-
producible. The last samples produced will be sent to
Jefferson Lab and to KEK to further studies and appli-
cations.
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Dimensions Tnput Parameters
Parallelepiped Samples [{[cm] |5 [em][wlem] |6, [cm][tlem] [:[cm]| Arealem][arealem?] [ step|V — gen] Lau[Al[010u (Al Juomasem?)| 0700 A cr®] [ timemin] [ Scime (min] | T[T]| 67 [T]| F[H=] 37 [Hz] [ve %] [val%]
1 DC 0.400 | 0.001 23.7 6.29 75.00 0.01 40 3 - - - -

1 8.00 | 0.50 | 1.000 | 0.20 |0.05 | 0.01 16.85 4.61 2 DC 0.700 | 0.001 41.54 10.96 30.00 0.01 50 3 - - - -
3 [ _DC_[0300] 0.001 | _17.80 173 90.00 001 [ 50| 3 - B B B

1 DC 0.400 | 0.001 25.36 7.08 90.00 0.01 40 3 - - - -

2 8.00 | 0.50 | 0.93 | 0.20 | 0.05 | 0.01 15.77 4.53 2 DC 0.700 | 0.001 12.35 75.00 0.01 50 3 - - - -
3 DC 0.300 | 0.001 180.00 0.01 50 3 - - - -

1 DC 0.400 | 0.001 60.00 0.01 40 3 - - - -

3 8.00 | 0.50 | 1.23 | 0.20 | 0.05 | 0.01 20.53 4.89 2 DC 0.600 | 0.001 60.00 0.01 50 3 - - - -
3 DC 0.350 | 0.001 120.00 0.01 50 3 - - - -

1 Pulsed | 0.400 | 0.001 60.00 0.01 40 3 50.00 | 0.01 50 50

4 8.00 | 0.50 | 1.22 | 0.20 | 0.03 | 0.01 20.05 4.86 2 | Pulsed | 0.600 | 0.001 60.00 0.01 50 3 50.00 | 0.01 50 50
3 0.001 120.00 0.01 50 3 50.00 | 0.01 50 50

1 0.001 75.00 0.01 40 3 50.00 | 0.01 70 0

5 8.00 | 0.50 | 1.24 | 0.20 | 0.03 | 0.01 20.28 4.87 2 0.001 60.00 0.01 50 3 [100.00] 0.01 70 0
3 0.001 210.00 0.01 50 3 [100.00] 0.01 70 0

1 Pulsed | 0.400 | 0.001 75.00 0.01 40 3 50.00 | 0.01 80 0

6 8.00 | 0.50 | 1.11 | 0.20 | 0.03 | 0.01 18.34 4.73 2 | Pulsed | 0.50 | 0.001 75.00 0.01 50 3 50.00 | 0.01 80 0
3 | Pulsed | 0.50 | 0.001 115.00 0.01 50 3 50.00 | 0.01 80 0

1 Pulsed | 0.400 | 0.001 3.00 0.01 40 3 50.00 | 0.01 70 0

7 8.00 | 0.50 | 1.15 | 0.20 |0.03 | 0.01 18.98 4.78 2 | Pulsed | 0.600 | 0.001 15.00 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.350 | 0.001 20.00 0.01 50 3 [100.00] 0.01 20 0

1 Pulsed | 0.400 | 0.001 20.11 2.00 0.01 40 3 50.00 | 0.01 70 0

8 8.00 | 0.50 | 1.21 | 0.20 |0.03 | 0.01 19.89 4.84 2 | Pulsed | 0.600 | 0.001 30.16 12.00 0.01 50 3 50.00 | 0.01 10 0
3 | Pulsed | 0.350 | 0.001 7. 25.00 0.01 50 3 [100.00] 0.01 20 0

1 Pulsed | 0.400 | 0.001 2.00 0.01 40 3 |100.00{ 0.01 20 0

9 8.00 | 0.50 | 1.33 | 0.20 |0.03| 0.01 21.78 4.99 2 | Pulsed | 0.600 | 0.001 12.00 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.350 | 0.001 25.00 0.01 50 3 [100.00] 0.01 20 0

1 Pulsed | 0.400 | 0.001 2.00 0.01 40 3 |100.00{ 0.01 10 0

10 8.00 | 0.50 | 1.40 | 0.20 |0.03 | 0.01 22.95 5.07 2 | Pulsed | 0.600 | 0.001 15.00 0.01 50 3 [100.00] 0.01 20 0
3 | Pulsed | 0.350 | 0.001 25.00 0.01 50 3 [100.00] 0.01 10 0

1 Pulsed | 0.800 | 0.001 1.00 0.01 40 3 |100.00{ 0.01 10 0

11 7.29 | 0.20 | 2.03 | 0.20 |0.03| 0.01 30.09 4.29 2 | Pulsed | 1.200 | 0.001 5.00 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.700 | 0.001 15.00 0.01 50 3 [100.00] 0.01 10 0

1 Pulsed | 0.800 | 0.001 1.00 0.01 40 3 |100.00{ 0.01 10 0

12 7.53 | 0.20 | 2.07 | 0.20 |0.03| 0.01 31.66 4.42 2 | Pulsed | 1.200 | 0.001 4.50 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.700 | 0.001 12.00 0.01 50 3 [100.00] 0.01 10 0

1 Pulsed | 0.560 | 0.001 1.50 0.01 40 3 |100.00{ 0.01 10 0

13 8.98 | 0.20 | 1.02 | 0.20 |0.03| 0.01 18.81 4.39 2 | Pulsed | 0.840 [ 0.001 7.00 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.490 | 0.001 20.00 0.01 50 3 [100.00] 0.01 10 0

1 Pulsed | 0.560 | 0.001 1.50 0.01 40 3 |100.00{ 0.01 10 0

14 8.73( 0.20 | 1.04 | 0.20 |0.03 | 0.01 18.75 4.30 2 | Pulsed | 0.840 | 0.001 10.00 0.01 50 3 [100.00] 0.0 10 0
3 | Pulsed | 0.490 | 0.001 25.00 0.01 50 3 [100.00] 0.01 10 0

1 Pulsed | 0.560 | 0.001 7.02 1.00 0.01 10 3 [100.00] 0.01 10 0

15 8.67 | 0.20 | 1.00 | 0.20 |0.03| 0.01 17.92 4.25 2 | Pulsed | 0.840 | 0.001 10.50 5.00 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.490 | 0.001 6.15 15.00 0.01 50 3 [100.00] 0.01 10 0

1 Pulsed [ 0.800 | 0.001 2.21 2.00 0.01 40 3 [100.00] 0.01 10 0

16 10.22| 0.20 | 2.06 | 0.20 |0.03 | 0.01 42.77 5.54 2 | Pulsed | 1.400 | 0.001 3. 7.00 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.600 | 0.001 1.66 30.00 0.01 50 3 [100.00] 0.01 10 0

1 Pulsed [ 0.800 | 0.001 2.28 2.00 0.01 40 3 [100.00] 0.01 10 0

17 9.92 | 0.20 | 2.06 | 0.20 |0.03 | 0.01 41.54 5.42 2 | Pulsed | 1.400 | 0.001 3.98 7.00 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.600 | 0.001 1.72 30.00 0.01 50 3 [100.00] 0.01 10 0

1 Pulsed [ 0.800 | 0.001 2.25 2.00 0.01 40 3 [100.00] 0.01 10 0

18 10.26| 0.20 | 2.03 | 0.20 | 0.03 | 0.01 42.33 5.54 2 | Pulsed | 1.400 | 0.001 3.93 7.00 0.01 50 3 [100.00] 0.01 10 0
3 | Pulsed | 0.600 | 0.001 1.70 30.00 0.01 50 3 [100.00] 0.01 10 0

T_| Pulsed | 0.800 | 0.001 2.83 2.00 001 | 40 | 3 [100.00] 001 | 10 | 0

19 852 0.20 | 2.02 | 0.20 | 0.03| 0.01 | 34.98 4.80 2 [ Pulsed | 1.400 | 0.001 193 7.00 0.01 | 50 | 3 [100.00] 0.0l | 10 | ©
3 | Pulsed | 0.600 | 0.001 213 30.00 0.01 50 3 [100.00] 0.01 10 0

T_| Pulsed | 0.800 | 0.001 2.75 2.00 001 | 40 | 3 [100.00] 001 | 10 | 0

20 8.65 | 0.20 | 2.03 | 0.20 | 0.03| 0.01 | 35.69 1.86 2 [ Pulsed | 1.400 | 0.001 130 7.00 0.0l | 50 | 3 [100.00] 001 | 10 | 0
3 | Pulsed | 0.600 | 0.001 2.07 30.00 0.01 50 3 [100.00{ 0.01 10 0

T | Pulsed | 1.459 | 0.001 .30 2.00 001 | 40 | 3 [100.00] 001 | 10 | 0

21 9.35 | 0.20 | 3.99 | 0.20 | 0.05| 0.01 | 75.75 634 2 [ Pulsed | 2552 0.001 242 7.00 0.0l _| 50 | 3 [100.00] 001 | 10 | 0
3 | Pulsed | 1.094 | 0.001 .05 25.00 0.0l _| 50 | 3 [100.00] 001 | 10 | 0

T_| Pulsed | 1.480 | 0.001 .56 2.00 001 | 40 | 3 [100.00] 001 | 10 | 0

22 8.50 | 0.20 | 4.05 | 0.20 | 0.05| 0.01 | 69.90 6.02 2 [ Pulsed | 2590 | 0.001 2.72 7.00 0.0l _| 50 | 3 [100.00] 001 | 10 | 0
3 [ Pulsed | 1.110 | 0.001 TI7 30.00 0.0l | 50 | 3 [100.00] 001 | 10 | 0

T_| Pulsed | 1755 | 0001 .28 2.00 001 | 40 | 3 [100.00] 001 | 10 | 0

23 842 0.20 | 5.10 | 0.20 | 0.05| 0.01 | 86.95 6.62 2 | Pulsed | 3.000 | 0.001 2.18 7.00 0.0l _| 50 | 3 [100.00] 001 | 10 | 0
3 | Pulsed | 1316 ] 0.001 0.96 30.00 0.0l | 50 | 3 [100.00] 001 | 10 | 0

TABLE II: Dimensions and electro-deposition parameters of parallelepiped-shape samples produced; data in red are reasonable
estimation of lost data.

Dimensions Tuput Parameters
Disk Samples [rlem] [0, el [lem][sulcm] [tem][ocfem] | Arealem?][Sarealom ]| ste] Teltar, [A]] Juw e | aa A Jerm?] [timelmin] [ Srome [min] | TTT] [0 1] FIHz] [ 07 [H= VR[]

7 0.010 20.01 1.05 2.00 0.01 40 3 [100.00] 0.01 0

1 2.50 | 0.05 | 1.00 | 0.02 |0.29 | 0.01 40.83 1.96 0.010 35.00 1.64 7.00 0.01 50 3 [100.00] 0.01 0
3 [ Pulsed [0.612 0.010 14.99 0.84 30.00 0.01 50 3 [100.00] 0.01 0

4 | Pulsed [0.817 0.010 20.10 1.03 2.00 0.01 40 3 [100.00] 0.01 0

2 2.50 | 0.05 | 1.06 | 0.02 [0.29| 0.01 40.64 1.98 5 Pulsed [1.429 0.010 35.16 1.61 7.00 0.01 50 3 [100.00] 0.01 0
6 | Pulsed [0.612] _0.010 15.06 0.53 30.00 0.01_| 50 | 3 _[100.00[ 0.01 0

7 | Pulsed |0.817 ] _0.010 10.96 .06 2.00 0.01__| 40 | 3 _[100.00] 0.01 0

3 2.50 | 0.05 | 0.97 | 0.02 | 0.29 | 0.01 40.94 1.95 8 [ Pulsed [1.429 0.010 34.91 1.66 7.00 0.01 50 3 [100.00] 0.01 0
9 [ Pulsed [0.612 0.010 14.95 0.85 30.00 0.01 50 3 [100.00] 0.01 0

10 [ Pulsed [0.817 0.010 20.34 0.99 2.00 0.01 40 3 [100.00] 0.01 0

4 2.50 | 0.05 | 1.20 | 0.02 |0.29 | 0.01 40.17 1.92 11 | Pulsed [1.429 0.010 35.58 1.55 7.00 0.01 50 3 [100.00] 0.01 0
12 | Pulsed [0.612 0.010 15.24 0.81 30.00 0.01 50 3 [100.00] 0.01 0

13 | Pulsed | 0.817 0.010 19.81 1.09 2.00 0.01 40 3 [100.00] 0.01 0

5 250 | 0.05 | 0.87 | 002 |0.20 | 0.01 | 4124 196 [ 14| Pulsed [1.429]__0.010 3165 73 7.00 0.01_| 50 | 3 _[100.00[ 0.01 0
15 | Pulsed [0.612 0.010 14.84 0.88 30.00 0.01 50 3 [100.00] 0.0 0

19 [ Pulsed [0.790 0.010 19.90 1.08 2.00 0.01 40 3 [100.00] 0.0 0

6 2.50 | 0.05 | 0.93 | 0.02 |0.17 | 0.01 39.70 1.92 20 | Pulsed [1.383 0.010 34.84 1.70 7.00 0.01 50 3 [100.00] 0.01 0
21 | Pulsed [0.593 0.010 14.94 0.87 30.00 0.01 50 3 [100.00] 0.01 0

22 | Pulsed [0.790 0.010 20.05 1.04 2.00 0.01 40 3 [100.00] 0.01 0

7 250 | 005 | 1.03 | 0.02 |017| 0.01 | 39.41 191 [23 [ Pubsed [1.353] 0.010 35.00 .61 700 0.01 | 50 | 3 [100.00] 0.01 0
21 [ Pulsed [ 0593|0010 T5.05 0,85 30.00 001 50 | _3_[100.00] 0.01 0

TABLE III: Dimensions and electro-deposition parameters of disk-shape samples produced.
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