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Abstract. The superconducting magnets used in high energy particle accelerators such as
CERN’s LHC can be impacted by the circulating beam in case of specific failures. This leads
to interaction of the beam particles with the magnet components, like the superconducting
coils, through direct beam impact or via secondary particle showers. The interaction causes
energy deposition in the timescale of microseconds and induces large thermal gradients within
the superconductors, which are in the order of 100 K/mm. To investigate the effect on the
superconductors, an experiment at CERN’s HiRadMat facility was designed and executed,
exposing short samples of Nb-Ti and NbsSn strands in a cryogenic environment to microsecond
440 GeV proton beams. The irradiated samples were extracted and analyzed for their critical
transport current I.. This paper describes the results and analysis of the measurements of I.
as well as thermo-mechanical simulations of the Nb3Sn strands to evaluate the degradation of
1. as a function of the mechanical strain present during and after the beam impact.

1. Introduction

In order to understand the damage limits of superconducting accelerator magnets due to direct
beam impact, an experiment was performed in 2018 at CERN’s HiRadMat facility [1]. In
this experiment, short samples of superconducting Nb3Sn and Nb-Ti strands were impacted by
440 GeV proton bunches, while being in a cryogenic environment close to 4 K. The samples
were made of LHC dipole type Nb-Ti strand with a diameter of 0.825 mm [2] and HL-LHC
inner triplet Nb3Sn RRP© 108/127 strand with a diameter of 0.85 mm, respectively [3]. The
length of the samples was 50 mm. The samples were embedded in a copper sample holder and
arranged in batches of ten along the beam axis. The energy deposition varies as a function
of their longitudinal placement. One beam pulse was applied per batch of strands, the hot
spot temperatures for the strands within one batch varied from 290 K to 1200 K. The energy
deposition in the copper sample holder was calculated with FLUKA [4, 5] as a function of the
parameters of the impacting beam. The temperature in the samples was scaled using the heat
capacity of copper. Both calculations are shown in Fig. 1. The beam size was fixed to 1.1 mm o
and the pulse consisted of 24 bunches with a total charge of 3.1x10'2 protons/pulse and a pulse
duration of 0.6 pus. Due to the small beam size, the energy deposition and the temperature profile
show large gradients within the strands, in the order of ~100 K/mm. A detailed description of
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the experimental setup and the visual inspection of the strands after the beam impact experiment
was given in [6]. This paper describes the results of the following analysis of the critical transport
current I., of both Nb3Sn and Nb-Ti as well as RRR measurements of the Nb-Ti strands.
Furthermore, a coupled multi-physics simulation was performed to evaluate strain levels during
and after the beam impact. The strain distribution is used as input for microscopic strain
dependent models for the critical transport current density in NbgSn, in order to correlate the
measured and simulated degradation of the critical transport current of the full strand.

2. Nb-Ti strands
Two batches of ten Nb-T1i strands have been used in this experiment. This section describes the
post-irradiation analysis, consisting of critical transport current and RRR measurements.

2.1. Critical transport current measurements

The critical transport current of the first batch of Nb-Ti samples has been measured after their
extraction from the experiment, and the results are shown in Fig. 2. No significant reduction in
critical transport current was observed in any of the examined samples. This is coherent with
previous beam impact experiments on Nb-Ti strands at room temperature [7], where the critical
current density was derived from magnetization measurements. However, all measured strands
showed a reduction in thermal stability at low fields, i.e. with larger transport currents. The
critical current for samples S5 and S6 could only be determined at 5 T and above, sample S7 from
6 T and sample S8 from 8 T. For samples S9 and S10 the critical current could only be measured
at 9 T. When removing the samples from the critical current measurement setup, samples S5
and S6 broke at the beam impacted area. The observed thermal instability is assumed to result
from a weakening in the copper matrix due to the thermo-mechanical stresses during the beam
impact.

2.2. RRR measurements

To confirm changes in the copper matrix, RRR measurements were performed on all intact
samples besides S5 and S6. The results showed a reduction of RRR with increasing energy
deposition. RRR decreased from around 220 for the reference sample to 155 for sample S9 and
185 for S10 as shown in the data points for the full strands of Fig. 3. The plotted values were
obtained by measuring the strand resistance over the full sample length. As it is assumed that
the resistance only increased close to the beam impact, the peak of the RRR degradation was
estimated, using a gaussian resistivity profile, similar to the beam profile (see plot for minimum
RRR in Fig. 3). The error bars assume a 2% error on the resistivity measurements and a
50% uncertainty of the width of the damaged region. The minimum quench energy (MQE) is
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proportional to RRR, therefore, the reduction of MQE in the strand can be directly derived from
the RRR reduction at the beam impacted zone. The remaining fraction of MQE is indicated on
the right axis of Fig. 3. For samples S7 to S10, MQE is reduced to 20% of the reference value
and below. This can explain the observed thermal instabilities of the samples.
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3. Nb3Sn strands

A total of three batches of 10 samples of NbsSn strands each were used in this experiment. The
strands were heat treated in quartz tubes to assure perfect sample straightness, with dwells at
210 °C, 400 °C and a final reaction temperature of 665 °C. They were then cut to 50 mm pieces
and mounted in the sample holder.

3.1. Microscopic model for strain dependent critical current density
The general scaling for the critical current density J. as a function of the self-field corrected
magnetic flux density B, the temperature T and strain € of NbsSn filamentary strands is,

JC(B7T75) = Cl (1_t2) b_O.S (l_b)27 (1)
b= 2)
C T.s(e)s)
B
"= Fawa Y

Beo(T,e) = Beg-s(e)-(1—t'9), (4)
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Figure 4. Grooved copper sup-
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stabilization of the Nb3Sn sam-
ples during the I. measurements.
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the support.
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where B is the upper critical field at zero strain and zero temperature, T, the critical
temperature and s(e) the strain dependent function [8]. Cj is a fit parameter, ¢ the reduced
temperature and b the reduced field. This has been shown to be accurate for a large scale
of NbgSn conductors and allows to separate the strain dependence from the other conductor
properties such as T, and Bego [9]. In this paper T.=16.8 K and B 0=29.5 T are fixed as
reference values of the non-degraded strands.
There are several proposals for s(e) published in literature. The presented work relies on
Ekin’s power law model
s(e) =1 —a+ |e + eman|” (5)

with u = 1.7, ay = 1250 and a_ = 900 as fitted for the HL-LHC strand type[10]. a_ describes
the compressive and a4 the tensile strain. ;4. ~ —0.001 originates from the difference in
thermal contraction between the copper matrix and the NbgSn filaments when cooled down to
4.2 K [11].

3.2. Critical current measurements and analysis

The measurement setup allows a maximum transport current of ~800 A and magnetic fields up
to 19 T to be applied to the samples. The critical transport current was measured at 4.2 K. Due
to the short sample length of 50 mm it was necessary to solder the samples on copper supports
shown in Fig. 4. These allowed for mechanical and thermal stabilization.

The critical transport current of the first batch of Nb3Sn samples was measured and is shown
in Fig. 5. The results are self field corrected, assuming the long straight wire approximation
[12]. Samples S1 to S3 showed small variations but no significant degradation of the critical
current with respect to the reference sample S0. Sample S5 to S8 show progressive reduction in
the critical transport current, with exception of S7, which lies in between S5 and S6. Sample S9
showed negligible and S10 no critical current at all.
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and Bea(e) were fitted for each of the samples. The fits are shown in Fig. 5 as gray lines. The
results for the fitted B.o are shown in Fig. 8 and will be discussed below.

The Kramer representation
fe=12° B o Cy-(Ba—B) (6)

is used to determine B, 2(4.2 K) from the critical transport current measurements. The Kramer
form and the resulting linear fits are shown in Fig. 6. The corresponding fit results for C = /C}
and Bc2(4.2 K) are shown in Fig. 8.

The absolute pinming force
F,=1.-B (7)

was calculated for each sample. Figure 7 shows the normalized values with respect to the
maximum pinning force of each sample, plotted over the reduced field b=B/B., where B was
derived from fitting F}, to the measured data. A fundamental change in the pinning mechanism
was not observed. The maximum of the pinning force reduces, but the relative position stays
constant at b~0.2. The reduction of the maximum is probably due to filament breaking, leading
to a reduction of active superconductor cross section.
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3.8. Discussion of Fit-Results

Three different models have been fitted to the measured data. The critical current Eq.(1),
Kramer form Eq.(6) and the pinning force Eq.(7). The comparison of the fit results for the
scaling constants C' and the upper critical field B are shown in Fig. 8. All models yield
consistent results. While the Kramer form is numerically the most stable to determine B, the
pinning force fit yields a stable measure for the scaling constant C.

The visible reduction of B.s can be explained via the strain dependent model Eq.(4) and
suggests a degradation due to residual strain, e.g. due to deformation of the copper matrix, that
imposes strain onto the NbsSn filaments. The rather modest degradation of B.s cannot solely
explain the degradation of I. according to Eq.(1). On the other hand, the scaling constant C' is
associated with the general reduction of critical current, independent of the magnetic field B.
A reduction of this value can most likely be explained by individual filaments cracking and/or
breaking when exceeding the irreversible strain limit [13, 14]. These filaments can no longer
contribute to the current transport, therefore reducing only C with no influence on B.,. The
relative reduction of C, as shown on the right hand side of Fig. 8, is therefore related to the
amount of filaments being broken or not contributing significantly anymore due to large strain.
The reduction of B originates from the intact filaments, that are degraded due to residual
strain of the embedding copper matrix.

3.4. Transient thermo-mechanical simulations with FLUKA and ANSYS

Transient thermo-mechanical simulations were performed to study the origin of the degradation
of I, and By in the strand samples. At first, the thermal behaviour in the strands during
and after the beam impact was calculated in ANSYS, using the energy deposition previously
calculated with FLUKA[4, 5] and scaling it to a heating rate via the pulse length of the beam
impact of 0.6 nus. The transient mechanical behaviour of the strands was subsequently simulated
with ANSYS. A mechanical solver calculated the evolution of the mechanical deformation of the
strands and the sample holder as well as the residual strain after the beam impact. Material
properties were used from literature where available and from internal material databases or
measurements [16, 17, 18, 19, 20, 21, 22, 23|.

A simplified strand geometry was used, where the Nb3Sn phase is modelled as a cylindrical
shell, as a mixture of Nb3zSn and the copper matrix. The cylinder shell covers the filament region.
The material properties of this shell were chosen to represent the local copper to superconductor
ratio. Furthermore, material properties from tensile tests were used, which show a semi-plastic
behavior for the NbsSn phase [16]. The plastic strain within the cylinder shell of the mixed
material was evaluated.
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Figure 9. Simulated residual plastic strain in
the composite material region. As a reference,
the filament positions as well as the outer
strand radius are indicated by black circles.
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The sample holder was included in the simulations and modelled as laminated block of copper
with cut outs for the strand samples. A detailed description of the experimental setup can
be found in [6]. The visual inspection during the extraction of the samples revealed imprint
marks from the sample holder and kinks around the beam impact region [6]. The simulation
confirmed a significant influence of the sample holder on the plastic deformation of the strand’s
copper matrix, originating from the thermal expansion of the sample holder into the grooves
and therefore onto the samples. It is important to mention, that the heat treated copper,
contained in the Nb3Sn strands is significantly softer than the cold worked copper of the sample
holder. The simulation showed the squeezing of the samples starting from sample S4 and higher.
Furthermore, the simulations suggest, that the kinks in the strands originate from oscillations of
the strand due to the large thermal gradients and the resulting imbalance in thermal expansion
after the beam impact.

3.5. Application of microscopic models to calculate 1. degradation

The critical transport current of an impacted strand was calculated based on the simulated
strain distribution. A combination of J. degradation according to Eq.(1) and degradation via
filament fracturing when crossing an irreversible strain limit ;. was assumed. Scaling according
to Eq.(1) takes into account the residual absolute strain in the mixed material area. For the
filament fracturing, the criterion is the maximum value of the longitudinal strain during the
beam impact event.

Only the cross section in the beam impact center is considered. It shows the maximum
strain distribution and, therefore, the highest degradation, acting as the bottle neck in the
critical transport current measurement. Figure 9 shows the simulated absolute residual strain
for sample S5. The inhomogeneous distribution of the strain over the strand cross-section is
caused by a 1 mm vertical offset of the beam during the experiment [6].

s(e), Beo and J. are calculated from the results of the finite element simulations at each
mesh-node in the mixed material region, using Egs. (5), (4) and (1). Figure 10 shows the
distribution of B and J. in the cross section of sample S5 with highest degradation. The
gradient in strain results accordingly to a gradient in B.. As visible in the left plot of Fig.
10, regions of non-degraded B.o remain. These regions dominate the resulting I. of the strand.
Filaments within the red marked areas in the right plot of Fig. 10 are assumed to be fractured
and no longer contribute to I..

1. is hereby calculated as the surface-integral of the J. distribution in the mixed material
region. Fig. 11 compares the simulated and measured I. of sample S5 as a function of the
magnetic flux density. The dashed orange line shows the simulated I. due to the effect of
residual strain (see Eq.(1)). The B derived from the Kramer fit for this result is in good
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Figure 10. Left: Calculated upper critical field B.s based on the simulated strain map and
microscopic model Eq.(4). Right: Calculated critical current density J. at 15 T, based on the
simulated strain map using the scaling in Eq.(1). The filaments in the red marked areas are
assumed to be broken, having experienced a longitudinal strain of € > &;. = 0.262 %, therefore
no longer contributing to the cross section integral.
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Figure 11. Left: Comparison of simulated and measured I. of sample S5 as a function of
the magnetic flux density based on the simulated strain distribution and the microscopic strain
model Eq.(1). The fit parameters from a fit of form Eq.(1) are indicated. Right: Kramer form
of the simulated and measured I. data.

agreement with the measurements. The absolute I. however is not well reproduced. The blue
dotted line includes in addition filament fracturing by introducing an irreversible strain limit
€irr- Regions with strain values above €;.. are not considered for the calculation of I..

The real irreversible strain limit of a NbgSn strand depends on factors like the heat treatment
or the material composition, and, therefore, varies for each specific conductor type [13, 14].
Furthermore, it is rather a region of strain, where fracturing occurs, with a steep beginning at
a certain "irreversible strain cliff” €40 [14]. Literature values for €;,, o of the RRP conductor
usually vary in the range from 0.1 to 0.4 %, but mostly lie around 0.3 % [14, 15]. For sample S5
the best fit between measured and calculated I. curve (see Fig. 11) was found for &;,., = 0.262 %,
which is in good agreement with the above quoted literature values.

The simulations, described above for sample S5, were performed for all samples. Good fits
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between measured and simulated I. curves could be found, fitting the values of €, for each case.
All values were within ;- = 0.35 + 0.1 % and, therefore, physically reasonable. The simulated
Bo values are shown in Fig. 8.

4. Summary and Conclusion

The thermal stability of the Nb-Ti strands was largely reduced after being exposed to beam.
Therefore, with increasing hot spot temperature the critical currents could only be measured
at increasing external fields. However, the measured critical currents were not found to be
degraded. This behaviour could be explained by a reduction of the minimum quench energy,
which was supported by an observed reduction of the local RRR in the beam impact regions.
This can have an impact on the operability of an accelerator magnet regarding its thermal
stability.

Irradiated Nb3Sn samples have been measured for their critical transport current I.. The
analysis using fits of the Kramer form as well as the general scaling law for filamentary NbsSn
conductors revealed a modest degradation of B.o and a strong degradation of the absolute value
of I. with increasing hot spot temperature. Samples with hot spot temperatures below ~ 460 K
showed no significant decrease in critical current. All irradiated samples, except S1, showed a
decrease in Bey. After the impact, Beo ranges from ~26 T to below ~23 T in the worst case of
sample S8. The two samples with the highest hot spot temperatures (S9 and S10) were destroyed
by the beam impact and could not carry any current in the superconducting phase.

Transient thermo-mechanical simulations were performed to understand the critical current
degradation due to the beam impact. Using strain dependent scaling laws, the decrease in Bgo
could be explained via the residual strain in the NbsSn phase. This is most likely due to a
deformation of the surrounding copper matrix. It could be shown that the absolute measured
degradation of I. is dominated by damaging a large fraction of filaments, when reaching the
irreversible strain limit €;... Taking €;.- as a free fit parameter, the model derived physically
reasonable g, values. A good agreement between simulated and measured critical transport
currents was observed. However, given the variability and uncertainty of the irreversible strain
limits and the sensitivity of the model to this parameter, an accurate prediction of 1. degradation
remains challenging, while for B the model seems rather robust.

Therefore, experiments remain important to determine the damage limits of superconducting
magnets and to validate simulation results.
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