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Abstract— The magnetic shielding capability of bulk MgB2

hollow cylinders can be fruitfully combined with an external
paramagnetic sheath, to tailor the shape of the external magnetic
flux lines. By appropriate selection of the external sheath
permeability and thickness it is possible to leave the magnetic flux
lines unaltered by the shield (cloaking effect). Preliminary
measurements have been performed at 4.2 K on shielding
capability of bulk cylinders, subjected to axial and transversal
magnetic field up to 5 T. The cloaking conditions have been
modelled to find the optimized thickness to realize the cloaking
effect. The MgB2 material of the superconducting shield is also
optimized to avoid low temperature flux jumps, without losing its
shielding capability.

Index Terms— Magnetic shielding, mixture permeability, MgB2,
infiltration process, magnetic cloaking.

I. IN TRO D UC TIO N

he magnetic field is commonly shield ed by
su percond u cting materials,which are perfectd iamagnets
(=0).In d oing that,the su percond u ctor mod ifies the

magnetic flu x d istribu tion in the nearby space externalto it,
where the repelled flu x lines mu stbe accommod ated .Starting
from the theoretical d escription of P end ry et al.[1] of
composite stru ctu res mad e by a bilayer su percond u ctor/
paramagnet,ithas been evid enced thatitis possible to avoid
flu x d eformation in the space ou tsid e the bilayer,atleastfor
simple geometries and D C magnetic field . The external
paramagnetic material (>1) concentrates the flu x lines in
itself,therefore acts in an opposite way with respectto the
su percond u ctor.B y optimizingthe magnetic permeability  of
the paramagnetand its thickness itis possible,in principle,to
avoid any flu x line d eformation (perfect cloaking).A few
years ago a first experiment by Sanchez et al.[2] was
pu blished on the feasibility of magnetic cloaking by u sing
wou nd Y B C O coated cond u ctors su rrou nd ed byan appropriate
paramagnetic alloy.Even if the cloaking was notperfect,it
was d emonstrated thatthe flu x d eformation was less than few
percent. This resu lt opened the way for applications of
magnetic cloakingto some physics experiments thatneed su ch
pecu liarcond ition,mainly in the particle acceleratorfield [3,4]
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O u rpresenteffortis to optimize the su percond u ctingmaterial
in ord erto realize bilayersystems thatcan be fru itfu lly applied
in arealaccelerator.W e chose bu lkM gB 2 as su percond u ctor,
instead of the H TS materials,d u e to its almost complete
magnetic shield ing capabilities in field s < 2T, its high
mechanicalstrength and mod u lu s and its workability in form
of longtu bes by the infiltration process [5] .

II. TH E M A GN ETIC FIEL D C L O A KIN G P RO B L EM

The compu ted analyticalfu nctions of the permeabilityvs.the
thickness of the paramagnetic alloy [2] , are valid , as
complete cloaking,in two limiting cases:a)an infinite long
tu be, b) a sphere. M ore complex evalu ations by finite
elements solu tion of the M axwellequ ations are need ed for
more complicated geometries.

A . Infinite cylind er:

(1a)

B . Sphere:

(1b)

where R1=externalsu percond u ctorrad iu s,R2=external
paramagnetrad iu s and 2=paramagnetpermeability

A s shown in Fig.1 the sphericalcase requ ires aparamagnetic
material with abou t half permeability with respect to the
infinite cylind er,to prod u ce a complete cloaking at given
R1/R2 ratio.B y u sing the same paramagnetic materialin both
cases,the layerthickness of the sphericalcase is abou thalf.

It is therefore u sefu l to realize a closed tu be with semi-
sphericalend s.P racticalissu es abou tthe paramagnetic layer
inclu d e the materialchoice and the precision in the realization
of a given thickness. The paramagnetic material may be
d esigned accord ingto anu mberof strategies:by preparingan
alloy by mixing two appropriate metals of d ifferent
permeability (i.e.ad iamagnetic low meltingmetaland alow
permeability stainless steelpowd er)orby u sing acommercial
alloy of low permeability,like the Fe18 C r9N iu sed in [2] .In
both cases the ratio of thickness of the su percond u ctor and
paramagnetis fixed by the exactvalu e of the permeability,
whichd epend s by the magnetic field atthe low temperatu re of
the experiment.
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FIG.1

Figu re 1 – A nalyticalbehaviou r of the permeability of the paramagnetic
material vs. the geometrical parameters of a d ou ble layer tu be
(Su percond u ctor/P aramagnet),u nd ercond ition of perfectcloaking

B ecau se the permeability valu e is d ifficu lt to d etermine
exactly,one expects thatalso the thickness cannotbe precisely
d efined in ad vance.
Fu rtheru ncertainty forthe thickness,by u singasingle metallic
material, is originated by the wid e variation of metals
permeability and in particu lar of stainless steel with cold
d eformation.For example the R.T.permeability of IN O X
C 302 can vary from 1 to 6,d epend ingon cold d eformation.In
the case of an infinite tu be,the relation (1a)can be rewritten
as fu nction of the paramagnetic thickness x=R2-R1,as:

(2)

In Figu re 2 the permeability as fu nction of the paramagnetic
layerthickness x is plotted fortypicalR1 valu es (mm).
A tsmallthicknesses (i.e.less than 2 mm),there is a steep
variation of the permeability,therefore the thickness becomes
a critical parameters, to match precisely the cloaking
cond ition.If one assu mes an acceptable limitforthe cloaking
cond ition (i.e.a relative permeability u ncertainty,2/2,of
less than 0.25 %), the correspond ing u ncertainty in the
paramagnetic thickness,x,maybe compu ted bythe equ ation:

× = (3)

Forexample,assu mingR1=50 mm and arelative permeability
u ncertainty of 0.25 %, an acceptable variation of the
paramagnetic thickness x of < 10 m correspond s to a
paramagnetic layer thickness > 3.8 mm. The valu es of
permeabilityu sefu lin this example are of the ord erof 10.
To obtain su ch a permeability we can anticipate that an
appropriate mixtu re of ad iamagnetic metal,as M g,withnickel
powd ers ( abou t500) may be ad d ed to the su rface of the
su percond u ctingpartand polished atthe rightthickness.

III. L A RGE M GB 2 TUB ES B Y TH E IN FIL TRA TIO N TEC H N IQ UE

The M gB 2 materialcan be formed in large tu bu larobjects by
the Reactive L iqu id Infiltration (RL I)techniqu e [6] .

FIG.2

Figu re 2 – A nalytical behavior of the permeability of the paramagnetic
materialvs.its thickness,ford ifferentrad iiof the su percond u ctingmaterial.

This techniqu e u ses preferably crystalline boron powd ers of

large size (> 50 m).They are attacked by the M g meltand

give rise to acomposite materialmad e by resid u alborid es,of
composition M g2B 25 [7 ] , embed d ed in the M gB 2

su percond u ctingmatrix.A typicalmorphology of the material

is shown in Figu re 3.The presence of the non-su percond u cting
borid es d oes not red u ce excessively the overallcriticalcu rrent
d ensity.This is d u e to thin su percond u cting M gB 2 channels,
crossing the borid es.W ith the RL I process a M gB 2 hollows

cylind er of 140 mm in externald iameter and thickness of
abou t5 mm has been obtained ,to be u sed as magnetic shield
at C ERN , in a prototype Su percond u cting D C C u rrent
Transformer (SD C C T) [8 ] .To realize long su percond u cting

cylind ers by the RL Iprocess,there is no technologicalhu rd les
and itis possible to perform su percond u cting joints between
shortcylind ers [9] .

IV . TH E M GB 2 M A GN ETIC SH IEL D IN G C H A RA C TERISTIC S

The magnetic shield ing of M gB 2 obtained by the RL I
process has been tested in severalcond itions,at liqu id H e
temperatu re [10 ] ,and athighertemperatu res u pto the critical
one [11] and both in D C and A C magnetic field cond itions
[12] .
A t4.2 K,where the firstapplications are foreseen to shield
L TS magnets,the shield ingof axialfield s u pto 2 T have been
verified in the centerof an hollow M gB 2 cylind er7 0 mm high.

FIG.3

Figu re 3 – Typical optical microscope images of the M gB 2 bu lk
su percond u ctor prod u ced by the infiltration process.L and X L d istingu ish
M gB 2 mad e by d ifferentboron grain size pellets.The largermagnification
image (to the right)represents X L -type material.

FIG.4

Figu re 4 – Typical magnetization cycle, taken by a vibrating sample
magnetometer(V SM )instru mentat4.2 K,forawell-connected bu lk M gB 2

prod u ced by RL Iprocess withmicronic boron powd ers.

This happened withou t the typicalinstability of L TS bu lk
su percond u ctors to flu x ju mps. Ind eed the H TS
su percond u ctors have higherheatcapacity atlow temperatu re,
thu s their instability is d rastically red u ced .For M gB 2,an
intermed iate su percond u ctor,the flu x ju mp instabilities are
red u ced bu t are still present, as d emonstrated by the
magnetization cycles of well-connected bu lk M gB 2 obtained
by RL Iprocess on micron size boron powd ers,(see Figu re 4).

B etterresu lts on magnetic stability are obtained forM gB 2

samples prod u ced by the RL I process,u sing larger boron
powd ers (>100 m),as is reported in the followingsection.

V . P REL IM IN A RY FIEL D SH IEL D IN G EV A L UA TIO N S

O ne hollow cylind erand two M gB 2 tu bes withthe following
d imensions were prepared bythe RL Iprocess:

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TASC.2016.2539261

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



EUC A S 2015C onference,L yon (Fr) 1A -M -02 < 3

- H ollow cylind er#A :O D /ID = 40.3 mm/25.5 mm,H =
42.5mm ,mad e byL -type boron powd ers

- Tu be #B 1: O D /ID = 24.7 mm/16.7 mm,L =123 mm ,
mad e by L -type boron powd ers

- Tu be #B 2: O D /ID = 25 mm/17 mm,L = 127 mm,
mad e by X L -type boron powd ers.

(L -type means abou t50 m and X L -type more than 100 m)

The samples were measu red at 4.2 K and su bmitted to a
varying magnetic field u p to 5 T (ramp rates of 0.25-0.5
T/min),prod u ced in aN bTisu percond u ctingmagnet,of u sefu l
cold bore of 147 mm and heightof 27 0 mm.
The magnetic field was measu red by agau ssmetermoved in
the field d irection (z axis),orby fixed H allsensors placed in
three positions insid e the M gB 2 tu bes,along the centralaxis
(H 1 (central),H 2 (22 mm apart),H 3(44 mm apart)).

A A xialfield
Sample #A was positioned withits axis collinearwiththe field
(z axis) and its magnetization cycle at the center of the
cylind eris reported in Figu re 5.The firstflu x ju mpoccu rred
ju stafterthe penetration field ,atabou t3T.N ext,the

FIG.5

Figu re 5 –M agnetization loopat4.2 K forthe M gB 2 hollow cylind er(#A ,see
text),in variable axialfield atramp rate of 0.25 T/min.M agnetization was
measu red atthe centerof the cylind er.

The penetration field of this hollow cylind er,H P =2.93 T,is
qu ite large and itis related to the criticalcu rrentd ensity,Jc,by
the relation [13] :

(4)

occu rrence of the ju mps is qu ite erratic,varyingfrom cycle to
cycle where d is the thickness of the hollow cylind er = 7 .4
mm,l is the cylind er height = 42.5 mm and  ā is the mean 
rad iu s of the hollow cylind er= 16.45 mm.The resu lting Jc =
400 A /mm2 .
Figu re 6 reports two z-axis scanning with aGau ssmeter:one
along the externalwallof the hollow cylind er,to check the
mod ification of the ou ter stray field , d u e to the
su percond u ctingcu rrents in the cylind er;the second insid e the
cylind er,to measu re its shield ingcapability.

B .Transversalfield
The tu bes were positioned symmetrically arou nd the central
pointof the bore.The magnetization cycles forthe two tu bes
#B 1 and #B 2 are compared in Figu re 7 aand 7 b,where three

FIG.6
Figu re 6 – B ehavior of the measu red axialshield ed field ,along the z axis
(field d irection),forthe M gB 2 hollow cylind er#A ,positioned in the centerof

asu percond u cting solenoid setat2 T.The lightu ppercu rve shows the field
ou tsid e the cylind er.In the insetwe enlarge the field scale insid e the cylind er.

H allsensors were positioned along the centralaxis insid e the
tu be,as ind icated before.
Sample #B 2,mad e by X L boron powd ers,shows very few flu x
ju mps.A rou gh estimation of the Jc forX L -type materialcan
be d one by asimple mod elwhichrelates the penetration field
(H p=1.8 T) to two infinite opposite linear cu rrents on the
equ ator.Usingacross section of the tu be of 4 x 20 =8 0 mm2

the resu ltis abou t300 A /mm2.This estimate can be confirmed
by comparing the M behavior of the two samples,atfield s
>2.5 T where flu x ju mps are notpresent:the criticalcu rrent
d ensity of #B 2 is only slightly red u ced withrespectto sample
#B 1,which is mad e by L boron powd ers,as estimated in the
above paragraph.A red u ction of the criticalcu rrentd ensity in
#B 2 is expected by the presence of X L -type borid es
impu rities,which red u ce the su percond u ctive cross section.
N evertheless the experimentalJc red u ction is limited when
compared with the red u ction of the su percond u ctive cross
section appearingin the micrographs:this su ggests thatM gB 2

su percond u cting channels, thin and not visible at micron
resolu tion,mu st be still present insid e the borid es grains.
These thin M gB 2 channels insid e the X L borid e grains cou ld
presu mably have apositive effectin flu x ju mps red u ction.A t
this stage,this is only a preliminary hypothesis thatrequ ires
more d etailed and qu antitative d escription of the phenomenon.

V I. M A GN ETIC C L O A KIN G A P P L IC A TIO N S

M agnetic cloakingwillfind u sefu lapplications in the particle
accelerator field ,where severalexperiments need to shield
locally the particle beam from u nwanted magnetic field s,
avoid ing the mod ifications that the shield ind u ces on the
su rrou nd ing magnetic field d istribu tion. O ne of these
experiments is the M u on g-2 measu rement, u nd er
commissioningatFermilab [14] .To improve su bstantially the
lu minosity of amu on beam ru nning in the transverse field of
abou t 1.5 T of the accelerator ring, a new cloaking
su percond u cting channelfor the insertion of the beam in the
accelerator may be d esigned . The choice of an M gB 2

su percond u cting tu be, instead of a N bTi based tu be, is
favou red by the larger thermalstability of M gB 2 at4.2 K.
A ccord ingly,as the presented resu lts d emonstrate,one can u se
thickbu lk su percond u ctingmaterialif space constrains allow,
rather than cu mbersome mu ltilayer assemblies of L TS
su percond u ctors. A fu rther fu tu re accelerator which may
benefit of a magnetic cloaking d evice is the Electron Ion
C ollid er (EIC ),where the magnetic field of the d etectors,
shou ld notalterthe qu alityof the collid ingbeams (polarization
and d ispersion).O n these id eas is actively workingaresearch
grou patthe Stoney B rookUniversity[3] .

V II. C O N C L USIO N

The conceptof D C magnetic cloakinghas been approached
by controlling the magnetic shield ing behaviou r of long and
thick M gB 2 tu bes, mad e by the RL I process. Thermal
instability at4.2K,common to allL TS bu lkmaterials,affects
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the presentexperiments atfield s largerthan 1 T,bu tby

Fig.7

Figu re 7 – M agnetization cycles for M gB 2 tu bes su bjected to atransversal
field (ramprate of 0.5 T/min):a)tu be #B 1 mad e by L -type boron powd ers,
b)tu be #B 2 mad e by X L -type boron powd ers.

properly varying the su percond u ctor microscopic
morphologies of M gB 2,itwas possible to extend this limitto
more than 2 T.This field is of interestand acceptable for
severalcloakingapplications in the acceleratorfield .
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