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SUNMARY -----

The cryostat and the superconducting coils when 
the latter are axially prestressed and subjected to la~ 

radial magnetic forces, can undergo a process of 
stick and very dangerous for the superconductor 

stability. 
This paper pcesents the theoretical models used 8_t 

the Milan Laboratory to determine the characteristics 
of the coils motion and to estimate the effects in the 
coils during the slipping. 

The case of the superconducting coils of the Milan 
Cyclotron project and the meilns adopted In order to mi
nimize such effects are discussed. 

I NTR9DUCTION 

. ... ('-3) t 
In the Mllan superconductlng cOlls dcslgn he 

dyn'Lmical interaction bet,reen the coils and the helium 
\-essel during the magnet excitation acquires a large i~ 
portance as a consequence of ~he intense axial prestre~ 
si~g forces exerted on the coils. 

wnen the field is turned on, the coils increase ra 
diaJly and trail the vessel until the frictional forces 
are grc,ater than the elastic forces produced by the ve~ 
sel deformations. As soon as the rcclativcc equilibrium 
betweeL the coils and the vessel is broken, these under 
go sudden and opposite movements. 

This "stick and slip" process repeats itself for 
different current levels in the coils and can produce 
the transition to the normal state of the superconduc
ting cable through a temperature increase of the copper 
matrix or generation of high induced currents in the 
superconducting filaments. 

The conditions for the relative equilibrium and mo 
tion of the coils-vessel system, the main features of 
these movements, their thermal and electrical effects 
on the superconducting cable and the mechanical solution 
adopted for the coils design in the Milan project are 
the subjects of this paper. 

To study the dynamics of the coils-vessel system 
we ilssume these elements are made by elastic cylindri
cal rings. The Fig. , shows a verticill section of the 
system and the linear specific forces diagram for an 
elemental sector at the equilibrium condition: F(I) re
presents the radial component of the linear magnetic 
force acting on the coils at the current I, ~(I) the 
linear axial force (sum of the linear prestressing for
ce and the axial component of the linear magnetic for
ce), .u ~(I) the linear frictional force, -k,x, and 

- k
2

x
2 

the linear elastic forces arising from the ac

tion of the remaining parts of the system on the consi
dered elemental sector. The elastic force coefficients 
are given by: 

k = ES/R
2 

where E, Sand R are respectively the Young modulus, 
the section area and the mean radius of the correspon-
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Fig. , - Sketch of the coils-vessel system and diagram 
of the linear specific forces. 

ding element. For the quanti~ies x, and x
2 

we will use 
the following notations: 

are the deformations undergone at 
the current I by the vessel and by 
the coils when they behilve as a 
compact body, 

are the time dependent deformations 
which take place at the current 
I = 10 during the Slipping. 

The condition for the relative equilibrium of the 
two elements is given by the system: 

F(I) - k
2

x
2

(I,O) - ." ~(r) 

- k,x,(I,O) + 11 ~(I) = 0 

o 
( 2) 

Considering that the coils and the vessel, as 
long as they make a compact body, undergo the same de
formation x(I,O) = x,(I,O)-x,(O,O) = x

2
(I,O)-x

2
(O,O) 

where x,(O,O) and x
2

(O,O) are the initial deformations, 

the system (2) becomes: 

F(I) - k
2
X(I,O) - k

2
x

2
(O,O) - 11 ~ (I) 

- k,x(I,O) - k,x,(O,O) + 11~(r) = 0 

o 

The initial deformations x,(O,O) and x
2

(O,O) arlse 

as a consequence of the prestressing force and the dif
ferential contraction of the two elements during the 
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cool down. 
The solution of the system (3), when the term ,11 

lS lower than the static frictional coeffic ient ,U S' 
lS given by the following expressions: 

+ 
k2 (x

l
(O,O) - x

2
(O,O)) 

k l + k2 

kl F(I) - k 2 (x 2 (O,O) - x l (O,O)) 

k 1 + k2 ------q;TIT-

(4) 

(5 ) 

(6) 

When at the current I = 10 the condition ,U ( ,U s 

is not fulfilled, the coils and the vessel begin to 
slip. The motion of the two elements is determined, un
til the relative speed does not change its sign, by the 
equations: 

F(I
o

) - k
2

x
2

(I
o

,t) - "d <1>(1
0

) + further 

damping terms = m
2 

x'
2 

( 1
0

, t ) 

- k
l
x

l
(I

o
,t) + ,l1d <I> (1

0
) + further 

damping terms = ml ;1(Io ,t) 

where ml and m2 a~e the elem:n~al sector masses and ,u d 
the dynamlc frlctlonal coefflclent. 

Neglecting in (T) the further damping terms we ob
tain that the two elements perform an harmonic motion 
described by: 

XI (1
0

, t) = XI
(I

o
,O)((I- ~) cos 2:< t + ~) (8) 

,u s 

X2(I
o
,t) x 2(Io 'O) + 

l-~xl(Io,O)(1 - I"d 

k2 I' 

where: 
1 

'1: 1 = 2 n R 1 ( 0 1 IE 1 ) :> 

are the motion periods, being 
sities of the two elements. 

s 

The motion keeps till the 

'1: 1 ,It s 

)( 1 - cos 2n t ) 
'1: 2 

(10 ) 

0
1 

and 0 2 the mean den-

instant t = t in which 
o 

the relative speed of the coils and the vessel becomes 
nul: since this moment the two elements are again a co~ 
pact system which undergoes damped oscillations. The p~ 
sitions reached by the vessel and the coils at the end 
of the damped oscillations (t = 00 ) are given by: 

(11 ) 

( 12) 

where: 

~~_~~I~(!~\~.L_- k 2X 2 (Io ,to ) (13) 

kl+ k2 

For I ) 10 the new conditions of the relative equi 

librium are expressed by the following equations: 
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Fig. 2 - Radial and axial linear forces acting on the 
Milan coils sector as a function of the exci
tation current. 

I" <I> (I) o 

where: 

x(I,O) 

The system (14) is exactly alike the system (3), 
this means that the coils and vessel slipping reprodu
ces periodically with the same features above-descri
bed. 
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Fig. 3 - Deformations and slipping jumps of the coils 
and the vessel as a function of the current 
and the static frictional coefficient. 
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Fig. 4 - Typical oscillations of the coils and the ves
sel during the sli9ping. 

This mechanical behaviour in the case of the Milan 
superconducting coils and the helium vessel is summari
zed in the following figures. The Fig. 2 shows the ra
dial and axial linear forces acting on the coils as a 
function of the exciting current: in particular the ini 

tial value ~(O) = 1.01 10
6 

N/m corresponds to the 700 
, "1 d ' (2) tons prestresslng force foreseen In the COl s eSlgn . 

The deformations and the slipping jumps undergone 
by the coils and the helium vessel for different I' s va 

lues are reported in Fig. 3: these data have been obtai 
ned for 1'/ i's = 0.7 and assuming x 1(0,0)=x

2
(0,0)=0. 
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Fig. 5 - Amplitudes of the slipping deformations as a 
function of the current and prestressing for
ce for different values of the static frictiQ 
nal coefficient. 

The Fig. 4 shows the oscillations of the coils and 
the vessel for a prestressing force of 700 tons and I' s 

= 0.3, when the coils current is 10 = 1804 A (correspo~ 

ding to the third jump shown in Fig. 3). 
The slipping deformations increase with the coils 

current and the prestressing force as shown in Fig. 5: 
in this figure the discrete data have been represented 
by continous curves to make easier the comparison of 
the results. 

EFFECTS OF THE DEFORMATIONS AND SLIPPING 

The effects of the deformations on the coils have 
, t 1 h (2) been already examlned and repor ed e sew ere . 

The radial deformation of the helium vessel gives 
rise to a tensile stress which, for I's 0.3 (and 

2 
I'd/ ,U s = 0.7), amounts approximately at 8 kg/mm . 

For the vessel design this stress level is too high be
cause it is added to already high stresses arising by 
axial magnetic forces: then it is necessary to keep the 
vessel deformations within about 0.1 mm. 

The slipping is essentially dangerous for the coils 
operation in consequence of the high currents induced 
in the superconducting filaments and mechanical dissip~ 
tive processes. 

The slipping motion gives rise to an induced cur
rent in the whole coils whose intensity can be expres
sed by: 

B, 
lron (15 ) 

where Biron lS the mean magnetic field produced by the 

poles and the yoke in the coils region, N, L and X are 
respectively the turns number, the inductance and the 
oscillations amplitude of the coils. 

the Considering that the slipping movements of 
coils occur almost fully during the first stage (t ( t ) 
we can assume: o 

X x 1(Io ,0)(1 -~) 

I's 

(16 ) 

The maximum induced current is very low, typically 
a few tens of rnA, but its time derivative is high, pro
ducing a rapid variation of the magnetic field given by: 

dB 
dt 

The time variation of the magnetic field induces In 

th d t ' 'I t t t' (4) e supercon uc lng fl amen s he curren denslty : 

J 
s 

12 dB/dt 

Jt2 (! d 
s 

( 18) 

where 1 is the half length of twisting, Q the matrix re 
sistivityand ds the mean diameter of the filaments. 

The induced current is a shielding current and 
flows in opposite directions in each half of the fila
ments, then its intensity is: 

I 
s 

= + 

where As lS the superconductor section. 

( 19) 
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The current I needs not to exceed the difference 
s 

between the critical current Ic and the operating coils 

current I, therefore to avoid a transition from the su
perconducting to the normal state, the coils oscilla
tion amplitude X must be limited to: 

X (Ic - I) () d s L 7: 2 

a 12 Biron R2 N As 

Considering the following data: 

Q= 3 10- 10 
f.!m d = 

s 70 10-6 
m 

R2 = 1.08 m N = 3.3 10 3 

a= 2.2 10-3 T/A B. 
lron 

I = 2700 A (B=5 T) 7: 
c 2 

A = 2.1 
s 

L = 20 H 

0.5 T 

1. 85 10-3 s 

we obtain for the maximum operating current (I 
In the Milan coils: 

X 

(20 ) 

10-6 2 
m 

1944 A) 

and this result corroborates the necessity to reduce 
the coils displacements during the slippling. 

As regards the mechanical dissipative effects we 
consider only those arising by the friction between the 
coils and the vessel. As this process occurs in short 
time (typically a few milliseconds) we can assume the
re is not a thermal exchange with the helium bath and 
the energy released increases the matrix enthalpy. 

For the slipping occurring at the current 1
0

, sup-

posing the energy is fully released in the first panca
ke, the specific enthalpy increase of the matrix is gi
ven by: 

LlH !1 cP (I ) (x
2 
(I ,t ) - x 1 (I ,t ) 

d 0 0 0 0 0 
m 

(21 ) 
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Fig. 6 - Specific enthalpy increase of the copper matrix 
in the Milan coils produced by the friction (d~ 
shed lines) and maximum specific enthalpy in
crease supported by the superconducting cable 
(solid line). 

where n is the turns number of the pancake, s and ~ the 
section and density of the matrix. 

The Fig. 6 shows the specific enthalpy increase 
of the copper matrix for different values of !1

s 
as a 

function of the exciting current in the coils. In the 
same figure we have reported the maximum specific en
thalpy increase supported by the superconducting cable 
before its temperature exceeds the critical one. 

From these data we can conclude that is impossible 
reach the maximum current in the coils also with low 
values of ,u s if the first pancake surface is directly 

involved in the frictional movements. 
As the Milan coils are separated from the vessel 

by fiberglass G11 sectors (2.5 mm thick) we have chec
ked which of the two frictional coefficient (stainless
steel - G11 or G11 - tinned copper) is lower. The mea
surements made in the pressure range of 200 - 500 bar 
have indicated that the tinned copper slides on the G11 
easier than the stainless steel; if between the stain
less steel and G11 is interposed a teflon sheet, the si 
tuation is reversed. -

For these reasons we decided to interpose two te
flon sheets, 0.2 mm thick, between the vessel base and 
the coils and between the coils and the prestressing 
flange. 

Since the Milan superconducting coils are splitted 
. . (2). . . . . 
In two sectlons whlch can exclted opposltely, slldlng 
movements can occur also between the two sections. The
refore we decided to interpose a teflon sheet also bet
ween the G11 sectors separating the two sections. 
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