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At a rapid decay of the magnetic field one may consider 
the high current density (BCD) superconducting magnet (SM) 
winding heating up p r ocess as an adiabatic one. Such rapid 
decay of the magnetic field takes place during the energy 
removal from SM. The losses which influence the SM transient 
parameters were qualitatively pointed out by Glasov et al.111. 

The purpose of this paper is to obtain the experimental 
and calculational evidence for the quench possibility of the 
BCD SM winding due to losses generated during the energy r e 
moval from SM. This way the l osses can affect the energy re
moval efficiency, since at definite protection devic e par ame
ters it is dependent on the determined charac ter o f normal 
resistance going up in the SM winding. In some cases it is 
advisable to turn normal a large part of SM winding to pro
tect the small part of it from overheating, as the dissipated 
energy tends to be concerned in the normal part of the magnet 
winding. The character of the quench process was examined. Ex
periments were carried out on the labora tory type solenoid 
SM12~t various amplitudes and rates of the magnetic field 
c hange (quench velocity) during the energy removal. 

The method was developed of magnetic induction calculation 
in the solenoid centre at the beginning of the quench under 
various initial experimental conditions. It is shown that 
under definite conditions the quench induction (i.e ., the 
induc tion at the beginning of the quench is indepedent of the 
velocity of energy removal. 

HEATING UP OF THE SUPERCONDUCTOR OF THE BCD WINDING 
DUE TO THE LOSSES IN THE CHANGING MAGNETIC FIELD 

During the energy removal from the SM the magnetic field 
decays a t a rate determined by the SM and protection device 
pa rameters. In the case of a linear dump res istor the magnetic 
field i s c hanging in the manner near to an e xperimental one 

- v' t 0 B ~ B me ; t = L/ R(t) , (1 l 

where L is the SM i nductance and R(t) is the t otal ohmic re
s i stance of the ci rcuit. The compl ete expone ntial l aw is de-
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termined by the mutual inductance coefficient of the cryo
stat and SM, time of the current decay in the cryostat, ope
rating rate of the commutating element. In the composite 
superconductor magnet winding the hysteresis and eddy current 
losses are generated owing to changing magnetic field. If the 
screening effect to external magnetic field inside the com
posite superconductor due to induced screening currents is 
not essential , the eddy current losses per unit volume of 
the superconductor under the exponential magnetic field decay 
are given by/3/ 

We = B! I ILo (1 + t0 I r) ; 
f 2 1 

ILo (~P- ) -
r = -2- 2rr P e (2) 

fp twist length, Pe specific transverse resistivity of the 
composite superconductor . 

In this case hysteresis losses per unit volume of supercon
ductor per cycle are independent of the rate and mode of 
change of the field applied 

W = fi\M(B) dB, 
h 

M(B) is magnetization of the composite superconductor. 

(3) 

The value of these losses is determined by the Jc(B) depen
dence only 14 1 

dW h = :
17 

fLo d J c (B) [ 1 + (J tr I J c (B)) 2 J dB, (4) 

d is filament diameter; Jc critical current density of the 
composite superconductor; J1, transport current density . 

For the type II superconductors (technical ones), according 
to Kim model15~ the critical current density dependence on the 
local magnetic field can be written as: 

Jc( B) = JoBo / (B+ Bo)' ( 5) 

J0 .Bo are constants for a given superconductor. As the induced 
screening currents in the outer filaments situated in the chan
ging magnetic field reach their critical value, the magnetic 
field inside the composite superconductor begins to be 
~cre~ne~ ,by induced currents. This takes place under condition 
D > Bc with 

8 = 2p J d.\~: tr 2 
c e c p • (6) 

" is filling factor of the composite superconductor. Thus 

2 

the magnetization of the twisted composite superconductor 
can be written as: 

8 B 
M( B) ::: M 0 [ 1 + -- -.- ] (7) 

3>. 'h Be 
with M 0= 3~ ILod J c (B). As a consequence , the losses per unit 

volume of the superconductor determined by the term (3) begin 
to be dependent on the external magnetic field change rate: 

W(B) = f L\M(B, B) dB. 

At a field change rate greater than 

BJ[=B D>.., / d 
c c ' 

Bx 16 1 with c 

(8) 

(<)) 

D is composite superconductor diameter, the composite super
conductor will behave as if the superconductive filaments were 
"smudged" through the composite superconductor c ross section, 
i .e., it can be consid~ed as a single superconductor with 
a diameter equal to D>. . Thus the hysteresis losses per unit 
volume of the superconductor can be written as 

2 ., 
dW =-p.

0
.\ DJ(B)[l+(J /J(B)) 2 ]dB. (10) 

h 317 c tr c 

The Kim model formula 
14 1 

holds under the isothermic conditions, 
however, under adiabatic ones it is necessary to take into 
account the critical current temperature dependence. Hampshire 
et al. 171 proposed this dependence to be written as: 

J B T- T 
J c ( B ' T) ::: o o (1 - b 

B + B0 Tc-T b 

8 c2 _ __.::..;:;_), 

Bc2- B 
(11) 

Tb is bath temperature; Tc. critical temperature at B = 0; 
T, sample temperature; Bc2 ,upper critical magnetic field; J 0 , 
B0 ,constants for a given superconductor at T = T b. 

For the sample examined Nb0.5Ti0.5<Tc=9 .2 K; Bc2 =10 . 1 T) 
the critical current density determination according to formula 
(11) gives 10% error provided each 0.5 T magnetic field inter
val sets up other J0 and 80 constants . 

Term (10) for the hysteresis losses in the case of an adia .. 
batic process leaGS to 

2 'h 2 
dWh = -p.0>. OJ (B.T)[ l +(J !J (B. T)) ]dB, . 317 c u c (12) 

where Jc (8, T) is determined by the term ( 11) • 
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Eddy current losses in the normal metal matrix related to 
unit volume of the superconductor can be expressed ~ as: 

dW = _1_( Dfp 2 
8 

-~) dt 
Pe 2" 

( 13) 

EXPERIMENTAL RESULTS 

The experiments were carried out on the laboratory high 
' 2 ' current density su~erconducting solenoid ( B 

0 
= 8 T ; I c ~ 150 A; 

Je=O. 8+2. 3 10 8 A/m ; W-= 50 kJ , L = 5 H). The solenoid consists 
of 7 sections wound from multifilamentary composite super
conductors NbTi with a copper matrix 0. 7, 0.85 and 1.20 mm 
in diameter, filling factor A :: 50%, twist length being .. 25 mm 
and filament diameters of 65, 75 and 110 11m. The energy removal 
was carried out using the linear ohmic dump resistor (R

0 
const) 

0.5 + 7.0 Q, as well as the suppression arc chamber, connected 
to a magnetic field suppression device 11 (U,-,const~:rhe beginning 
of the magnet going normal during the energy remova l process 
was registered by a detector unit based on a bridge scheme with 
an accesory coil . A signal from the diagonal of the bridge 
scheme after its amplification was 3elected according to its 
amplitude and time interval in order to avoid the flux jump 
signals, as well as the interferings signals. The selector 
unit was adjusted on the amplitude of a voltage signal of 
50+loo mV and a time interval of 1+10 msec . 

The magnetic induction in the centre of the solenoid at 
the beginning of quench Bq was experimentally investigated 
as a function of the starting value of the mag~etic induction 
B 8 and the change rate of the magnetic field B during the 
energy removal. 

In Fig. 1 the dependence of B q on B taking parameter of 
Bs into account is presented. From these dependences an inte-

8 

6· 
._ 
. 
~I,-

2· . 
l_ 

0 

4 

2 

____ , __ ~.- ~u? r 
_________., - .5. < 8 - -

59r"'" 
51.0 

-----8·6------- ~. 

(

ir 
' ' 

. ~ 6 - 8 
iJ, r s' 

Fig.l. The quench magnetic 
induction of the solenoid 
against the magnetic field 
change rate (magnetic induc
tion decay velocity) at va
rious initial values of in
duction in the solenoid 
centre. 
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Fig.2. A comparison of the 
measured quench induction 
of the solenoid with cal
culated values as a func
tion of initial induction 
in the solenoid centre . 
Full line curve - experi
mental values; dotted line 
curve - calculation values . 
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resting experimental fact follows, i .e., for each value of 
B s there exists a definite value of B ~-· starting from which 
there is a slight dependence of Bq on B only . 

& 

Full line curve in Fig. 2 i 11 ustrates an experimental de
pendence of Bq on B

5
, w~ '>'> Be (i.e ., B ,. 7+8 T/sec) . By 

taking B values at a maximal field change rate (maximum quench 
valocityqin Fig.1) we shall be able to approach the experimen
tal conditions to an adiabatic ones in the best way. 

QUENCH MAGNETIC FIELD LEVEL CALCULATION 
UNDER VARIOUS ENERGY REMOVAL CONDITIONS 

Provided the heat exchange between the copper matrix and 
NbTi filaments is ideal the heat balance in the supercon
ducting composite durin~ the energy removal under adiabatic 
conditions is given by 

[(1 -A) y Cu . cCu +A YNbTtcNbTi J dT,. dW h A + dW e ' (14) 

c is specific heat; y, specific mass ; dWh , hysteresis losses 
per unit volume of the superconductor ; dW

8 
,eddy current los

ses per unit volume of the composite . Specific heat temperature 
dependence of Nb 0.5Tip.5 in the superconducting state obey 
the following rule / 8 

c ,. f3 T 3, (15) 

Nb T. u. -3 -1 -4 f3 is constant, for 0. 5 1 0 _5 <t--=7·10 mJg K ) . We 
took into account the specific heat dependence on magnetic 
field, which represents in the induction range 4+8 T an ave
rage increase of 45% in comparison with zero field level va-
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lue 19 :specific heat of the copper is chosen as an average 
value within each temperature interval of a length of 0 . 5 K. 

The inside layers of the winding, situated at the maximum 
field value are wound from the superconductor of the largest 
diameter ( D = 1.2 ~n), thus during the energy removal process 
the maximum amount of heat is generated just i n these layers . 
For the composite superconductor of the inner section of the 
magnet ( Nb 0 _6 Ti0_6; D=1.2mm; d=ll0J.Lm;A =0 . 5 ; fp=25mm; 
p = 2 . lo-lOOm) an estimate , derived with formula (9} shows , 
t~at in the range Pe min "::.p (1-.\)./ (1 +A ) = 0 . 7 -1~-100 m+p

8 
maC 

~ Pm (1 +A)/( 1 - A) = 6 ·1<J~0 0m 1 10 at velocities 8~0 . 3+2 . 5 T/sec 
a full flux penetration of the composite supercoJductor is 
expected to start . Consequently, the hysteresis losses per 

unit volume of the composite superconductor are de~er~ined by 
using formula ( 12) . As the eddy current losses at B > B~ 
according to our guess represent about 10% of hysteresis losses 
(!2) we shall not account them in the next calculation. This 
simplification was done , due to the difficulty to determine 
the specific transverse resistivity of the composite super
conductor, which is necessary to know for eddy current losses 
calculation . The temperatire rise of the composite as il fol 
lows from terms (14} and (12) related to the field decay is 
given by 

dT _ 2 3 / 2 1 1tr ( t) 2 
- . - -f10 D>. J (B,T) ( 1 +( ) 1. 
dB 3" (1-.\)ycuccu+AyNb'ffl:!T3 c lc(B,T) 

(16) 

Composite superconductor will turn to normal at the moment , 
when u.c critical current l c( B, T) changes in accordance with 
the te.aperature rise and the field decay reaches the trans
port current value I tr (t). According to equation (16) a com
puter progrdm has been written to calculate the quench magne
tic induction level . The results are presented in ~~ (dot
ted line). Some deviations between the calculational and ex
perimental values are probably due to non-totally adiabatic 
experimental conditions. The analogous calculation for other 
sections of the winding have been done . As a result of this 
calculation a highest probability of the quench of the inner 
section of the winding due to losses has been shown . From 
equation (16) there follows the independence of a quench mag
netic induction value of a magnetic field change rate at 
a full penetration of the composite, i.e.,, at B>B~. As it 

::as been noted formerly our guess of B ~ is in the range 
0 .3+2. 5 T/sec . Similar saturation effect (full flux penetra
tion} was observed experimentally, as it is shown in Fig.l. 
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Fig.3. Calculated values of 
the losses per unit volume 
generated in the composite 
superconductor of the inner 
section against initial mag
netic induction in the sole
noid centre. Full line cur
ve - adiabatic conditions , 
dotted line curve - isother
mic conditions. o. 
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Fig.4. The temperature of 
the composite superconductor 
at the beginning of quench 
as a function of initial 
magnetic induction in the 
solenoid centre. 
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A c P.rtain, not esser.tlal increase at B > B~ can be explained 
by not totally adiabatic conditions of the process, as well 
as by the contribution of the eddy current losses . Thus an 
increase of quench velocity at B > B ~ affects the losses 
weak ly only , as at the same time the effectively of the energy 
removal goes up 12 / . 

Using (12) a calculation has been done of the losses per 
unit volume in the,coTposite superconductor under adiabatic 
conditions and at B > B ~ in the time interval from the start·· 
ing point of t he energy removal to the moment of the quench 
as a function of the initial magnetic induction in t he centre 
of the solenoid. Results are shown in Fig . 3 by a full line 
curve . The losses under isothermic conditions have been calcu
lated and are given in_Fig . 3 by a dotted line curve, to 
enable their comparison. 

The temperature of the composite superconductor at the be
ginning of the quench has been calculated as a function of 
initial values of the magnetic induction in the solenoid 
centre . Results are shown in Fig . 4. 
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CONCLUSIONS 

1. The method of specific losses calculation , as well as 
of cal culation of the temperature rise of the composite super
conductor in the time interval from the beginning of the ener
gy removal to the start of the quench under adiabatic condi
tions has been developed in the form of the computer program. 

2. Using the computer program it has been shown the possi
bility of the quench of a high current density laboratory 
solenoid during the energy removal due to losses generated in 
the solenoid winding. 

3 . The e xperiments carried out on the laboratory solenoid 
with a nearly adiabatic insulated winding and storage energy 
50 kJ at critical current are in good agreement with calculated 
results. 

4. Both experimental and calculational results nearly de
monstrate the independence of the quench magnetic field level 
qf magr; tic indu~ti~n change rate (field decay velocity) at 
B > Be (i.e .,B ·' 2 . 5 T/sec). It is a function of the 
composite superconduct or properties and initial magnetic in
duction . 
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