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INTRODUCTION 3

One of the factors wh1ch affects the stab111ty and the
trans1ent process character of superconductlng magnets (SM)
during the energy removal .are energy losses generating. in. the
SM w1nd1ng at a rap1d decrease of the magnetic field. Due to
a small time constant. of such a process, the 1osses in a high
current dens1ty SM (dense’ windings with no ‘cooling channels)
are generated - under cond1t10ns very ‘close to-adiabatic:ones.
Ow1ng to such conditions the' SM,as'is shown, for ‘example, -
1n /]/,,can quench Due to losses the normal. zone veloc1ty

in such,a winding can. be cons1derably h1gher than that ow1ng
to thermal d1ffu51v1ty

In this regard it becomes 1nterest1ng to 1nvest1gate the
losses” of compos1te mult1f11amentary superconductors ‘(CMS) at
a pulse of the transverse magnetlc field under adiabatic’con~
d1t10ns.,F1rst results of such studies were pub11shed in.

‘paper/3/ the” exper1menta1 method was descrlbed In this- paper
“the results of recent. experlmental 1nvest1gat1ons are presen-

ted; the method- of calculation is descrlbed in detail.basic de-
pendences of ‘the: losses on various CMS® parameters are shown
and. ‘the explanatlon of- these dependences is glven.

»EXPFRIMENTAL REGULTS

To measure the " energy losses of short samples under ad1a—‘

,batlc condltlons, the method based on the maximum temperature

measurement of the. sample at a pulse of the transverse mag- .

'net1c field.was developed The Amout of energy, which is ne--

cessary .to heat up the sample to this maximum temperature, -
was determined by a pulse ‘heater. The magnetic f1e1d pulses .-
with an exponential character of decrea51ng B(Q Bhre“ﬁ'(to .

v

;1m1tate the conditions of the CMS ‘in the winding during the

energy removal from the SM): were generated by sw1tch1ng the .
SM from the current source to. the dump resistor .of .various

_values. Th1s exper1menta1 method was descr1bed ln more deta11
v1n paper:

‘ Sanpleskof the CMS w1th f11aments made of a NT—50 alloy
(Nb -50 welght % Ti) in the copper matrix have the’ shape of .
round wires from 0.7 to-1. 5 mm: 1n diameter and/or of-a conduc-
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Fig.1. Losses of the conductor

Jéw; NT-50, 15 mm I.? mmn in diameter against the
LY = ———4  initial value of the magnetic
?w-.. e e
g ,.—-<C field change rate. A-BM =3 T,
Bmg;,a’ B-By =1 T, C-By =0, 5 :
[ ,
J L % y 3 tor with a rectangular cross
: 8JT , T.5"" section of 2.0x3.5 mm?. First,

the dependence of the current:
density on the magnetic f1eld induction at 4.2 K, critical
‘temperature and specific heat (C) at B=0 were measured for
each sample.f For example, for. the conductor 1.5 mm in d1ame-
ter the C temperature dependence at a zero magnetic field can
be f1tted accord1ng to the temperature 1nterval as. follows.

4,2K$T<.9.0 K C(T) =0.0045 T3 S
.9.0K<T< 9,4 K. "O(T) =-2.075 T+ 21.955 g[J/k‘gKl - (1),
.9.4K<T <20 K ' ¢(T) =0.04 T+ 0.0025 T3) -

_ Us1ng the - results of measurements presented in. paper /
the specific heat dependence on the magnet1c f1eld 1nductlon
can. be approx1mated as.;‘ :

©(T.B) C('I')(1+005B) [J/kgK .71, @

The dependences of the energy losses both on’ the initial
value ‘of ‘the’ ‘magnetic f1eld By and on the initial: magnetlc o
field decay rate Byt were measured “The value By var1ed from
0.5 up to 5 T; By/r from 0.5up to 5 T/sec.',

" As an example, figure 1 presents ‘the losses per unit
volume ‘W of the CMS 1.5 mm in diameter (cr1t1cal temperature

¢ =9.4 K, number of filaments N=61, ‘filament diameter d =

—l40unt filling factor A=0.47 and tw1st length €, =25 mm)
against By/r at constant values of By.An: analogous dependence
for the CMS with a rectangular cross sect1on of 2.0 x 3.5 mm?.
(T¢=9.36 K, N=361, 4=80um,A=0,26 and " €, —30 mm) for per-
 pendicular and parallel or1entat1on of- the magnet1c field with
Tespect to a wide (3.5 mm) side of the ‘conductor is’ presented
in- f1g.  The saturation’ of the W(By/r) dependence is due

to ach1ev1ng the critical field change rate 8/, which is ap--
'prox1mate1y 1 T/sec. An increase on the W(BM/}) curve for
the reatangular cross section- conductor, see flg. 2a, (the
field is perpend1cular to its wide: 51de) start1ng from.a value
of
’to eddy current losses generated in the eopper. T

Figures 3 and_4 show the losses dependences on the magnetlc
f1.e1d amp11tude By at a constant value of By/r for the .conduc—
~tor “1.5 um in diameter and for’ the 2.0 x 3.5 m? conductor, -

‘respect1vely. The losses for all the samples become uearly in—

2

S T/sec 1s caused by the turn normal of .the. sample due» ;

" =3 T/sec.
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Fig.2. Losses of" ‘the 2.0 x 3.5 mm?® rectangular’ cross o
section conductor against the initial.value of the '
magnetic field change rate. a) field perpendicular-
to the wide (3.5 mm) side of .the conductor.. o-By=5.T,

A-By =3 T, ®~-By =1 T. b) field parallel to the wide

(3.5 mm) s1derof the conductor. A-B

: C—BM-—O 5T,

"Fig.3. Losses of the conduc-

tor 1. 5 mm in diameter aga-

inst the initial value“of’

the magnetic field. By/r =
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B - theoretical re-
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section conductor aga1nst the 1n1t1al value of the mag-

netic:field.

a) field perpendicular to the wide (3 5 mm) side
of the:conductor. By /7 =1 T/ sec. A - experi-
mental values, B - theoretical result c - )
theoretical: result under 1sotherm1c cond1t1ons

(T=4.2 K)

b) :field parallel to the wide (3 5 mm) side of the‘

-

-~ conductor, 'Al,A2- experimental values By/r .=
~=5.T/sec and ‘1 T/sec, respectively; B- theoretical

= result,
: cond1t1ons (T:=4.2

K)

C - theoretical result under 1sotherm1c el



dependent of the f1eld amplltude BM starting ‘from a certa1n
‘value of By.An important fact is that the temperature of the
sample registered at the end of a magnetic field pulse does:
not reach its cr1t1cal value, i.e., the saturation of the
'W(BM) dependence is not caused by the turn normal.of the‘
sample. :

' The characters of W(By/r) (at By= const) ~and W(BM) (B /r.=
=const) for samples having another diameter: are analogous to -
those presented in figs, 1 and 3, respect1v1ly.

LOSSES CALCULATION

When the magnetic field change rate B 1sgreater than the
critical one B* Bﬂ the CMS can be considered as a D-diameter
monof1lamentary superconductor with the critical current den-

‘s1ty J.A, where A is its f1ll1ng factor

3/2 »
_2%J(B'DDA . (3

where pe is the effective transverse. re51st1v1ty of the .CMS,
JcUST) is the critical current dens1ty in the fllaments. In
this case the losses per unit.volume of the .CMS under ad1aba—
tic conditions do not depend on the magnet1c f1e1d change
rate and their lncrease, accord1ng to dB, is determ1ned by:

aw = —g-dA J,(B,T)dB. _ ST '*"7**"-‘* (4)

In the d c. SM, as usual, MS are used in wh1ch durlng the
energy removal and/or quench processes the condition B> B*
is val1d, i.e., the energy 1ncrease is described by-the ex~
pression (4). ,
Under adiabatic cond1t1ons at-magnetic field change dB "
a temperature- increase of the CMS (dT) . results from the heat
balance between the energy generated and ‘the CMS enthalpy/“
dT 2 D
= A+ Te(B, T)m S U 5)
where vy is the specific mass of the CMS and ¢(T,B)- is its’
specific heat. The critical current density as a function of
the temperature is expressed by the formula given in ref./7/.
The losses calculat1on procedure is as follows. At an
‘initial moment (t =0) the sample having a temperature  of
T =4.2 K is situated in the magnetic field induction BM as
~the field decreases by dB, the sample temperature increases by
dT determined by the d1fferent1al equation (5). The ¢(T,B) and
J.(B,T) values are used to solve this equation in the computer
program. The energy increase dW 'is calculated accord1ng to
«(4).. The full losses are given by the sum of energy increases

T

* culations are presented-in figs. 3 ‘and ‘4~

‘in the field interval from By to zero and over the temperature’

range from:4.2 K to Ty ,5. respectively. The results of the cal-
(curves B). In the‘;.
same figures the results of the losses calculat1ons under 'iso-
thermic conditions are presented, i.e., when the cr1t1cal cur=
rent density determined by the magnetic field only (T=const) .
(curves C ). The hysteres1s losses (at By/r » 0) in the CMS
are calculated in‘a similar manner. For these calculations’
in eq, (4) the filament d1ameter d -is used instead of the"
effect1ve conductor’ diameter DA. The result is presented in
fig, 1 as points BMﬁaO The exper1mental results are extra-;
polated to these po1nts. ) ; el SE—
The losses of “the' rectangular cross sect1on conductor are
calculated in the same manner as for the round conductors. To
do this, the effective: diameter of such-a .conductor- is equal
to the filamentary: zone dimension perpend1cular to the: magne-
tic 'field. The effective filling factor is determ1ned from
constancy of the amount of the superconductor in the rectan—;
gular cross section conductor and of the round conductor' }
with’ the effective dlameter.,The losses calculated are then ‘
related to the unit volume of the real 'CMS. ‘ i b
" The reason of “some d1fference in the: character between the
exper1mental ‘and’ theoretical curves W(By ) (see figs. 3 and ‘
4) ‘in the region of small' By values is the fact that eq. (4)
is'valid in the case of full magnet1c f1eld penetrat1on 1nto
the CMS only. For B <1 T th1s cond1t1on is not’ fulf1lled

DISCUSSION :
The reason of the saturation of the W(BM)dependence is the

) presence “of back coupl1ng between the energy generated and

the increase ‘of .the. superconductor temperature The dynam1cs of
the losses’ generatlon process. and the temperature increase- of.
the sample 1.2 mm in diameter (T,=9.4 K, N=61, .d= =110 um,.
A=0.5 and fp =25 mm) for the. f1eld amp11tudes BM—S Toand 1 T
obtained- from the calculation 1s _presented ‘in fig. 5. For. |
Bp=5T (solid curves) the power of the losses generated: at -
the beg1nn1ng of the’ process is lower than that for BM'—Z T .
because of lower cr1t1cal current dens1ty. As the temperature
1ncreases, J (B T). decreases. and_the power of the losses dec-.
reases as well The conductor is heated up more intensive at .

the beginning of the process for. By=2 T,: . and” the" power .of .

the losses decreases faster. than for By -5 T. . Starting from

a certa1n moment, ‘the power ‘of the losses generated for S
By =2 T becomes lower than the one for BM =5'T. As is- seen
from flgs. 5, the resulting energy is nearly the same for the_
two field amplitudes By=5T and 2T, _respectively.



It is. 1mportant to point out that
w. the ‘temperature of- the sample

does not reach its- cr1t1ca1 va-
4By "1ue but  Just- approaches it to
« -some value. As the temperature

’ approaches Tc.Jc(BT) decreases -

.to zero and the power of the
: EE . losses dW/dt also decreases to

4w 0 : OJE_ 0¢ o2 0 zZero.

S .. B/B, ‘ , . To speclfy the 1nf1uence of
L the CMS parameters on the value
of the losses, further calcula-
tions were done. For, these cal-
culations the parameters of .the
_ conductor 1. 2 mm-.in d1ameter
d°tted lines — "By =2 T. were used as relative ones. -

The W(T;) and LI dependences are presented in figs. 6
and__7___L respectxvely. These two factors(Tc,A) affect considerab-
ly the . losses value,, The change of the specific heat and-
spec1f1c mass with changlng A of the CMS was taken into account.
‘The dependence of the losses on’ K is illustrated in.fig. 8,
where K= (B)/Jco(B) and Jeo®, is “the measured critical
current denSLty of- the conductor 1.2 mm in dxameter at 4.2 K,

. The ‘losses are most 1ntens1ve1y affected by K at small values’
of ‘the K region. Further the dependence of the losses on. the
conductor.’ ‘diameter D was calculated. “Figure 9 presents ‘the.
result’ together ‘with the three experimental points; Some dif-
-ference in character of the arrangement of the experxmental
points from the theoretical one is due to differences in .some
conductor parameters (T, X, Jc(B T)) for example, 'Té=
=9.6"K for the' conductor 0,7 mm in. dlameter. The - saturatlon 2
of the losses dependence W(D) can be expla1ned by the presence
of back coupling between the increase of the losses and the
sample temperature..The dynamics of! the losses power for con-
ductors 5, 1.2 and 0.3 in diameter is illustrated in fig, 10
(By=5T, BM/r—3 T/sec). According to’ eq. (4) the losses power
of the conductors of large diameter D is high at the very
-beginning of the process. Subsequently, as the conductor is
heated up, the losses power falls down: very intensively with
dropping JcUBT) At a certain moment the power of conductor )
‘with a large diameter becomes lower than that of the conduc-
tor w1th a“smaller diameter. As the diameter of.the cMS increa-
ses the temperature back coupling influence on the losses
becomes more intensive. In accordance with this, the result-
ing losses, start1ng from some conductor dlameter ‘are nearly
1ndependent of 1t . . ;
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‘Fig.5.liosses generation pro-
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‘CONCLUS ION

The energy 1osses of the CMS 0, 7 1.2 and" 1.5 ‘mm in dla— .

rmeter as well as of the 2.0x3.5 mm® rectangular cross section
conductor were measured under adiabatic conditions against the. g



amp11tude and or1entat10n of the transverse magnetlc f1e1d
By<5 T and the 1n1t1a1 magnetic field change rate B h<5T/sec.

2. The calculation 'of the losses has been done.kA satis—-
factory agreement between experlmental and theoret1ca1 results
has been obtained.

3. A considerable dlfference has been found in value and
in character of the losses dependences under .adiabatic condi-
tions as compared to those under isothermic conditions.

4. Starting from a certain value of the magnetic field
amplitude By the losses under adiabatic conditions become
nearly 1ndependent ofBM The explanation of such a behaviour -
is-done.

.5. The influence of various factors and CMS propertles
“on the losses under adiabatic conditions has been 1nvest1ga—’
‘ted. The parameters, -which mostly affect. the values of ‘the;
losses are the critical current den31ty, cr1t1ca1 temperature,
,spec1f1c heat and filling factor.
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