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I. INTRODUCTION 

Our work on ac losses  has been mostly with NbTi w i r e  magnets. These magnets were 
b u i l t  f o r  d i r e c t  current u s e ,  but  s ince they were ava i lab le  t o  u s ,  it w a s  convenient 
t o  use them while developing ,an e l e c t r i c a l  method o f  measuring losses .  

F i r s t ,  I s h a l l  descr ibe t h i s  e l e c t r i c a l  method and then describe some of our re- 
s u l t s .  I sha l l  t a l k  mostly about r e s u l t s  obtained s i n c e  our , ear l ie r  report .1  

Most of the r e s u l t s  t h a t  w i l l  be described here  were made on a solenoid wound with 
Supercon NbTi w i r e  which had a 0.015 in .  diameter superconducting core i n  a copper wire 
of 0.03 in.  over-all diameter. The w i r e  was insu la ted  turn-to-turn with a copper-oxide 
surface,  and layer-to-layer with f i b e r e l a s s  c lo th .  The nlaximum f i e l d  on a x i s  was about 
70 kG at 120 A. The winding had a 1.5 in.  inner diameter,  4.5 in .  outer  diameter, and 
was 4.5 in .  long. 

11. LOSS’ MEASUREMENTS 

This method of measuring l o s s e s  depends .on measuring the .accumulated electrical 
energy entering the magnet over a period of several cycles.  This i s  accomplished with 
the c i r c u i t  shown i n  Fig. 1. The two key elements are a multiplying c i r c u i t  t o  obtain 
instantaneous powe’r flow between t h e  magnet and power supply, and an in tegra tor  t o  keep 
t rack of e l e c t r i c a l  energy balance i n t o  the superconducting magnet. 

The mult ipl ier  c i r c u i t  works i n  the  following way. It uses  a semiconductor H a l l  
device which develops an output vol tage proportional t o  the product of input current t o  
the H a l l  device, and magnetic f i e l d  surrounding t h e  device.  
inser ted in to  the cryostat  connects the test magnet t o  the Hall device through a resis- 
t o r ,  so tha t  current input t o  t h e  Hall  device is proportional t o  t h e  magnet voltage. 
The H a l l  device is  mounted i n  t h e  gap of a small magnet which has been designed t o  give 
a magnetic f ie ld .  proportional t o  current  i n  i ts  windings. This magnet is put i n  series 
with the superconducting magnet so t h a t  the H a l l  device has a magnetic f i e l d  input pro- 
portional t o  the current i n  t h e  superconducting magnet. 
then, are proportional t o  vol tage across the  supe‘rconducting magnet and t o  current 
through it ,  and hence the output of the  H a l l  device is a voltage proportional t o  in-  
stantaneous power ih to  the superconducting magnet. This  output voltage changes polar i -  
t y  with the d i rec t ion  of power flow. 

A p a i r  of po ten t ia l  leads 

The inputs t o  the Hal l  device 

. .  
The inteFrator uses  a s o l i d - s t a t e  chopper-input operational amplif ier  with a feed- 

back capacitor C y  and a series r e s i s t o r  R, so t h a t  i ts output voltage is 
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e = f ein(t)dt . out RC 

D r i f t  i n  the in t eg ra to r  c i rcu i t  appears on the recorder as an equivalent  power lo s s  
(except t ha t  it can have e i t h e r  sign),  and so must  be kept s m a l l .  
about 1 mV d r i f t  f o r  a period of 1000 sec with a dynamic range of 10 IT. For one 
p a r t i c u l a r  mu l t ip l i e r  constant t h i s  corresponds t o  a s e n s i t i v i t y  of 1 J i n  a 1000 sec 
(or 1 naJ) with a dynamic range of 10 000 J (stored i n  the m a g n e t ) .  W e  obtained a 1 J 
s e n s i t i v i t y  on a cycle-to-cycle basis  by using a d i g i t a l  voltmeter t o  read the voltage 
on successive min imum of t he  integrator  output. 

. .  
Typically,  w e  had 

' 

A section of the mult iple  recorder tracing i l l u s t r a t i n g  how t h e  l o s s  information 
i s  presented, i s  shown i n  Fig. 2. 
peak amplitude of 10 A.  
of cycles as the frequency was increased. 
port ional  t o  the ac lo s ses .  
change i n  slope of the right-hand t r ace  i s  due t o  changes i n  c h a r t  speed.) 

Here the current had a t r i a n g u l a r  waveform with a 
The middle trace shows the accumulated energy over a number 

The slope of the envelope i s  d i r e c t l y  pro- 
(The boil-off gas w a s  almost constant-over  t h i s  run, and 

Another kind of da t a  sheet i s  shown i n  Fig. 3. In  t h i s  case, t h e  current wave- 
Several cycles were run a t  each current.  form i s  trapezoidal with a constant d I / d t .  

The constant current i n t e rva l s  were long enough t o  a!low u s  t o  read the in t eg ra to r  
output with a d i g i t a l  voltmeter. 
f l u x  jumping as  the current  was increased, and more w i l l  be said about t h i s  l a t e r .  

The t r a c e  labeled B shows an increasing amount of 

111. EXPERIMENTAL RESULTS 

While making cycle-to-cycle lo s s  measurements with a t r apezo ida l  current wave- 

On a w e l l  s t a b i l i z e d  c o i l  w e  reached an asymp- 
form, we discovered t h a t  the f i r s t  cycle a t  a new current l e v e l  had considerably more 
energy l o s s  than succeeding cycles.  
t o t i c  value within two or  t h ree  cycles,  while on another c o i l  w i th  less s t a b i l i z a t i o n ,  
i t  took four or f i v e  cycles.  
next cycle was ex t r ao rd ina r i ly  lossy.  
r e l a t i n g  t o . t h e  cycle-to-cycle losses .  The lo s s  i n  jouleslcycle  is given as  a func- 
t i o n  of the maximum current .  Note tha t  there is an envelope of asymptotic values 
obtained by pulsing a number of times a t  the same current .  The f i r s t - c y c l e  envelope 
w a s  obtained by reversing the d i r ec t ion  of current i n  the magnet at the beginning of 
each new current value t o  destroy the "ordering" e f f e c t .  The energy lo s s  on a cycle 
a f t e r  a f lux  jump, or  a f t e r  increasing current pi thout  revers ing d i r e c t i o n  always l a y  
somewhere between the  two envelopes. The maximum current of 116 A correSponds t o  
about 67 kG on axis i n  the solenoid. 

When the re  was a f lux  jump during a given cycle,  the 
Figure 4 shows several  types of information 

In  general, the  measured losses  w e r e  within about a f a c t o r  of two of values 
calculated by the loss equation i n  Hancox.' We were a l s o  able  t o  measure losses  over 
a p a r t i a l  cycle. For example, the current was varied from 0-10 A several  times, then 
from 10-20 A several  t i m e s ,  continuing on.up to  100 A. The l o s s e s  f o r  t h i s  data  a r e  
given i n  Fig. 4 as a partial-cycle,envelope. 
Since w e  could record the maximum energy i n  the c o i l ,  a s  w e l l  as t h e  minimum, we were 
a b l e  t o  measure the stored energy. 
per cycle) as  a function of maximum current during a cycle.  
around 50 A ,  which probably corresponds t o  the current a t  which t h e  average of the 

Data f o r  several  va lues  of A I  are shown. 

Figure 5 shows the Q (s tored energylenergy lo s s  
The Q had a minimum at 

2 .  R.  Hancox, Proc. IEE (London) 113, 1221 (1966). 
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winding has complete f i e l d  penetrat ion i n  the superconductor.. W e  can a l s o  calcu.late 
the inductance using t h e  r e l a t ionsh ip :  s tored energy = f L12. The inductance i s  not 
constant,  and is  shown as 'a funct ion of current i n  Fig. 5. 

W e  are i n t e r e s t e d  i n  ac l o s s e s  a t  t yp ica l  synchrotron r e p e t i t i o n  rates, and'we 
have made several  runs on our magnets a t  cycling rates a s  high a s  once a second, al-  
though these magnets w e r e  not designed t o  be pulsed, and even though the losses  a r e  
very high. Figure 6 shows t y p i c a l  r e s u l t s  on the magnet previously described. The 
l o s s  i n  joules/cycle  are shown as a funct ion of frequency. The maximum current was 
10 A,. 14 A ,  and 20 A with t r i a n g u l a r ,  s inusoidal ,  and trapezoidal waveforms. The 
20 A data  had t o  be  taken a few cyc le s  a t  a t i m e  i n  order t o  keep the magnet from 
going normal, and so only t rapezoidal  waveforms were used. A t  14 A the magnet could 
only be pulsed f o r  8-10 cycles  a t  the higher frequencies, and we suspect t ha t  the mag- 
.net w a s  heating considerably.  T h e ' d i f f e r e n t  waveforms merely indicate  tha t  the lo s ses  
are r e l a t ed  t o  d I / d t ,  as w e l l  as maximum current .  

A l l  of these curves show a rise i n  losses  at very low cycling r a t e s .  This is  
because of a constant  60 cycle  r i p p l e  voltage. When the cycling t i m e s  are very long, 
the l o s s  due t o  r i p p l e  vol tage accumulates over a longer period and.makes data  below 
about 0.05 Hz unre l i ab le .  Tests made last week with a t ransis tor-regulated (very low 
r ipp le )  power supply ind ica t e  t h a t  t h e  losses  are l i n e a r  with frequency a t  the low end. 

I f  we c a l c u l a t e  eddy cu r ren t s  a t  0-5 Hz with a 0-14 A t r i angu la r  waveform i n  the 
copper, w e  obtain a -loss of about 0.53 W .  The magnet w a s  wound on a t h i n  s t a i n l e s s  
steel form and had end f langes of  t h e  same mater ia l .  W e  calculate 0.272 W l o s s  in. 
each flange and 0.002 W l o s s  f o r  the tube. The t o t a l  eddy current losses ,  then, 
should be 

P, = 0.53 + 2 x 0.272 + 0.002 = 1.1 W . 
From Figure 6,  we see t h a t  t he  l o s s e s  f o r  0-14 A at 0.5 Hz are about 9 J / cyc le  o r  
4.5 W. Thus, the measured eddy cu r ren t  losses  are about fou r ' t imes  l a rge r  than w e  * can account f o r .  

Data are shown i n  Fig. 7 f o r  t rapezoidal  current  waveforms i n  which the losses  
(Figure 3 i s  a typ ica l  da t a  sheet f o r  t h i s  kind of w e r e  measured a f t e r  each cycle.  

run.) I f  one ne- 
g l e c t s  the r e p e t i t i v e  d a t a  f o r  very low d I / d t  because it  contains appreciable losses  
due t o  r i p p l e  vol tage,  we see a de ' f ini te  increase i n  l o s s e s  due t o  increasing d.I/dt. 
There is a large scatter i n  da ta ,  however,,because each pulse has a d i f f e ren t  loss., 
depending on the previous h i s t o r y  of cu r ren t ,  and whether a f l u x  jump occurred i n  the  
previous cycle. A t  t h e  higher cu r ren t s  t h i s  scatter is.more pronounced as there  were 
of ten several  f lux jumps i n  each cycle .  

The maximum cur ren t  w a s  increased while the d I / d t  w a s  held fixed. 

* 
Note added i n  proof: It has been suggested by several people subsequent t o  t h i s  
t a l k ,  t ha t  t he  copper oxide is  not i n su la t ing  w e l l  and t h a t  the ex t r a  losses  are 
V2/R losses  due t o  paral le l  r e s i s t a n c e  paths from tu rn  t o  turn.  
l o s s  would have t h e  r i g h t  frequency dependence. 

This kind of 
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IV. CONCLUSIONS 

We feel that this electrical method can be very useful -for measuring ac losses in 
superconducting magnets, or in parts of such magnets. Since accumulated energy can be 
monitored at many currents during a cycle, it is possible to measure losses and stored 
energy during the parts of a cycle, which may help to separate some of the complicated 
phenomena taking place during the cycle. 

We are building a magnet which will be a duplicate of the magnet that I have been 
describing, except that it will be wound with Airco multiple strand wire. 
has 130 strands of 1 mil NbTiwire in the same cross section of copper. We hope to 
compare its performance with its solid-wire sister in time to be presented later in 
this Summer Study. 

The new wire 

* 

#& 

Note added in proof: The magnet tests on the Airco magnet were completed and are 
given by W.S. Gilbert, these Proceedings, p. 1007. 

Fig. 1. 

I Multi-channel I 
recorder u 

Schematic representation of pulsed loss experiments. 
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Fig. 2. Data %or frequency run. 

Fig.  3. Data for constant d I / d t  run. 
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