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INTRODUCTION 

. There have been several methods proposed for generating or otherwise creating a 
large direct current in a low temperature environment to avoid the losses associated 
with conducting high current to a low temperature region from a room temperature 
source. If such a device is operated in conjunction with a s.uperconducting magnet 
system, it is desirable that the current source also be superconducting, and be con- 
structed so that flux is introduced within a closed superconducting circuit. These 
devices can then be considered as flux pumps. 

One of the methods for accomplishing this is to use4 a transformer-rectifier 
circuit, made from superconductive components, t-o transform a small alternating cur- 
rent input into the high level current required, which can then be rectified to obtain 
a large direct current. 
using superconductive windings, but novel methods are required to achieve the rectifi- 
cation function with superconductive components. The situation is further complicated 
in that, in the case of energy storage systems such a superconducting magnets, phase- 
controlled rectification is desired so that energy can be rempved from as well as 
added to the load. 

The transformer .can be fabricated in a c’onventional manner 

The flux p m p  to be discussed here was invented and developed by T.A. Buchhold 
and uses a transformer-controlled rectifier configuration to convert a small alterna- 
ting current input to the output characteristics needed for energizing superconductive 
magnet systems. This device operates with very high efficiency and is capable of pro- 
ducing sufficient output power for practical use in many magnet applications. As this 
concept has undergone considerable improvement and refinement over the past several 
years, an up-to-date sunrmary of the characteristics of this type of flux pump and its 
capabilities will be given. 

FLUX PUMP OPERATION 

The key concept introduced by Buchhold is a unique combination of magnetically- 
controlled, cryotron-like switches used in conjunction with saturable core reactors to 
achieve phase-controlled rect ifieation. Figure 1 shows the low temperature portion of 
his flux pump circuit and the arrangement of the various components. 

The input transformer has superconductive windings on an iron core and is excited 
by a square wave, room temperature voltage source. As the transformer has a high pri- 
mary to secondary turns ratio, the input current requirement is low and, therefore, 
small cross-section input leads may be used to connect to the room temperature source. 

The secondary circuit is connected i n  a two-phase arrangement which requires two 
sets of the cryotron-reactor “rectifiers .’I 
and the center tap of the transformer secondary winding. The primary winding of the 
saturable reactor, the gate of the cryotron switch and all interconnecting leads are‘ 
made from superconductive material, usually niobium. Thus, in the absence of cryotron 
excitation, the entire secondary circuit is superconducting. 

The load is connected between the cryotrons. 
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Ideal ly ,  of course,  the cryotron switches would have zero r e s i s t ance  i n  the "on" 
The former condition i s  met by t h e  s t a t e  and i n f i n i t e  r e s i s t a n c e  i n  t h e  "off" s t a t e .  

use of a superconductive cryotron gate material ,  but the f i n i t e  r e s i s t ance  of the g a t e  
i n  the off  state i s  one of the primary f ac to r s  l imit ing the eff ic iency of the f l u x  
pump. This w i l l  be discussed more f u l l y  l a t e r .  
on, or  superconducting s t a t e ,  and t h e  o f f ,  or normal state, by means of a superconduc- 
t i n g  magnetic con t ro l  winding.. This i s  excited by an ex te rna l ,  room temperature, 
source. 

The cryotron i s  switched between the 

The s a t u r a b l e  core r eac to r s  c o n s i s t  of t h ree  windings on a to r ro ida l  core of 
Deltama. The primary winding is connected i n  series with the gate of the cryotron 
switch, the r e t a r d i n g  winding i s  connected i n  series with the cryotron control ,  and 
the signal winding i s  wound from a normal metal and extends t o  the room temperature 
control c i r c u i t .  The functions performed by these windings are best shown by a des- 
c r ip t ion  of the circuit  operation, but i t  i s  pointed out t h a t  the r eac to r  core i s  
normally i n  s a t u r a t i o n  except during short  periods i n  the switching cycle.  Thus t he  
impedance of t h e  r eac to r s  is  usual ly  negl igible  except €or short  periods when the core 
leaves sa tu ra t ion .  It w i l l  be shown t h a t  t h i s  c h a r a c t e r i s t i c  i s  a key factor  i n  the 
high e f f i c i e n c i e s  obtained with t h i s  concept. 

Figure 2a shows some of the wave forms which i l l u s t r a t e  the circuif  operation i n  
a simple r e c t i f i c a t i o n  cyc le ,  t h a t  is, r e c t i f i c a t i o n  without phase control .  For t h i s  
operation the r e t a rd ing  windings on t h e  saturable core and the phase s h i f t i n g  c i r c u i t  
may be ignored. To follow the a c t i o n  of the c i r c u i t  throughout a basic  r e c t i f f c a t i o n  
cycle, f i r s t  assume t h a t  the upper cryotron i n  Fig. 1 i s  superconducting or  on, while 
the lower cryotron i s  o f f .  A t  t h i s  po in t ,  both sa tu rab le . r eac to r  cores are i n  satura- 
t i o n  and the  load sees  t h e  voltage ac ross  one half  of the transformer secondary, el; 
and the 'load cu r ren t  increases  according t o  the r e l a t ion :  

-t- dZ =1 
d t  L " 

where L is t h e  load inductance. 

A t  the  end of the pos i t i ve  cyc le ,  the transformer voltage reverses po la r i ty  and i t  
becomes necessary t o  switch both cryotrons i n  order t o  achieve r eck i f i ca t ion .  
t h i s ,  an ex te rna l  c i r c u i t  de t ec t s  t h e  change i n  po la r i ty  of the primary voltage and pro- 
duces a s igna l  whicIi i n t e r r u p t s  t h e  con t ro l  current flow i n  the  lower cryotron. Thus 
the control f i e l d  goes t o  zero. The cryotron gate t r i e s  t o  rever t  t o  the superconduc- 
t i n g  s t a t e ,  bu t ,  as the gate  r e s i s t a n c e  decreases, the current tends t o  increase. This 
would cause l a r g e  lo s ses  and i n h i b i t  the switching process i f  i t  were not for  the reac-  
t o r  i n  series with the gate .  The rectangular hys t e re s i s  1 . 0 0 ~  charac, ter is t ics  of the 
saturable r e a c t o r  core prevents a r ap id  build-up of t h e , g a t e  current as  i s  shown i n  
Fig. 2b. 

To do 

Point A i n  Fig.  2b shows the pos i t i on  on the hysteresis  loop of the core before 
the change i n  p o l a r i t y  of t he  input voltage.  The core i s  i n  sa tu ra t ion  with a cu r ren t ,  
Iba flowing through the primary winding. The current ,  I,,, i s  determined by the voltage 
across the f u l l  transformer secondary and the resis tance of the lower cryotron i n  t h e  
o f€  s t a t e .  When the voltage reverses  po la r i ty  and the cryotron switches t o  the on 
s t a t e ,  the current  through the ca re  primary tends t o  build u p  toward the value i t  w i l l  
conduct when on. However, as the cu r ren t  goes through zero,  the core leaves sa tu ra t ion  
and the current  is limited t o  a low value,  io, determined by the width of the hys t e re s i s  
loop. The t i m e  f o r  which the  cu r ren t  i s  limited depends on the design of the c i r c u i t  
and i s  set t o  give the gate of the cryotron su f f i c i en t  t i m e  t o  complete i t s  normal t o  
superconducting t r a n s i t i o n  at  the l o w  current l e v e l .  
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The upper saturable  core reactor  a l s o  performs an important func t ion  a t  t h i s  . t i m e .  
As the  lower cryotron is  switched t o  the on s ta te  and the lower r e a c t o r  goes inco sat- 
uration, t he  encire  secondsary . c i r cu i t  is of very low impedance. Thus, t h e  current  i n  
the secondary is  commutated very quickly from t h e  upper half  of the c i r c u i t  t o  the . 
lower half  by the transformer voltage. AS the  c u r r e n t  i n  the upper h a l f  i s  driven 
through zero, the core of the upper r eac to r  comes out of s a tu ra t ion  and the changing 
f lux  i n  the core induces a voltage i n  the s i g n a l  winding. This s i g n a l  is then used t o  
t r i g g e r  current flow i n  the upper cryotron c o n t r o l  from the room temperature c i r c u i t  
which switches the upper cryotron gate t o  the  normal state. By r epea t ing  t h i s  process 
with ,the po la r i ty  changes i n  the  input vol tage,  i t  i s  seen t h a t  r e c t i f i c a t i o n  i s  achiev- 
ed and energy can be fed i n t o  an inductive load. 

I n  order t o  change the rate at',which energy i s  fed i n t o  the load or  t o  remove en- 
ergy from the load, a means f o r  phase 'shif t ing t h e  r e c t i f i c a t i o n  c y c l e  with respect t o  
the input voltage is required. This i s  accomplished with two modif icat ions t o  the 
c i r c u i t .  

The f i r s t  i s  the addi t ion of a means f o r  de l ay ing  the s igna l  der ived from the in-  
put voltage reversals  which is used t o  switch t h e  appropriate cr.yotron t o  the on s t a t e .  
This i s  e a s i l y  accomplished i n  t h e  room temperature e l ec t ron ic  c i r c u i t  by conventional 
c i r c u i t  techniques. The second change is t he  a d d i t i o n  of the r e t a r d i n g  winding t o  the 
cores of the saturable  r eac to r s .  As s t a t e d  be fo re ,  t h i s  winding i s  connected i n  series 
with the  cryotron control  c o i l s  so tha t  t he  c ryo t ron  control  s i g n a l  a l s o  .passes through 
the retarding winding. 

The wave forms of Fig. 3 show the  ope ta t ion  of the c i r c u i t  with phase s h i f t  CY. 
Again assume a point i n  the pos i t i ve  half  cycle  where both cores  are i n  sa tu ra t ion ,  the 
upper cryotron is OR, and the lower i.s o f f .  When the voltage r eve r ses  po la r i ty ,  t he re  
is now no switching ac t ion  because of the s i g n a l  de l ay ,  Q. There are two changes, 
however. 

F i r s t  the current  through the off lower c ryo t ron  reverses  due t o  the input voltage 
p o l a r i t y  change. 
out of saturat ion.  However, as t he  core a c t i o n  i s  needed only when t h e  cryotron is  t o  
be switched on, a means must be provided t o  hold t h e  core  in  s a t u r a t i o n  u n t i l  the proper 
t i m e .  This is accomplished by connecting the  r e t a r d i n g  winding i n  series with the cryo- 
t ron  control  so t h a t  the con t ro l  current creates s u f f i c i e n t  mmf t o  overcome tha t  of the 
primary winding and keep the core i n  sa tu ra t ion .  

With no r e t a rd ing  winding, t h i s  would cause the  lower core t o  come 

The second e f f e c t  is  t h a t ,  because n e i t h e r  c ryo t ron  has been switched, the load 
current  decreases due t o  the reversed input vo l t age  p o l a r i t y .  ' 

After  the delay, a, a s igna l  i s  produced t o  t u r n  t h e  lower c ryo t ron  on. This s ig -  
nal  now in t e r rup t s  the cryotron control  cu r ren t  and removes the r e t a r d i n g  winding mmf 
from t h e  core. 
bottom core leaves sa tu ra t ion  a t  the proper time t o  allow the gate  t o  switch on a t  a 
low current .  When t h i s  is completed, the secondary current  commutates and the upper 
cryotron is switched off. by the means described previously.  The output  voltage is thus 
again pos i t i ve  up t o  the next r eve r sa l  i n  the  inpu t  square wave. 

The cryotron ga te  then r e t u r n s  60 the  superconducting s ta te  and the 

It i s  seen t h a t  the phase delay,  Q, provides a means for confxol l ing the f r ac t ion  
of a period f o r  which the load i s  exposed 20 a p o s i t i v e  or a nega t ive  voltage.  
load charging r a t e  can then be e a s i l y  adjusted i n  t h e  room temperature c i r c u i t  f o r  ad- 
ding o r  removing energy. It is  also c l e a r  t h a t  t h e  e l e c t r o n i c  c i r c u i t  can be de-ener- * '  

gized a t  any t i m e  t o  leave a pe r s i s t en t  currenk i n  t h e  magnet c i r c u i t .  

The 
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. 
FLUX PUMP CRARACTERISTIGS AND APPLICATION . 

If one considers the application of this flux pump concept in conjunction with a 
superconductive magnet system, the performance of the system can be summarized by a 
few simple equations. 

First, the load current is given as: 

where V is the effective output voltage of 
the load. . 

Y 

the flux pump, and L, is the inductance of 

As the inductance of a superconducting coil is normally a function of the field, 
it has been included under the integral sign, but in a simplified analysis it will be 
assumed that L is constant. 

The maximum output voltage is shown as a function of current for a typical flux 
pump in Fig. 4 .  It is seen that the voltage decreases somewhat with current, the de- 
crease depending mainly on the output impedance of the square wave source exciting the 
transformer primary. 
approximately expressed as: 

If this decrease is also neglected, the load current can be 

% = K t  V . 

With these conditions, the total load charging time is then: 

where Ws is the energy stored in the 
put ,power at the maximum current. 

f 

magnet system, and PM = V haX, the flux pump out- 

In turn one can define 

where PL is the loss in the 

Because the efficiency 

a maximum efficiency factor as: 

Y M 
% = P  M + P L  ' 

low' temperature section of the flux pump. 

of the flux pump determines to a main extent whether or not 
the device can provide an economic savings in a given application, this definition de- 
serves further clarification. It is found that the predominant flux pump losses are 
nearly independent of the output current. Thus if one plots the efficiency as a func- 
tion of output current, the curve in Fig. 5 results. This shows that the efficiency 
is zero, by this deficition, at zero current, but rises rapidly with the current t.o 
opproach its maximum value at the full output. 
losses are nearly independent of the phase shift in the rectification cycle, so that 
the definition assumes the maximum output voltage with no phase delay. 

It should also be pointed out that the 

Further rearrangement of these equations shows that the instantaneous power loss 
is related to the efficiency and maximum power output as: 
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= (*-) l - % l  P M m  ( 1  - $1 PM I 

pL 7Xl 

The energy l o s t  i n  charging a c o i l  system t o  i t s  f i n a l  energy at the maximum charging 
r a t e  is: 

) W S " 2  ( 1  - \> ws . % = 2 ( - -  1 " % 1  

?In 
That is, the ineff ic iency on an energy bas i s  i s  twice t h a t  found from the power equation. 

These equations show t h a t  t h e  .energy l o s t  i n  energizing a magnet system is related 
only t o  the eff ic iency of t h e  f l u x  pump, w h i l e  t he  charging t i m e  is a funct ion of the 
power capabi l i ty  of the pump. The instantaneous power lo s s ,  on the  other hand, is a f -  
fected both by the e f f i c i e n c y  and power capab i l i t y  of the device. 

If some typical  f l ux  pump, parameters a r e  assumed, the following values can be 
found f o r  a representat ive app l i ca t ion .  
signed t o  energize a magnet system s to r ing  50 000 J of energy. 
energize the magnet a t  the maximum pumping rate w i l l  be about 33 minutes, and approxima- 
t e l y  2000 J w i l l  be d i s s ipa t ed  i n  the  l i qu id  helium. The instantaneous power diss ipa-  
t i o n  w i l l  be about 1 W, which is  equivalent t o  a l i q u i d  helium boi l -off  rate of 1.4 1 
per hour, and t o t a l  helium consumption i s  about 0.75 A.  This exauiple i l l u s t r a t e s  that  
very high flux pump e f f i c i e n c i e s  are des i r ab le  t o  achieve l o w  system losses ,  and the 
power range which mkst be considered t o  achieve p r a c t i c a l  charging r a t e s  i s  a l s o  indi-  
cated. 

Consider a .50 W ,  98% e f f i c i e n t  f l u x  pump de- 
The t i m e  required t o  

FLUX PUMP DESIGN AND CAPABILITIES 

A s  with many engineering devices ,  ca re fu l  optimization procedures must  be followed 
t o  maximize the e f f i c i ency  of a f l u x  pump u n i t  f u r  a s p e c i f i c  appl icat ion.  This optimi- 
zat ion process generally d e f i n e s  t h e  maximum e f f i c i e n c y  that  can be a t t a ined  i n  pract ice  
while the power c a p a b i l i t i e s  are defined by the physical  s i z e  of t h e  un i t  o r  by p rac t i -  
cal fabr icat ion cons t r a in t s .  
with any combination of cu r ren t  and voltage so t h a t  a design can be matched t o  the load 
with l i t t l e  e f f e c t  on the e f f i c i e n c y  c h a r a c t e r i s t i c s  of the device. 

Usually i t  i s  possible  t o  design f o r  given power levels  

The l i m i t  on f l u x  pump e f f i c i e n c y  is  set by t h e  propert ies  of the cryotron switch-  
es. Table I shows the  var ious components of f l u x  pump loss  and gives  the percentage of 
the t o t a l  l o s s  a t t r i b u t e d  t o  each component in  a t y p i c a l  design. This c l e a r l y  shows 
the dominant e f f e c t  of the c ryo t ron  l o s s  i n  present f l u x  pumps. 

TABLE 1. D i s t r i b u t i o n  of Flux Pump Losses 

1. Input Transformer - 15% 
a. Winding l o s s  
b.  Core l o s s  

2 .  Sa tu rab le  Reacto; 
a. Winding l o s s  
b .  Core l o s s  

3. Cryotron 
a.  Gate ohmic loss 
b. Gate h y s t e r e s i s  loss 
c. Control windiqg Loss , 

d .  I r o n  l o s s  

- 5% 

- 80%. 
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An analysis of  the l o s s e s  occurring i n  the cryotrons shows t h a i  the t o t a l  l o s s  
and, thus, the ult imate e f f i c i ency  of a f lux  pump depends mainly on the superconductive 
propert ies  of the ga t e  mater ia l .  
i s  inversely proportional t o  the length of the gate i n  the cryotron, or  t o  the volume 
of the cryotron, w h i l e  hys t e re s i s  l o s s  increases d i r e c t l y  with the  volume. Thus, t he re  
i s  an optimum design which makes the two Loss components equal,  t h e  optimized lo s s  then 
depending on the propert 'ies of the gate mater ia l .  

%is i s  due t o  the f a c t  t h a t  t he  ohmic cryotron l o s s  

Recent development programs have devoted a s ign i f i can t  e f f o r t  toward t h e  develop- 
ment of new cryotron gate materials so t h a t  the device e f f i c i ency  can be improved. 
This has resul ted i n  the use  of c e r t a i n  niobium a l loys  which d i s p l a y  c h a r a c t e r i s t i c s  
p a r t i c u l a r l y  sui ted €or use i n  construction of the cryotron ga te s .  

The design of the remaining f lux  pump components follows from r a t h e r  conventional 
considerations t o  a t t a i n  the desired operational c h a r a c t e r i s t i c s .  Every component must, 
however, be ca re fu l ly  designed and constructed t o  avoid needless l o s s  and t o  maximize 
the output c h a r a c t e r i s t i c s  f o r  a given s i z e .  

Over the pas t  several  years improvements i n  the design and f a b r i c a t i o n  procedures 
has r e su l t ed  i n  cont inual ly  improved f l u s  pump models f o r  p r a c t i c a l  use. Several f l u x  
pump u n i t s  have been b u i l t  and used with superconductive magnets. 
from an o r ig ina l  3 W f e a s i b i l i t y  model having a maximum e f f i c i ency  of about 90%, t o  
more recent  models i n  the 50-60 W range, having maximum e f f i c i e n c i e s  of almost 98%. 
The current  r a t ings  of these un i t s  has ranged from about 300 A t o  more than 1700 A a t  
approximately constant power output. However, there  appears t o  be no se r ious  techno- 
l o g i c a l  ba r r i e r  t o  fu r the r  increases i n  f lux  pump power l eve l s  i f  the need should a r i s e .  
There is  always, however, a need t o  improve eff ic iency which could r e s u l t  from f u r t h e r  
improvements r e l a t ed  to high current cryotrons. 

These have ranged 

I n  applying f lux  pumps t o  systems, several  problems had t o  be solved which were 
not d i r e c t l y  r e l a t ed  t o  the f lux  pump i t s e l f .  One of these w a s  the  nqed t o  shield t h e  
f l u x  pump when used i n  close proximity t o  a high f i e l d  magnet. Use of s t a t i c  supercon- 
ductive shields  was found t o  be only p a r t i a l l y  e f f e c t i v e  but a c t i v e  s h i e l d  concepts 
have been.used successfully i n  several  cases. For a s imple  solenoid an a c t i v e  shield 
can cons i s t  of a superconductive winding placed between the magnet and t h e  flux pump 
and connected i n  series with the main c o i l ,  but y i t h  the opposite f i e l d  sense. 

Another problem was the p o s s i b i l i t y  t ha t  the f l u x  pump could be d r iven  normal 
during a c o i l  quench with the  energy of the load being dumped i n t o  the  f l u x  pump com- 
ponents. This, of course, overheats and damages the f l u x  pump components. This 
problem was overcome with the dpelopment of spec'ial semiconductive "avalanche break- 
down" devices which, operate r e l i a b l y  a t  l i q u i d  helium temperatures. 
be custom fabricated t o  break down a t  low ,voltage and pass high cu r ren t s  and are  con- 
nected d i r e c t l y  across the f l u x  pump output t o  l i m i t  the  energy which can be dumped 
back i n t o  the f lux  pump from the load. 

These un i t s  can 

Figure 6 shows a typ ica l  f lux pump-magnet system which includes these features .  
This f igu re  shows a shield winding between a LO0 kG Nb3Sn magnet and the f l u x  pump, 
which is enclosed i n  a niobium housing. The copper heat  sink i n  which the  protect ive 
semiconductor i s  mounted i s  a l s o  v i s i b l e .  

Figure 7 shows a t yp ica l  300 A ,  50 W f lux pump. The e f f i c i ency  of t h i s  unit  i s  
c lose t o  98% and i s  s i m i l a r  t o  t ha t  i n  Fig.  6 .  For comparison another 50 W f lux pump 
designed f o r  1700 A i s  shown i n  Fig. 8. 

. The f lux  pump control uni t  shown i n  Fig. 9 i s  r e l a t i v e l y  compact and has several  
f ea tu re s  useful i n  system appl icat ions.  These include automatic s e l e c t i o n  of f i e l d  
l e v e l ,  protect ive discharge i n  case of low helium l eve l s ,  two pumping voltages to  
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minimize losses at low pumping rates, and continuous rate control between maximum 
charge and discharge. In addition, of course, persistent current operation is pos- 
sible by simply de-energizing the control unit. 

In summary it can be said that this flux pump concept has been developed to a 
point where flux pumps are considered as a commercial item rather than a research de- 
vice. Present applications have been in association with research type, superconduc- 
tive magnet systems where only modest power requirements exist. It is still true that 
flux pumps only become competitive with conventional systems for loads requiring rela- 
tively high currents, and low inductance loads are desirable to achieve rapid charging 
rates.’ 
power system i s  used, the use of a flux pump can still be considered tci supply the 
energy dissipated in the resistive joints of the load, or to attain fine field-adjust- 
ment . 

A s  for magnet systems storing many megajoules of energy, where a conventional 
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Fig. 1. Schematic of the flux pump with phase shifting. 
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F i g .  2a. Wave forms in simple rectification cycle. 

F i g ,  2b. Loop characteristiCs of the saturable core reactor. . 
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Fig .  4. G.E. superconductive f l u x  pump characteristics. 
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Fig ,  5. G.E. superconductive flux pump characteristics. 
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F ig .  6 .  100 kG magnet system with flux pump. 
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Fig. 7. 300 A,  50 W €lux pump. 
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Flg. 8. 1700 A ,  50 W f l u x  pump. 
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Fig.  9 .  Flux .pump room temperature con t ro l  unit. 
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