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In 1911 Corbino showed that  if  a disk with a c u r r e n t  flowing to the axis  is p laced  in a magnet ic  
f ie ld p a r a l l e l  to the axis of  the disk,  then due to the Hall e m f  the ini t ia l ly s t ra igh t  line of e l e c -  
t r i c  cu r r en t  is tu rned  into a sp i r a l .  This  leads to an i n c r e a s e  in the length of the cu r ren t  l ine 
and thus to an i n c r e a s e  in the disk r e s i s t a n c e .  The change in the disk r e s i s t a n c e  in a magnet ic  
f ield was  used in [1] to switch the cu r r en t  in the c i rcu i t  of an inductive ene rgy  s to re .  If  the 
e l e c t r i c  cu r r en t  c a r r i e r s  move  f r o m  the edge of the disk to the axis ,  the az imuthal  Hall c u r -  
ren t  is  accompanied  by an i n c r e a s e  in the magne t ic  f ield inside the disk c o m p a r e d  with that 
outs ide it [2]. The s a m e  p r o c e s s e s  occu r  in a hydromagne t  [3-5], in which the radia l  flow of 
a conducting liquid in an axia l  magnet ic  field is used to ampl i fy  a magnet ic  f ield.  In the 
p a p e r s  ment ioned e a r l i e r  the t r ans i en t s  which occur  when the s teady  magnet ic  field is e s t ab -  
l i shed w e r e  not cons idered .  To p roduce  a magnet ic  field,  and p a r t i c u l a r l y  for  switching, the 
swi tch-on  t ime  of the device is  of cons iderab le  impor t ance .  Hence,  in this  p a p e r  we cons ider  
the n o n s t a t i o n a r y p r o b l e m  of the  ampl i f ica t ion  of a magnet ic  f ield.  The ampli f icat ion of the 
f ie ld is obtained and the t i m e  taken  fo r  the s t a t i ona ry  s ta te  to build up is found. Both quan-  
t i t i es  depend exponent ia l ly  on the magne t ic  Reynolds number .  F o r  a hydromagnet  it is shown 
that  the s t e a d y - s t a t e  magnet ic  f ield di f fers  cons ide rab ly  f r o m  that  obtained in [4, 5]. The d i s -  
a g r e e m e n t  between the r e su l t s  is due to the fact  that  the boundary  conditions in [4, 5] w e r e  
a r b i t r a r i l y  chosen.  

w Wewi l l  c o n s i d e r a  n u m b e r  of  p r o b l e m s  connected with the excitat ion of a Hall cu r ren t  which ampl i f ies  
the magnet ic  f ield applied to the device .  F igure  1 shows an a r r a n g e m e n t  which leads to ampli f icat ion of the 
magnet ic  field in a p lane  g e o m e t r y .  The cu r r en t  I 0 flows in the conducting med ium f r o m  the plane C l to A t 
and f r o m  C 2 to A 2. The magnet ic  f ield is pe rpend icu la r  to the plane of Fig.  1. The Hall cu r r en t  which occurs  
in the left  p a r t  of  the a r r a n g e m e n t  is  c losed by the s a m e  Hall cu r r en t  on the r ight .  A sketch of the a x i s y m -  
m e t r i c a l  c a se  is  shown in Fig.  2. Here  the  cu r r en t  I 0 is radia l ,  while the Hall  cu r ren t  is azimuthal .  The p r o b -  
l em reduces  to solving the following set  of  equations:  

rot B ~ ~t0j , rot E : --OB/Ot, ] : ~(E -~ (]/en)[] • B]), (1.1) 
div j : 0, 

whe re  we have  used  the usual  notat ion fo r  the quant i t ies .  
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The following initial and boundary conditions are  of physica l  in teres t :  

1. The c i rcui t  is connected to an external  dc source  so that the cur ren t  flows f rom the outer  boundary 
C to the inner  boundary A. Init ially the field B z is everywher~ zero .  At the instant t = 0 a field Bz [C = B0 is 
switched on on the outer  boundary and then remains  constant .  On the boundary C the field is continuous. The 
field in the cavity is uniform and depends only on t ime.  The boundary condition on the inner  surface A follows 
f r o m  the f i rs t ,  second, and th i rd  equations of sy s t em (1.1): 

rotBlk = t~0g(E q- (tlen)[j X B])I A. (1.2) 

This problem descr ibes  the operat ion of a cur ren t  switch in the c i rcui t  of an inductive ener~5~ s tore .  It 
can be used to control  a constant external  magnetic field. 

2. The field at the initial instant of t ime is everywhere  equal to Bz =B0. At the instant of t ime t =0 the 
cur ren t  I 0 is switched on and then remains  constant .  The boundary condition on the inner  surface  is (1.2) as 
before .  This formulat ion of the p rob lem descr ibes  the operat ion of a sys t em for amplifying a magnetic field 
due to the operat ion of an external  dc source .  

3. Since it was assumed in [4, 5] that the field is zero  on the outer  boundary, we will special ly consider  
p roblem 2 with the condition Bz[ C =0. 

Henceforth the in teract ion between the cur ren t  I 0 and its own magnetic field will be ignored, since this 
interact ion,  when the cur ren t  conducting leads are  appropr ia te ly  placed, leads mere ly  to polar izat ion of the 
conducting medium along the z axis.  

w Solutions of the above p rob lems  can be obtained by means of the Laplace t r ans fo rm [6]. Thus, prob-  
lem 1 in the plane case  has the solution 

c~  c~"--Pi 

B Z = Uae 2~(c-x) :<  t -- e -~(c-x) ~ e ---~-~-~ 2 V Z  
i==i  ~ a  _ _  P i  

where  Pi are  the consecutive nontrivial  roots  of the equation 

sh V ~  (c -- x) ] (2.1) 
cc(i ~ an) -~ ap~ j 

[cr pi - ( c - a )  

thV~(c - a) -- Vp/[c~(i + r - ap]. (2.2} 

The combination 2 ~ ( c - a )  = (c-a)~0aj0/en , where j 0 is the cur ren t  density flowing f rom C to A, is  the rat io of 
the field diffusion t ime into the thiclmess ( c - a )  to the t ime taken for  the c a r r i e r s  to move f rom C to A, i.e., 
the raagnetic Reynolds number  Re m.  

For  the ax i symmet r i ca l  ease the solution of problem 1 has the fo rm 

c 2 v  r , v  B ~ = B o  --;- 1 : [  ! }7~,~dp 
7 ; 2 ~  , e -~-  

"g-- ze:; 

X 
IKv_ l ( a V 7 ) -  

[ K,,_~ (,~V~) 

,,,7-~ ~,. (,~ ~. 7;. ] z,, O-VT) 

a~/ p 

where  I~, Iv_t, and K~, Kp_ 1 are  Bessel  functions of imaginary  argument;  the quantity 2v =p0aj0c/en =Rem as 
before  is the magnetic Reynolds number,  and J0 is the radial  cur ren t  density on the outer  boundary. 

The solutions of p rob lem 2 have a s imi la r  s t ruc tu re .  

To analyze the steady- state of a hydromagnet  we will solve problem 3 in the plane case .  For  c la r i ty  we 
will a s sume a =0~ or ,  which is the same thing, that the boundary A is impenetrable  for  the magnetic  field: 

~ . . . . . . .  I t / - - -  / - - - '  

8 : ~0e<~-~  e~=, ~,0o r ~= ~ =,,~)P~shr 1,~0 - ~) [~k V ~-~/e2~ _~o], (2.4) 

295 



.where Pi a r e  the roots  of Eq.  (2.2) for  a = 0. The solution of the a x i s y m m e t r i c a l  p r o b l e m  3 will not be given 
he re  because  of i t s  complexi ty .  

w The s t r u c t u r e  of  t h e s o l u t i o n s  obtained for  p r o b l e m s  1 and 2 have the s a m e  form:  Each of them con-  
ta ins  a s e r i e s  which decays  exponent ia l ly  with t ime ,  and a t e r m  independent of the t ime .  The solution of p r o b -  
l e m  3 does not have such a t e r m .  

Analysis  of the solutions fo r  sma l l  magne t i c  Reynolds number s  leads  to the conclusion t h a t t h e  fields,  
and the t imes  taken for  them to become  es tab l i shed ,  a r e  p r a c t i c a l l y  unchanged compared  with the usua l  p r o b -  
l e m s  of the diffusion of a field into a conductor .  

The si tuat ion changes cons ide rab ly  for  l a rge  magnet ic  Reynolds  number s  (Rem>>l) .  In this case  Eq. 
(2.2) has  an infinite se t  o f  negat ive  roo t s  Pi < 0 a n d  one root p ~  c~ 2. The t e r m s  of s e r i e s  (2.1) w h e n P i <  0 di f fer  
s l ight ly f r o m  the co r respond ing  t e r m s  of the s e r i e s  in the usual p rob l em of the diffusion of a field ignoring the 
I-Iall effect ,  so that: they d i sappea r  in a t ime  on the o r d e r  of the  t ime  of f r ee  diffusion of the  field into the sp ec i -  
men.  Using this  we can r e p r e s e n t  solution (2.t) fo r  f a i r ly  long t imes  in the f o r m  

where  

1 

~ ,  Ftoac': eRcm 
T ~ -  , ,  (3.1) 

is  the c h a r a c t e r i s t i c  field buildup t ime .  F o r  s impl ic i ty ,  we have he re  used the approximat ion  a / c < < l .  This  
t i m e  also  r e p r e s e n t s  the buildup o f  the field in p r o b l e m s  2 and 3 for  plane geomet ry .  

A s i m i l a r  s i tuat ion occu r s  in the a x i s y m m e t r i c a l  p r o b l e m .  The express ion  under the in tegra l  in (2,3) 
has  a s ingular  point ]p I"* 0 when Rem--*~ ,  which also de t e rmines  the ra te  of var ia t ion  of the field inside the 
device .  Using the asympto t i c  expansion of the Besse l  functions fo r  l a rge  values of the index, we c a n  obtain 
f r o m  (2.3) 

_~1 

where  
~ 0 o c  2 ( ~ c  l~e 

The s t a t iona ry  d is t r ibut ion  of the f ie ld between the cyl inders  A and C in p r o b l e m s  1 and 2 has  the fo rm 

/ \ c  he 

for  any magnet ic  Reynolds n u m b e r s .  

The s t e a d y - s t a t e  value of the magnet ic  field in p rob l em 3 is zero ,  which follows f r o m  (2.4), while the 
re laxa t ion  t ime  when Re m >>1 is de t e rmined  by re la t ions  (3,1) o r  (3.2) depending on the g e o m e t r y .  

Hence,  we have shown that  ampl i f ica t ion  of the magnet ic  field occu r s  if the field on the outer  boundary 
differs  f r o m  ze ro .  When the f ield on the ou te r  boundary  is ze ro  no ampl i f ica t ion occur s ,  and the re laxat ion 
t i m e  is given by re la t ions  (3.1) o r  (3.2) fo r  Rem>>l .  

w The solut ions o f the  p r o b l e m s  obtained in the p rev ious  sect ions  can be applied to analyze the t rans ien t  
in a hydromagne t  if  we make  the subst i tut ion j0/en =u0 in the magnet ic  Reynolds number ,  where  u 0 is the ve loc -  
ity of  the n o r m a l  flow of  liquid on the ou te r  boundary.  

Thus,  in the a x i s y m m e t r i c a l  p rob l em ,  ff the field on the ou te r  boundary d i f fers  f r o m  zero ,  the field d i s -  
t r ibut ion in the hydromagne t  is given by re la t ion  (3.3). I f  the field on the ou te r  boundary is equal to zero,  the 
s t e a d y - s t a t e  value of the field inside the hydromagne t  ~vill be ze ro ,  which dif fers  f r o m  the r e su l t s  obtained 
in [4, 5]. The t i m e  taken  fo r  the hydromagne t  to r each  the s teady  s ta te  is given by the s ame  re la t ions  as in 
the Corbino disk device .  

w Inadd i t i on to  p r o b l e m s  1-3 we will  cons ider  the p r o b l e m  of the concentra t ion  of the magnet ic  field 
when the flux through the hydromagne t  r em a i ns  constant .  This  condition was used in [4, 5]. 
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The ou te r  boundary  of the hydromagne t  is made  of a good conductor,  so that the diffusion of the field 
through it during the cont rac t ion  pe r iod  can be neglec ted .  The f ield in the hydromagne t  be fo re  cont rac t ion  is 
B z =B 0. Using the condition for  the conse rva t ion  of the flux and the f ield dis t r ibut ion (3.3) we obtain 

/ oo 
Rern cRem - 2  __ 2aRem -2 

R can be seen  f r o m  this  equation that  the m a x i m u m  achievable  f ield in the cen te r  of the hydromagne t  under 
f l ux -conse rva t ion  conditions is Bz = B0(c/a) 2 as Re m --* ~.  I f  the f ield on the boundary  is kept  constant ,  the field 
at the cen te r  of the hydromagne t  is B z = B0(c/a)Rem; i .e . ,  m o r e  effect ive ampl i f ica t ion  of the field occu r s .  

The author  thanks E.  I.  Bichenkov and R. L. Rabinovieh for  useful d iscuss ions  and advice.  
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E L E C T R I C  F I E L D S  IN A S I N G L E - T U R N  M A G N E T I C  

G E N E R A T O R  W I T H  A P A R A B O L I C  T U R N  P R O F I L E  

V .  S.  F o m e n k o  UDC 538.4 

1. To solve a num ber  of p r o b l e m s  in expe r imen ta I  phys ics ,  it is n e c e s s a r y  to have avai lable  a wide 
range of h igh-power  e l ec t romagne t i c  ene rgy  [1]. One of the poss ib l e  pulsed  sources  of e l ec t romagne t i c  en-  
e r g y  with high specif ic  ene rgy  capac i ty  and power  is the exp los ive -d r iven  magnet ic  g e n e r a t o r .  Severa l  types  
of exp lo s ive -d r iven  magnet ic  gene ra to r s  a r e  known at the p r e sen t  t ime  [2-5]. The va r i e ty  of gene ra to r s  is  due 
to the need to sa t i s fy  con t rad ic to ry  r e q u i r e m e n t s  (e.g.,  such as a shor t  opera t ing  t ime  and a l a rge  initial  in-  
ductance,  a l a rge  value of the genera ted  cur ren t ,  and l imi ted  d imens ions  of  the cu r ren t  c i rcui t ) ,  which a re  
difficult to combine in a single gene ra to r .  

In any t y p e  of exp los ive -d r iven  magnet ic  gene ra to r  when the condition dL(t) /dt  >>R(t) is sat isf ied,  the 
main  inc rease  in the genera ted  cu r ren t  occurs  at the end of the deformat ion  of  the e l ec t r i c  c i rcui t ,  I(t) ~ L-l(t) �9 
~?(t) (I, L, and R a re  the cu r ren t ,  inductance,  and total  r e s i s t a n c e  of the genera to r ) .  The eff ic iency of the op-  
e ra t ion  of the genera to r ,  o r  the value of the magnet ic  flux conserva t ion  coefficient  ~?, at this  s tage of the m a g -  
ne t i c -cumula t ive  p r o c e s s  may  be reduced  due to e l ec t r i ca l  breakdowns occur r ing  in the a i r  which fi l ls  the com-  
p r e s s i o n  volume of the gene ra to r .  The breakdown mechan i sm,  accompanied  by the cutting of pa r t  of the in- 
ductance of the circui t ,  and the re la ted  loss  in magnet ic  flux, leads to cons iderab le  l imi ta t ions  of the e l e c t r o -  
magnet  ene rgy  (W ~V2), and also to a reduct ion in the cur ren t  gain (kT~~?) , and the ene rgy  gain (k e ~~72), and 
the f rac t ion  of the los t  flux i n c r e a s e s  toward the end of the opera t ion  of the e l ec t romagne t .  Inc reas ing  the co-  
efficient  V to the level  specif ied by diffusion of the magnet ic  f ield during the c o m p r e s s i o n  and d isp lacement  of 
the flux into the gene ra to r  load, is one of the main  p r o b l e m s  in cons t ruc t ing  s m a l l - s i z e  exp los ive -d r iven  m a g -  
netic g e n e r a t o r s  with high output c h a r a c t e r i s t i c s ,  s ince the technological  f ac to r s  (e.g., for  sp i r a l  exp los ive-  
dr iven magnet ic  g e n e r a t o r s ,  the decenter ing  of the sp i r a l  coil f r o m  the cen t ra l  tube), which af fec t  the coeff i -  
cient U, may be e l imina ted  o r  reduced  to a m in imum.  Thus,  in [6] ce r t a in  r ecommenda t ions  a r e  made,  con-  
f i r m e d  exper imen ta l ly ,  to achieve this pu rpose .  
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