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An arc  source  of a p lasma  jet,  used as an element of a sys t em of p lasma diagnost ics  or  as the injection 
sys t em for  a proton acce le ra tor ,  exper iences  the influence of the s t r ay  magnetic fields of these sys tems .  As 
was shown in [1], the influence of a longitudinal magnetic field with an induction 10 < B < 70 G on the are  source  
of [2] leads to an increase  in the density of the p lasma jet generated by it and of the cur ren t  extracted f rom the 
fixed p lasma boundary in propor t ion to B. A s imi la r  resul t  was obtained in [3] in the range of s t rong magnetic 
fields 300 < B < 800 G. The influence of longitudinal magnetic fields with B < 13 G on these p a r a m e t e r s  is 
analyzed in the presen t  paper  in connection with problems of stabil ization and control  of the cur ren t  of a source .  
The exper iments  of [1-3] differ in the scale of the magnetic fields applied and, evidently, in the cha rac te r  of 
the i r  action on the p rocess .  In [3] the p lasma e lec t rons  a re  magnetized,  i.e., the condition p/r << 1 is sa t -  
isfied (p is the L a r m o r  radius  and r is the radius of the anode opening of the arc  chamber) ,  so that e lect rons  
a r e  concentra ted in the region of the anode opening, thereby increas ing  the p lasma density. In [1], where 
p / r  ~ 1, and especial ly in the presen t  work, where p/r >> 1, such a mechanism is of secondary  importance 
and does not mask  the appearance of other  effects increas ing  the p lasma flux density in the jet. 

The measurements  were made on the installation shown in Fig. 1. The sys tem is placed inside a com-  
posite magnetic shield 12 with an inside d iamete r  of 100 mm, a wall thickness of 10 ram, and a length of 420 
mm and is evacuated by two Nord-100 pumps to a p r e s s u r e  of 2 �9 10 -4 Pa. The arc  source  1 ejects  a hydrogen 
p lasma 4 through the anode opening 2 onto a grid diode 5, 6, forming the initial proton beam. The anode of the 
source  is made of D16 alloy, the d iameter  of the anode opening is 2 ram, and that of the grid aper ture  is 40 mm. 
The proton beam that forms enters  a t r anspor t  tube 7 with a d iameter  of 42 mm and a length of 125 mm, in 
which its space charge is compensated for  by e lect rons .  At the exit f rom the pipe, the cha rac te r i s t i c s  of the 
beam are  measured  with a mult iwire,  two-coordinate  p rof i lometer  8, 9, supplemented by antidynatron rings 10 
[4], as well as with a miniature,  movable Faraday  cyl inder  11. The current  in the beam is additionally mea-  
sured f rom the cur ren t s  I h and Ig flowing in the c i rcui ts  of the high-voltage supply of the diode and of its anode 
grid 6. The arc  discharge is produced by pulses with a length of up to 100 psec and a frequency of 0.2 Hz. A 
constant voltage of up to 15 kV is maintained on the diode. The distr ibutions of the axial component of the con- 
stant magnetic field, produced by an internal coil 15 fastened to the chamber  of the arc  discharge and an ex- 
ternal  coil 13, 14, measured  at the maximum cur ren ts  in the i r  windings, are  designated as B0, B1, and B 2, where 
B1 and B 2 correspond to two var iants  of the construct ion of the magnetic shield. A grid diode in two configura-  
t ions - t h e  P ie rce  configuration, analogous to that of [5], and a plane configuration - is used to fo rm the beam. 
The fi laments of the cathode and anode gr ids  of the diode are  oriented parallel  to each other  and made of tung- 
sten wire 50 ~m in diameter .  The dis tances between the grid planes are  14.2 and 21 mm and the spacings of 
the windings in the plane and P ie rce  diodes are  226 and 625 #m, respect ively .  

I n f l u e n c e  of  a W e a k  M a g n e t i c  F i e l d  o n  t h e  B e a m  C u r r e n t  a n d  P r o f i l e  

In this experiment  the distr ibution of the magnetic field produced by the external  coil corresponded to va r i -  
ant B 1. The peak value Bp of the distr ibution of the field B 0 of the internal coil was varied f rom - 6 . 4  to 6.4 G. 
The placement  of the elements  of the sys tem in these fields is indicated in Fig. 1; the distance between the anode 
opening and the cathode grid was l = 76 ram; the plane diode was used. In Fig. 2 we give the resu l t s  of m e a s u r e -  
ments  of the cur ren t  in the beam in different var iants  of connection of the external and internal coils.  The cu r -  
rent  in the beam in the absence of a magnetic field is I00 = 44 mA, while af ter  the outer  coil was turned on it 
increased to I0+ = 65 mA. After the internal  coil was turned on, producing a field in the same direct ion as the 
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ex te rna l  coil ,  a f u r t h e r  i n c r e a s e  in the c u r r e n t  in the b e a m  was  obse rved ,  p ropo r t i ona l  to Bp and re f l ec ted  in 
the  s t r a i g h t  l ine I++. When the f ie lds  a r e  sub t r ac t ed ,  an i n c r e a s e  in Bp leads  to a d e c r e a s e  in the c u r r e n t  in 
the beam,  which is  r e f l e c t ed  in the cu rve  I_+. The c u r v e s  I_ 0 and I+0 c o r r e s p o n d  to  the  va r i an t s  when the ex -  
t e r n a l  coil  is tu rned  off  while the c u r r e n t  in the winding of the in t e rna l  coil  is  va r i ed  f r o m  z e r o  to the  m a x i -  
m u m  value in both d i r e c t i ons .  The m i n i m u m  c u r r e n t  I m =  43 mA is  o b s e r v e d  f o r  Bp = 1.2 G on the cu rve  I+0 
and m e a n s  tha t  in this  c a s e  the  tota l  field, with a l lowance  fo r  the r e s idua l  magne t i za t ion  of the shield,  inf luen-  
c ing  the  p l a s m a  je t  equals  z e r o .  A s i m i l a r  m i n i m u m  of the c u r r e n t  is  o b s e r v e d  on the c u r v e  I - +  fo r  Bp = 
(6.5 ~= 0.2) G, when mutual  compensa t i on  of the magne t i c  f ields of the two coi ls  o c c u r s  in the vicini ty  of  point  
3 (see Fig,  1), at  a d i s t ance  of l0 = 10 m m  f r o m  the anode opening.  

The m a g n e t i c  f ield induct ion  ac t ing  on the p l a s m a  je t  when only the in te rna l  coil  is tu rned  on is  B t = Bp - 
1.2 G. The i n c r e m e n t s  in p ro ton  c u r r e n t  in the beam,  i(Bt) = I(Bp) - I m,  caused  by th i s  ac t ion  a r e  obta ined 
f r o m  the funct ions  L0(B p) and I+0(B p) and a r e  r e p r e s e n t e d  by c u r v e s  1 and 1' in  Fig.  3. The  c h a r a c t e r i s t i c  
cu rve  obtained conta ins  two reg ions :  a r e l a t i ve ly  slow non l inea r  i n c r e a s e  in i with an i n c r e a s e  in I Bt]  f r o m  
0 to 2 G and a l i n e a r  i n c r e a s e  in i, p ropo r t i ona l  to f Bt I - Bx, where  Bx = (1.6 �9 0.1) G, with a f u r t h e r  i n c r e a s e  
in  I Bt I at the r a t e  v = 3.8 m A / G .  With an i n c r e a s e  in I 0 (the beam c u r r e n t  f o r m e d  in the absence  of a m a g -  
net ic  field), the  value of  i i n c r e a s e s  as  NI~/2 in the  r ange  of 40 < I 0 < 110 mA, so that  

= K (I B, 1--- B~) Z. '/~. (1) 

H e r e  K = v / I ~  2 = (0.58 -T 0.01) r e a l / 2 / G .  

In Fig .  3 we a l so  give the r e s u l t s  of m e a s u r e m e n t s  of  the flux p rof i l e  with the mul t iwi re  s e n s o r  in the  
p r e s e n c e  of a magne t i c  field with Bt = 5.5 G (points 1) and in i ts  absence  (points 2), whe re  N a r e  the n u m b e r s  
of  the s e n s o r  w i r e s ,  mounted  with a spac ing  of 3 ram, while i 0 a r e  the c u r r e n t s  to these  w i r e s ,  in  r e l a t ive  units ,  
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produced by the beam. We used the plane diode, in which the shape of the beam profi le  prac t ica l ly  repeats  the 
shape of the density distribution of the p lasma jet at the cathode grid of the diode [1]. The cu r ren t  of the arc  
d ischarge  was fixed, while the cur ren t s  in the beam and the forming voltage on the diode were  matched by a 
"3/2" law and equalled 55 mA and 10.6 kV for  Bt = 0 G and 87 mA and 14 kV for B t = 5.5 G. As can be seen 
f rom Fig. 3, magnetic enhancement of the cur ren t  does not a l ter  the shape of the density distr ibution in that 
par t  of the p lasma jet  falling in the diode aper ture .  This is also confirmed by the fact  that  when the distance 
of the p lasma source  f rom the diode is increased  f rom 76 to 114 ram, the coefficient of magnetic enhancement 
b = i / I  0 of the cur ren t  in the beam did not change if t he  cur ren t s  of the arc  d ischarge  and in the winding of the 
internal  coil remained  unchanged. Constancy of the shape of the beam at l > 76 m m  was also observed when 
the nonuniform magnetic field B 1 and B 2 acted on the jet and in the absence of a magnetic field with variat ion 
of the cur ren t  of the arc  d ischarge  corresponding to beam cur ren t s  of f rom 15 to 100 mA. 

L o c a l i z a t i o n  0s A c t i o n  

The region of the jet sensi t ive to the action os weak magnetic fields can be found by compar ing the in- 
c rements  of cur ren t  in the beam and the dis tr ibut ions of the axial magnetic field B t acting on the jet, using the 
data given in Figs.  1 and 2. In Fig. 4a we give four var iants  of the distr ibutions Bt(10), fo r  which the inc re -  
ments of cur ren t  in the beam are  i = 0, 0.8, 0, and 1.4 mA. The average values of I Bt I for curves  1 and 2 
differ significantly only at l 0 > 45 mm, where the difference in cur ren t s  is (0.8 �9 0.3) mA and is a lmost  an 

o r d e r  of magnitude less than can be expected f rom Eq. (1), obtained for  l 0 < 40 mm. Consequently, the region 
of the jet  remote  f rom the anode of the a rc  chamber  is insensit ive to Weak magnetic fields. In agreement  with 
(1), a difference in cur rents  of (1.4 �9 0.3) mA is observed only for  curves  1 and 4, when the difference in the 
Bt(l 0) distr ibutions at l 0 < 40 mm is localized in the vicinity of the point l 0 = 10 mm, while for  curves  1 and 3, 
when a s imi la r  difference is observed at l 0 = 30 mm and at l 0 = 10 ram, there  a re  no differences in Bt and the 
cur ren ts  are  equal. Hence, the region os the jet sensi t ive to the action of a weak magnetic  field is localized 
in the vicinity of the point l 0 = 10 ram, while its length is limited to Al = 20 mm. Therefore ,  when both coils 
a re  turned on and the field is nonuniform in space,  the increment  of cur ren t  in the beam must  be compared 
with the value os the magnetic field induction taken at l 0 = 10 mm. The function i(B t) found in this way is r ep -  
resented by line 2 in Fig. 3 and is s imi la r  to curves  1 and 1' obtained for  a spatially uniform field B 0, although 
there  is a higher rate os inc rease  in cu r ren t  in the l inear  region, equal to 4.5 m A / G ,  which cor responds  to 
K = (0.69 �9 0.01) mA1/2/G. This means  that the magnetic action on the jet also depends on the gradient  os B t, 
equal to 2 G / c m  for  curve 2 and 0 for  curves  1 and 1' ,  and hence it is not a point action. 

Using the assumption for  a l inear  dependence of the increment  K on the magnetic field gradient,  we can 
find the region of local izat ion of the magnetic action on the jet in another way. For  this, with the p lasma source  
at the maximum distance f rom the diode, the coefficient b was measured  at the point l = 114 mm for two values 
of the cur ren t  j in the winding of the external  coil, producing a magnetic field distr ibution B2(/) in the region of 
the jet given by curve 1 in Fig. 4b and corresponding to the maximum value of j. Writing (1) in the form b 
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K(B'  - B x) (B' iS the  m a g n e t i c  f i e l d  induc t ion  in  t he  r e g i o n  of the  j e t  s e n s i t i v e  to i t s  ac t ion) ,  we ob t a in  B '  = 
Bx(g - G ) / ( A g  - G), w h e r e  A = J2/J I, g = b l /b2 ,  and G = K J K  2. In the  e x p e r i m e n t  wi th  A = 0.48 =~ 0.01 and G = 
1.09, we found g = 3.3 =~ 0.08, and hence  B'  = (7.2 ~= 0.6} G and i t  i s  f a r  l a r g e r  than  the  va lue  of B2(I) a v e r a g e d  
a long  the  t r a j e c t o r y  of d i s p e r s a l  of the  j e t  and equa l  to  4 G. Th i s  m e a n s  tha t  t h e  m a i n  ac t i on  on the j e t  i s  l o c a l -  
i z e d  wi th in  the  r e g i o n  of  79 < I < 114 m m  wi th  an  e x t e n t  A I  < 35 m m ,  in  which  the  a v e r a g e  m a g n e t i c  induc t ion  
can  equa l  B ' ,  and t h a t  such  a c t i o n  t a k e s  p l a c e  o u t s i d e  t h e  r e g i o n  a d j a c e n t  to the  anode  open ing  at  109 < l < 
114 m m ,  in  w h i c h  B2(I) > 7.8 G >- B ' .  I t  i s  n a t u r a l  to  a s s u m e  tha t  t he  c e n t e r  of t h i s  r e g i o n  i s  l o c a t e d  at  l = i 0 2  4 
m m ,  w h e r e  t he  e q u a l i t y  B2(/) = B'  i s  p o s s i b l e ,  and hence  i s  sh i f t ed  r e l a t i v e  to t he  anode  open ing  by l 0 = ! 2 ~  ram.  

To r e f i n e  the  p o s i t i o n  of  the  r e g i o n  of  l o c a l i z a t i o n  of  the  m a g n e t i c  a c t i o n  on the  j e t ,  the  p l a s m a  s o u r c e  was  
sh i f t ed  in  the  n o n u n i f o r m  f i e ld  B2(I} and the  v a l u e s  of  b(/) w e r e  m e a s u r e d ,  r e p r e s e n t e d  by p o i n t s  w in F i g .  4b. 
The  v a r i a t i o n  of the  ang le  of  c a p t u r e  o f  t he  j e t  in to  t h e  d iode  a p e r t u r e  a s  the  s o u r c e  i s  sh i f t e d  d o e s  not  a f f ec t  b, 
s i n c e  t he  m a g n e t i c  i n c r e m e n t  in the  d e n s i t y  of  the  j e t  i s  u n i f o r m  o v e r  i t s  c r o s s  s e c t i o n ,  so t h a t  we can  use  (1) 
in  the  f o r m  b( / ) / [B2( / )  - B x ]  = K ( i ) / I ~ / 2  =C(/ )  (0.5S < K(/) < 0.69 mA1/2 /G) .  In t h i s  e x p e r i m e n t  I 0 = 77 m A  aS 
I = 76 r am,  so  tha t  0.067 < C(/) < 0.079 l / G ,  wh ich  i s  r e f l e c t e d  by t h e  two l i n e s  in F ig .  5. The  v a l u e s  of  C{/) 
can  be  c a l c u l a t e d  by  u s i n g  b(l) and a v e r a g i n g  B2(I) in  a f r e e l y  c h o s e n  zone  c h a r a c t e r i z e d  by the  p o s i t i o n  l 0 and 
the  l eng th  A l .  As  can  be s e e n  f r o m  F ig .  5, the  cond i t i on  for  C{I) i s  s a t i s f i e d  in  equa l  m e a s u r e  by  two s e t s  of 
t h e s e  p a r a m e t e r s ,  10 and 0 m m  and 10 and 10 m m ,  c o r r e s p o n d i n g  to  t he  p o i n t s  t and A on c u r v e  5. The  o t h e r  
s e t s  of v a l u e s  of l 0 and A l  a r e  (mm) 0 and 0 and 0 and 20 fo r  c u r v e s  1 and 8; 20 and 40, 15 and 30, 10 and 20, 
and 5 and 10 f o r  c u r v e s  2, 4, 6, and 7; and 15 and 10 fo r  c u r v e  3, and t hey  a r e  u n a c c e p t a b l e  s i n c e  they  a r e  at  
v a r i a n c e  wi th  (1). As  a whole ,  t he  s e t  of d a t a  ob t a ined  a l lows  us  to s t a t e  t ha t  t h e  r e g i o n  of the  j e t  s e n s i t i v e  to  
the  a c t i o n  o f  a w e a k  m a g n e t i c  f i e ld  i s  l o c a l i z e d  in  the  v i c i n i t y  of  the  po in t  l 0 = 11+23 m m  and h a s  a l ength  A l  = 
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10+~ ram. U s i n g  these values, the distribution B2(/), and the hypothesis  of a l inear  dependence of the increment  
K on the gradient  of B 2, f rom (1) we obtain the function b(/) represented  by curve 2 in Fig. 4b, which agrees  
with the experimental  points with a rel iabil i ty of ~0.9 [6], and hence this  hypothesis  is c o r r e c t  and K = 0.58(1 + 
s grad B) mA1/2/G, where s = (0.095 �9 0.013) cm/G.  

I n f l u e n c e  o f  G a s e o u s  C o n d i t i o n s  a n d  t h e  R e t u r n  F l u x  o f  E l e c t r o n s  

With an increase  in the delay T in igniting the arc  relat ive to the pulse opening the e lect romagnet ic  gate 
[7] for  the admiss ion of hydrogen f rom 400 to 900 psec, the hydrogen density n in the region os format ion of the 
p lasma jet inc reases  prac t ica l ly  l inear ly  [5], while the values of n(400) and n(900) nea r  the diode are  1 .5 .1013 
and 5 �9 101~ H 2 mo lecu l e s / cm ~ at a p r e s s u r e  p = 1.8 �9 106 Pa  in the gate. In the absence of magnetic fields, this 
leads to a l inear  dec rease  in the beam cur ren t  I0(T) f rom 42 to 33 mA, while for  Bt = 6 G it leads to a decrease  
in the magnetic increment  in beam current  iexp(T) f rom 20 to 9.2 mA,  considerably l a rge r  than that calculated 
f rom (1) without allowance for  gaseous effects,  where ical(T) oc I~/2(T), in par t icu lar ,  ical(900 ) = 18.1 mA. F r o m  
the experiment  it follows that iexp/ ica  I ~ 1 - 2K1, where K 1 = 1 - I0(T)/I0(400). F r o m  this  we obtain (ica 1 - 
i exp) / i ca  1 ~ f l [ n ( T ) -  n(400)]/I0(400). Here, according  to supplementary measurements  [4], fl = (6 �9 0 .8) .  
10 -13 mA �9 cm3/H2 molecule.  Hence, a relat ive dec rease  in the magnetic increment  of the proton cur ren t  in 
propor t ion  to the additional admission of gas and recombinat ion of protons in the jet  on hydrogen molecules  is 
more  likely than ionization of these molecules  by e lect rons ,  in cont ras t  to [3], where the magnetic field is large 
and ionization dominates.  

When, in the experiment  in the absence of a magnetic field, the voltage U on the diode was increased  f rom 
6 to 14 kV, an increase  in the proton cur ren t  in the beam f rom 46 to 54 mA was observed,  i .e. ,  by i+ = (8 �9 1.5) 
mA. Since the cur ren t  of the are  d ischarge ,  equal to 190 A, and the gaseous conditions iT = 500 psec and p = 
1.8 �9 105 Pa) were fixed, it is natural  to explain this effect by the fact that the cur ren t  of secondary-emiss ion  
electrons,  knocked out of the anode grid of the diode and penetrat ing into the region of the p lasma jet, increased  
by i_ = (10.5 ~ 1.5) mA with an inc rease  in U. Consequently, the coefficient of the increment  in the proton cu r -  
rent  in the beam under the action of the re tu rn  flux of e lec t rons  is K- = i+/ i_  = 0.76 �9 0.18. A s imi la r  effect 
was observed when e lect rons  f rom the t r anspor t  tube were drawn into the diode. For  this the potential V 2 of 
of the anode grid of the diode was increased f rom its usual value of - 1 0 0  V, when total blahking of e lect rons  in 
the tube occurs ,  to V 0 _> 100 V, assur ing  the sa turat ion of their  flux into the diode. We measured  the cur ren t s  
I h and Ig for these  two values of V 2 and calculated i+ and i_. In the case when the cur ren t  of the arc  discharge 
was 280 A, U = 10 kV, and the cur ren t  in the beam with V 2 = - 1 0 0  V is 100 mA, it was established that i+ = 
(57 �9 1.5) mA, while i_ = (94 �9 3) mA, so that K_ = 0.61 �9 0.03. Consequently, re tu rn  fluxes of e lec t rons  can 
considerably  influence the operat ion of the source  as a proton injector .  

The sensi t ivi ty of the p lasma jet to the action of a weak magnetic field with B > 1 G and its local cha r -  
ac ter  indicate that the subject  of the action is p rec i se ly  the p roces s  of formation of the jet, r a the r  than the 
p l a sma  s t r eam already formed.  The dependence of the effect on the gradient  of B means that this is not  a point 
action. The decrease  in the magnetic increment  of the cur ren t  upon the additional admission of gas into the 
region of the jet shows that it is not connected with the p roces s  of ionization of the gas by e lect rons .  The de-  
pendence of the effect on re turn  e lectron cur ren ts ,  for  which B << 1 G, indicates the important  ro le  of the charge 
drawn into the region of format ion  of the jet, which evidently a l ters  the potential distr ibution in it, acting on the 
oxide f i lms formed on the surface  of the anode of the arc  chamber  in the presence  of a plasma,  in par t icu lar .  
The resul t s  obtained can be used to develop sy s t ems  of deep regulation of the cur ren t  of a proton source,  to 
es t imate  the influence of s t r ay  magnetic fields and re tu rn  electron fluxes on the stability of the cur ren t  of the 
beam formed f r o m  the p lasma  jet, and to develop a model of the format ion of the p lasma jet  adequate to the 
experiment .  
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SHOCK-WAVE METHOD OF GENERATING MEGAGAUSS 

MAGNETIC FIELDS 
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A. M. Ryabchun, and A. M. Trubachev 

UDC 537.639 

Relat ively recently,  we and Japanese  invest igators  proposed a new method of generating supers t rong  mag-  
netic fields through the compress ion  of magnetic flux by a sys tem of shock waves (SW) converging in a sub- 
stance capable of convert ing f rom a nonconducting to a conducting state during compress ion  [1-4]. In the p r e -  
sent paper  we study the possibi l i t ies  of genera tors  using this principle.  

1.  C o m p r e s s i o n  o f  M a g n e t i c  F l u x  in  a P e r f e c t l y  P a c k a b l e  S u b s t a n c e  w i t h  an  

U n l i m i t e d  E i e c t r i c a l  C o n d u c t i v i t y  B e h i n d  t h e  SW F r o n t  

A fundamental p roper ty  of the method of magnetic cumulation under considerat ion consists  in the unavoid- 
able losses  of a cer ta in  (most often considerable) f ract ion of the magnetic flux. These losses  are  connected 
with the compress ib i l i ty  of the substance and occur  even when the e lect r ical  conductivity of the mater ia l  in the 
conducting state is unlimited. The mechanism of this kind of loss is s imples t  to understand on the model of a 
porous substance with an initial density P0, which acquires  e lect r ical  conductivity upon compress ion  to a den- 
si ty p .  In this case the magnetic flux initially penetrat ing a nonconducting granule of the substance remains  
f rozen into the granule mater ia l  after  the phase transi t ion,  and only that par t  of the flux which was initially in 
the pores  between granules  of the substance is displaced into the region filled with uncompressed and non- 
conducting substance.  If we designate the change in the a rea  occupied s t r ic t ly  by par t ic les  of the substance as 
dSc and cons ider  that in compress ion  this quantity is negative, and we also assume that the s izes  of individual 
par t ic les  ahead of the SW front  are  small  enough to establish equilibrium between the fields in the pores  and 
the par t ic les ,  then the equation for  the flux losses  f rom the compress ion  region can be written in the form 

d e  = BdSc. (1.1) 

Using the equation of conservat ion of the mass  flux at the SW, 

we rewri te  (1.1) for a uniform field: 

podS = pdSe~ (1.2) 

dO = - ~  ~S (1.3) p 

There a re  many reasons  to assume that in the compress ion  of metal powders coated with a fi lm of non- 
conducting oxides, e lec t r ica l  conduction develops when a cer tain density Pc is reached,  which is lower than the 
density of the crysta l l ine  state of the substance,  of course,  but which can prove to be a constant quantity for the 
same mater ia l  and for initial grains of about the same shape. Under such an assumption, Eq. (1.3) is easi ly 
integrated and yields relat ions for  the flux 

�9 �9 = ( s  ~Oo/O~ 
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