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The r e su l t s  of an expe r imen ta l  invest igat ion of the induction acce l e r a t i on  of r ing  conductors  
having a m a s s  of 0.5-3 g in the pulsed magnet ic  field of a s ing le - tu rn  inductor a r e  presented .  
It is shown that low-inductive capaci t ive  energy  s to re s  in conjunction with s ing le - tu rn  s ingle-  
shot inductors a r e  ve ry  efficient .  A speed of 3.7 krrutsec was obtained exper imenta l ly  with 
an a luminum conductor of m a s s  0.77 g. Methods of m e a s u r i n g  the ve ry  high speeds  of p ro -  
jected objects  a r e  descr ibed .  The in terac t ion  of the acce l e r a t ed  conductor with thick and thin 
b a r r i e r s  was invest igated,  and the poss ibi l i ty  of control l ing the a r e a  of the damaged sur face  
is pointed out. The r e s u l t s  of the expe r imen t  ag ree  well  with calcula t ions  c a r r i e d  out on a 
computer  which indicate the poss ib i l i ty  of a fur ther  i nc rease  in the speed of project ion.  

Devices  which p ro jec t  objects  at  high speeds  a r e  used at  the p resen t  t ime  in many a r e a s  of science 
and technology to invest igate  the p r o p e r t i e s  of m a t e r i a l s  under pulsed loading conditions,  to tes t  welds when 
subjected to h igh-speed  impacts ,  to invest igate  the format ion  of c r a t e r s  due to h igh-speed  impacts ,  to study 
ae rodynamic  and physica l  or  phys icochemica l  phenomena which occur  in h igh-speed  flight, etc.  

Of the var ious  methods avai lable  [1, 2, 3] for acce l e ra t ing  solid bodies up to high and superhigh speeds  
the mos t  p romis ing  one is the acce l e ra t ion  of conductors  in a pulsed magnet ic  field. A veloci ty  of the o rde r  
of 1 k rn / sec  has  been obtained [4] in pro jec t ing  a luminum disks of m a s s  10-30 g in the pulsed field of a 
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plane inductor.  To inc rease  the l imi t ing  speed set  by heating,  " cu r -  
r en t  division" between the pro jec ted  object  and the inductor has  been  
used [5] and speeds  of up to 10.5 k m / s e c  have been obtained in shor t  
a luminum conductors  of m a s s  (1-3) �9 10 -4 g. However ,  in a number  
of invest igat ions it is n e c e s s a r y  to p ro jec t  l a rge  m a s s e s .  

In this  study we invest igated the project ion of conductors  of 
m a s s  0.5-.3 g up to speeds  of 3-5 k m / s e c  us ing capaci t ive  energy  
s to rage  to produce intense magnet ic  f ields.  

E X P E R I M E N T A L  A R R A N G E M E N T  

The use  of h igh-vol tage  capaci t ive  energy  Stores (CES) in con-  
junction with a low-inductance d ischarge  c i rcu i t  enables  one to in- 
c r e a s e  the cu r r en t  gradient  and hence reduce  the magnet ic  field 
buildup t ime.  

F igure  1 shows the bas ic  e l ec t r i c  c i rcu i t  of the expe r imen ta l  
setup. The capac i to r s  of  each of the four blocks of the CES (C1, C2, 
C3, and C 4) a r e  connected by means  of coaxial  cables  to the r e s p e c t i v e  
d i s c h a r g e r s  Pl ,  P2, P3, and P4. T r i g a t r o n  d i s c h a r g e r s  with r ing  
e l ec t rodes  opera t ing  with a high p r e s s u r e  of a i r  in the operat ing 
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Fig. 2 

volume a re  used as  the main  switches.  The d i s cha rge r s  a r e  connected by flat  leads of Dura lumin having 
low inductance for  connection of the inductor sys tem.  

The capac i to r s  a r e  charged  up to the requ i red  voltage f rom a charging device.  The n e c e s s a r y  under -  
voltage in the gap between the e lec t rodes  of the d i scha rge r s  is control led by the p r e s s u r e  of the a i r  in the 
opera t ing chamber s .  A voltage of opposi te  sign is applied to one of the plates of the isolat ing capac i to r  Cp 
and the f i r ing cable K f .  When a voltage pulse is applied f r o m  the control  panel to the f i r ing  e lec t rode  of 
the t r igger ing  d i scharger  (Pt), breakdown occurs  and a voltage pulse propaga tes  along the cables  (K f ,  K1, 
K 2, K3, K 4) to the f i r ing e lec t rodes  of the d i scha rge r s ,  When the d i scha rge r s  b reak  down the four CES 
blocks d ischarge  through the inductor.  

I N D U C T O R  S Y S T E M  

When acce l e ra t ing  r ing  conductors  up  to ve ry  high veloci t ies ,  in view of the l imited energy capaci ty  
of the s to res ,  h igh-speed  project ion can be obtained for bodies of compara t ive ly  smal l  m a s s  which inevi ta-  
bly leads  to a reduct ion in the d i ame te r  of the r ing,  since t o  achieve high l imit ing speeds  when heat  is 
produced it is  n e c e s s a r y  to inc rease  the c r o s s  sect ion of the pro jec ted  conductor.  To e l iminate  the rad ia l  
component  of the force  act ing on the pro jec ted  r ing  the d i ame te r s  of the r ing  and the inductor must  be equal 
[6]. 

Multiple operat ion of a s ing le - tu rn  inductor of sma l l  dimensions without its complete  or par t ia l  disin-  
tegra t ion  when high pulsed cu r r en t s  pass  through it is  l imited by the mechanica l  s t rength of the inductor 
[7, 8], and for  f ields of the o rder  of 100 T and higher is imprac t icab le .  Ex t r eme ly  intense fields can be 
produced using a thin-walled inductor,  which does not p o s s e s s  a high mechanica l  s t rength.  Thus,  in expe r i -  
ments  to produce ex t r eme ly  high magnet ic  fields,  (up to 250 T) we have used a ve ry  s imple  coil  construct ion 
[9]: by bending a copper  plate of th ickness  1 m m  we produced a s ingle- turn  solenoid. Due to the ex t r eme ly  
sma l l  r i s e  t ime (about 1.8 # sec) the magnetic  field r e a c h e s  a max imum before  any apprec iab le  deformat ion  
and t he rma l  breakdown of the solenoid occurs .  In the p re sen t  invest igat ion we used a r ing  winding of cop-  
per  sheet  of width 4 mm and th ickness  1.8 m m  as  the inductor.  This  winding is pa r t  of the inductor sy s t em 
which enables  us to connect  the inductor to the s tore  quite safe ly  and to r ep lace  it rapidly  af ter  the d i s -  
charge .  
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Fig. 3 
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M E A S U R E M E N T  OF T H E  S P E E D  OF T H E  P R O J E C T E D  O B J E C T  

One of the difficult problems in high-speed accelera t ion is to determine the speed of the body. In this 
investigation we measured  the speed using an SFR-2M high-speed photorecorder  and a contact method. 

High-speed photography of the acce lera t ion  p rocess  was ca r r i ed  out under t ime-loop conditions with 
photographic record ing  in t ransmit ted  light by the shadow method. For  illumination we used the optical 
sys tem of the OU-2 il luminator with a spark light source.  The spark obtained its energy f rom a shaping 
line which produced the requi red  illumination intensity and duration. Figure 2 shows a typical h igh-speed 
photograph of the acce lera t ion  p rocess  under t ime-loop conditions. The dense layers  of a i r  obs t ruct  the 
t ransmiss ion  of light so that parts  of the space behind the body a re  blacked out. F rame  7 i l lustrates  the 
collision of the body with an obstacle.  In f rames  7-9 one can see the active propagation of ionized gases  
when the inductor explodes. After breakdown of the aluminum obstacle of thickness 1 mm the products of 
the interaction between the body and the obstacle continue to move with approximately the same speed 
(frames 8-10). 

Whenph0tographingthe acce lera t ion  p rocess  the par ts  of the body which a re  on a line pass ing through 
the center  of the disk were  projected through a narrow slit  onto the photographic film. Figure 3 shows 
typical photographs of the acce lera t ion  process .  The photographs enable us to see par ts  of the acce lera t ion  
and the further  pract ical ly  uniform motion of the body. 

The e lec t r ic  c i rcui t  for measur ing  the speed by the contact  method (the capac i to r -probe  method) is 
shown in Fig. 4a (1 is the inductor, 2 is the projected object, and 3 are  the leads to the oscil loscope).  
Knowing the base distance S and the time of flight of the object along this path we can determine the speed 
as V = S/At. In this way we determined the average speed of the body, since the acce lera t ion  path is in- 
cluded in the base distance. However, since the base distance in the experiments  was chosen to be much 
grea ter  than the accelera t ion region,  the measured  value of the speed differs f rom the actual value within 
the limits of experimental  e r r o r .  The base distance was measured  before each experiment and the t ime of 
flight of the object along the path S was found f rom the osc i l lograms (Fig. 4t)). 

The e r r o r  in measur ing  the speed is determined by the accuracy  with which the high-speed photographs 
and the osc i l lograms are  p rocessed  and is 5-10%. 

E X P E R I M E N T A L  R E S U L T S  

The experiments  were ca r r i ed  out for average  inductor and object d iameters  f rom 25 to 40 mm. The 
width of the object was determined by the width Of the copper strip f rom which the inductor was made, and 
was 4 mm. The energy of the s tore varied f rom 24 to 54 kJ. Speeds of up to 3.7 k m / s e c  were obtained with 
an efficiency of up to 16%. The resul t s  of some of the experiments  are  shown in Table 1. 
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T A B L E  2 

No. of  t 
the ex- [ Material 
periment I of.the body 

I 
Mass of ]Mean di- 
theg body, ~_n~ter, 

Initial 
voltage of 
the CES, 
kY_ 

Speed, 
km/sec 

l 
2 
3 
4 
5 
6 
7 
8 
9 

i0 
i t  
12 
t3 

Aluminium 

)) 

Copper 
)> 

0,9i 
0,93 
0,90 
0,70 
0,77 
t,14 
i,00 
t,05 
0,82 
i,22 
t, 32 
2,34 
2,65 

30 
30 
30 
25 
25 
35 
35 
35 
30 
35 
40 
30 
25 

30 
30 
30 
27 
30 
25 
25 
20 
30 
30 
30 
30 
30 

3,0 
3,4 
3,5 
3,0 
3,7 
2,i 
2,0 
1,3 
3,5 
3,2 
3,6 
i,9 
i,8 

Efficien- 
c y : % .  

7,6 
t0,0 
}0,2 
,7,2 
9,8 
6,7 
5,3 
3,5 
9,4 

ti,5 
15,9 
7,8 
8,0 

Fig. 5 
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The  p h o t o g r a p h s  showed tha t  the  a c t i v e  a c c e l e r a t i o n  of the  c o n d u c t o r  
only  o c c u r r e d  a l o n g  a s h o r t  s e c t i o n  of the  pa th  (0,3 Day,  w h e r e  Day  i s  the  
a v e r a g e  d i a m e t e r ) ,  a f t e r  which the s p e e d  r e m a i n s  p r a c t i c a l l y  cons t an t .  

The  m a i n  f a c t o r s  tha t  a f f ec t  the  s p e e d  a r e  the  i n i t i a l  s t o r e  vo l t age ,  the  
i n su l a t i on  of the  gap  be tween  the  o b j e c t  and the i nduc to r ,  the  m a s s  of the ob -  
j e c t ,  the  ex ten t  to which the d i s c h a r g e r s  o p e r a t e  in s y n c h r o n i s m ,  the  a c -  
c u r a c y  with  which  the  ob j ec t  i s  p l a c e d  in the  i nduc to r ,  e t c . ,  a s  a r e s u l t  of 
which t h e r e  wi l l  be  a s p r e a d  in the  va lue  of the  s p e e d  for  the  s a m e  p a r a m e -  
t e r  s. 

When the g e o m e t r i c a l  d i m e n s i o n s  (the e x t e r n a l  and  i n t e r n a l  d i a m e t e r )  of the  i nduc to r  and  the  ob j ec t  
a r e  the  s a m e  the r i n g  shape  of the  body  does  not  change  d u r i n g  the  a c c e l e r a t i o n .  H o w e v e r ,  th in  (1 mm)  
a l u m i n u m  d i s k s  when th rown  with a s p e e d  g r e a t e r  than  2 k m / s e c  b e c o m e  f r a c t u r e d  in the  r e g i o n  w h e r e  the 
f i e ld  i s  w e a k e n e d  ove r  the  induc to r  s l i t .  Th i s  can  be  judged f r o m  the c r a t e r s  in the  o b s t a c l e s .  I t  shou ld  be  
no ted  tha t  even  for  a s m a l l  i n c r e a s e  in the  d i a m e t e r  of the  ob j ec t  c o m p a r e d  with  the  d i a m e t e r  of the  induc -  
t o r  the  p r e s e n c e  of a r a d i a l  componen t  of the  f o r c e  l e a d s  to  f r a c t u r e  of the  body into ind iv idua l  f r a g m e n t s ,  
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which fly off in a rad ia l -axia l  direction and, depending on the distance from the obstacle, strike a greater 
or lesser part of its area (Fig. 5d). In this case the craters from the collision between the parts of the ob- 
ject and the obstacle are spaced around a circle. A reduction in the average diameter of the object com- 
pared with the diameter of the inductor leads to construction of the ring, and a concentrated impact crater 
remains on the obstacle. In this case the diameter of the crater is less than the external diameter of the 
accelerated object. Typical forms of the craters due to collisions between the ring conductor and the obs= 
tacle are shown in Fig. 5 (a, b correspond to an object mass of 0.77 g, and a speed of 3.0 km/sec; c cor- 
responds to a mass of 0.8 g and a speed of 3.0 km/sec; and d corresponds to a mass of 1 g, an external 
diameter of 37 mm, a speed of 2 kin/see, and an obstacle of aluminum 1 mm thick). 

Comparison of the experimental results  with the theoretical resul ts  obtained on a computer using the 
method described in [10] (Fig. 6) showed good agreement, which confirms the possibility of further increasing 
the speed when the parameters  of the CES are increased and when the inductor system is improved. 
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