
A C C E L E R A T I O N  O F  C O N D U C T O R S  TO S U P E R S O N I C  

S P E E D S  I N  A P U L S E D  M A G N E T I C  F I E L D  

V .  F .  A g a r k o v ,  V .  N .  B o n d a l e t o v ,  
S .  A .  K a l i k h m a n ,  a n d  Y u .  P .  P i c h u g i n  

UDC 538.323 : 531.551 : 629.018.3 

The effect  of the shape of the cu r ren t -dens i ty  curve  and the initial  angle of acce le ra t ion  on the 
veloci ty  of project ion of c u r r e n t - c a r r y i n g  conductors  in a pulsed magnet ic  field produced in 
the d ischarge  of a capaci t ive ene rgy  accumula tor  is invest igated.  A var ia t iona l  p rob lem is 
solved to de te rmine  the opt imum cu r r en t -dens i t y  function in the pro jec ted  body for  a given 
magnet ic - induct ion  function. It is shown that the re la t ion j =KB, where K is a constant,  gives 
the max i m um  veloci ty.  For  a uniform magnet ic  field varying as a damped sinusoid, e x p r e s -  
sions a re  obtained for  the cur ren t  density in the acce le ra t ed  body, the veloci ty  of project ion,  
and the acce le ra t ion  path. It is shown that there  is an opt imum initial  angle of acce le ra t ion  
depending on the amplitude and f requency of the acce le ra t ing  force  and the acce le ra t ion  path. 
A procedure  is p resen ted  for  the approximate  design of a hypersonic  e lec t romagne t ic  a cce l -  
e r a t o r .  In accord  with the conclusions of the theory  an exper imenta l  a r r angemen t  is set  up 
and a study is made of the project ion of conductors  in a pulsed magnet ic  field. A max imum 
veloci ty  of  10.5 k m / s e c  is obtained for  0 .16-mm d iame te r  aluminum wires .  

1. The devices  employed in high-veloci ty  impact  studies use  e l ec t r i ca l  energy  to acce l e ra t e  solid 
bodies  [1]. Among the p romis ing  devices  of this kind are  e lec t romagne t ic  a c c e l e r a t o r s  using the force 
of a pulsed magnet ic  field on a c u r r e n t - c a r r y i n g  conductor  [2-4]. The veloci t ies  obtainable with these  de-  
vices  do not exceed 4-5 k i n / s ee  for  acce le ra t ed  bodies having m a s s  of 10-6-10 -4 kg [2-5]. The reasons  for  
this  a re  the re la t ive ly  low values of the l imit ing veloci ty  of the conductors  because of heating, and p r o -  
c e s s e s  at the moving contacts  between the acce le ra t ed  conductor  and the guide ra i l s ;  a rc ing  at the contacts  
leads to the shunting of the acce le ra t ed  body by a p l a sma  and a dec rea se  in the veloci ty  at tainable.  

The l imit ing veloci ty  set  by heating conditions can be inc reased  and the a rc ing  at the moving contacts  
between the acce le ra t ed  conductor  and the guide ra i l s  can be reduced in these  devices  by the "separa t ion  
of c u r r e n t s , "  permi t t ing  separa te  control  of the acce le ra t ing  magnet ic  field and the cur ren t  in the conductor.  
In this case  the cu r ren t  density in the pro jec ted  body can be fixed by the condition for  admiss ib le  heating, 
and the cur ren t  producing the acce le ra t ing  magnet ic  field can be chosen in accord  with the mechan ica l  
s t rength  and the t h e r m a l  p r o p e r t i e s  of the coil .  By decreas ing  the cur ren t  in the pro jec ted  body and de-  
c reas ing  its c r o s s  section a rc ing  at the contacts  can be reduced while maintaining a large acce lera t ion .  

The theory  of e lec t romagne t ic  acce le ra t ion  for  the " separa t ion  of cu r r en t s "  has not been adequately 
developed. Opt imum p a r a m e t e r s  and acce le ra t ion  r e g i m e s  of devices  a re  found in the presen t  paper ,  and 
the re la t ions  obtained a re  t es ted  exper imenta l ly .  

The main  r e s t r i c t i on  on the veloci ty  in e lec t romagne t ic  acce le ra t ion  is the heating of the body by the 
flow of cu r ren t  of densi ty j .  We determine  the opt imum cu r r en t -dens i t y  function to give max imum veloci ty  
for  a known magnet ic  induction B(t, x) in the acce le ra t ion  region and a cu r ren t  un i formly  dis t r ibuted over  
the c r o s s  sect ion of the conductor.  Neglect ing a i r  r e s i s t ance ,  the acce le ra t ion  of a conductor for  B �9 J is 
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a = B (t ,  x) j  ( t ,  x)7 -z  (1 .1 )  

where x is the d isp lacement ,  and y is the density of  the conductor  m a t e r i a l .  

Neglect ing heat t r a n s f e r  and p r o c e s s e s  at the sea t  of~he cu r ren t  supply to the acce l e r a t ed  conductor  
we have 

! 

--7- (1.2) 
0 

where p is the specif ic  r e s i s t ance ,  P0 is the initial value of the specif ic  r e s i s t ance ,  0 is the t e m p e r a t u r e  co-  
efficient  of r e s i s t ance ,  and c is the specif ic  heat.  

By different iat ing (1.2) we obtain a re la t ion  between the cu r ren t  densi ty and the specif ic  r e s i s t ance  
of the conductor:  

F T d , ,  , I V ,  
i = L-E -~-un pjj (1.3) 

From (1.1) and (1.3) we find an expression for the velocity 

v(~:) = ~ - ~  B( t , x )  V'~-dt  (1.4) 

where  �9 [s the acce le ra t ion  t ime ,  y =lnp, and y =dy /d t .  

The p rob lem reduces  to finding the m a x i m u m  of the functional @ (1.4). 

We dist inguish two c a s e s .  

1. The acce le ra t ion  t ime  �9 is known: 

(I) = I F1 (t, x, ~)) dt, F1 (t, x, ~) = B (t, x) V'~- (1.5i 
0 

the boundary conditions for  y a re  

t = 0 ,  y(0) = i n p 0 ;  t = %  y(z) = l n p l  

and the re la t ion  between x and t is de te rmined  by the equation of mot ion.  

E u l e r ' s  equation [6] has the form 

d ( a._f_F ~ 0 (1.6) 
dt 

After  t r a n s f o r m i n g  (1.6) we obtain 

_ B2 V ~  B =K'B (1.7) 

The constant  K'  is de te rmined  f rom the boundary conditions, taking account of the equation of motion.  

2. The length of the acce le ra t ion  region s is known: 

By cons ider ing  t as a function of x we obtain the integrand in (1.5) in the fo rm 
s 

F~ it (x), x, y' (x) / t ' (x)I t' (x), (I) = l B V'y ' t '  dx 
0 

where p r i m e s  denote differentiat ion with r e spec t  to x. 

The integrand obtained is homogeneous in y '  and t ' .  To find the re la t ion  between the e x t r e m u m  of the 
cu r r en t -dens i ty  function and the magnet ic  induction of the acce le ra t ing  field we cons ider  E u l e r ' s  equation 
[61 

Since F 2 does not contain y, 
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OF 2 / Oy = O, 

where C 2 is a constant .  

After  t r ans fo rming  (1.8) we obtain 

F rom (1.3) and (1.9) we have 

OF~ I Oy" = C~ (1.8) 

] / v '  i t '  = B I2Cz (1.9) 

i = ]/%f / k (B 12r = K"B 

The constant  K" is de te rmined  a f t e r  integrat ing (1.9) and using the t(x) re la t ion.  Thus,  in both cases  
the opt imum occurs  when the cur ren t  density is p ropor t iona l  to the magnet ic  induction of the acce le ra t ing  
field: 

i = K B  (1.30) 

Equation (1.10), obtained for  an a r b i t r a r y  t ime  and spat ial  dependence of the magnet ic  induction of the 
acce le ra t ing  field by s ta r t ing  f rom the r equ i r emen t  of a min imum heating of the conductor,  is genera l  for  
all  opt imum e lec t romagne t i c  a c c e l e r a t o r s  in which the high-veloci ty  l imit  is set  by the heating of the ac -  
ce le ra ted  conductor.  Consequently, reachingthe  highest veloci t ies  r equ i res  that the cu r ren t  density in the 
acce le ra ted  conductor  follow the shape of the field, as is ensured  by the constant  coefficient  K for  any spe -  
cif ic  acce le ra t ion  p r o c e s s .  The max imum value of the cu r ren t  (current  density) is de te rmined  by the a d m i s -  
sible heating, which is taken into account by the value of the coefficient  K. For  a change in the acce le ra t ion  
conditions [the induction B(x, t), the acce le ra t ion  path and t ime]  the value of K may also change. It  is i m -  
por tant  that in a specif ic  acce le ra t ion  p roce s s  B(t)/j  ( t )=const .  For  a given acce le ra t ion  t ime  the cur ren t  
density does not depend on the m ax i m um  value of the magnet ic  induction. 

Equation (1.10) must  be sa t is f ied for  the opt imum opera t ion  of h igh-veloci ty  project ion devices .  

To find the opt imum cu r ren t -dens i ty  hmotion for  an a r b i t r a r y  t ime  and spat ia l  dependence of the m a g -  
netic field a sy s t em  of nonlinear  different ial  equations mus t  be integrated,  and this can only be done n u m e r -  
ically.  Expres s ions  can be der ived for  the cu r ren t  density,  the veloci ty  v ( r ) ,  andthe  acce le ra t ion  path s 
for  a uni form magnet ic  field depending only on t ime .  Fo r  the p rac t ica l ly  important  case  of a magnet ic  field 
produced in the d ischarge  of a capaci t ive energy  accumula to r  

B = Be e-~(t+~,'~ sin (cot + (p) 

we obtain a f t e r  t r an s fo rm a t i ons  

] = 2 {k-1~ [In Pl / Pc] [q (~) - -  q (0)]-1} ̀/' e-'~(t++/~) sin (~)t + q0) (1.11) 

Bee -~:p/~ fin Pl/9o. (0)]} IA (1.12) v (~) = ----g--- ( ~  [q (v) - -  q 

B"e-'~+'~ "f (~)ln 01 7~0 , - -~q (0)l} v' S~--- [q , [ Q ( T ) - Q ( O )  

e_2~ t [~ cos 2 (cot -4- cp) - co sin 2 (cot ~ r t 
co, +~ '  ~]  i1.13) q (t) 

where  9 is the damping fac tor ,  • is the initial  angle of acce le ra t ion ,  and T is the acce le ra t ion  t ime .  

2. As a consequence of the sma l l  acce le ra t ion  region (~10 -~ m) and the high average  veloci ty  of the 
conductor,  the acce le ra t ion  t ime  is genera l ly  s h o r t e r  than a half  per iod of the cur ren t  osci l la t ions in the 
e lec t r i c  c i rcui t  of the a c c e l e r a t o r .  With sufficient accu racy  we can set  fl =0 in Eqs.  (1.11)-(1.13) and take 
account of the damping by dec reas ing  the amplitude of the magnet ic  induction appropr ia te ly .  Then for  the 
veloci ty  and the acce le ra t ion  path we obtain f rom (1.12) and (1.13) 

v / vl = [2~b --  sin (2~ + 2q~) -4- sin 2qq'/, (2.1) 

s / sl = ~/~ [2~ s - -  cos 2q~ + cos (2~ + 2qD) + 2~ sin 2qDl [2@ - -  sin (2~ + 2r + sin 2~1-'/, 

Bo 1/ In  01 / 0o vt v l =  - " f f - V ~ '  s l f f i - ~ ,  r  (2.2) 
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TABLE 1 

BO 
AI 
Cu 
Fe 

Constan- 
tan 

c, tG$ 

J/kg" deg 

! .79 
0.88 
0.38 
0.65 
0.42 

ao, iO ~ 

O'm 

2.8 
2.45 
i.56 
8.9 

50.0 

-r t0 t 

kg/m s 

1.8 
2.7 
8.96 
7.9 
8.9 

O, t0 ~ 

deg -z 

90 
45 
43 
65 
10-2 

k,  t0-~* 

Hg" ~. rnJ 

i .4t 
i .25 
t.9 
9.2 

t.2.tO-~ 

In  Pt/ao 

2.54 
1.4 
t .85 
9.65 
5.10-4 

In a , /ao  i01o 

t .0i 
0.42 
0.tt 
0.034 
0.0047 

ZO 
[ U//J/ 

zo .~/,~///zz 

0.8 "- ///I 
/ 

, M 0.1 0.2 

. #  

s/~p, 

0.r f,O ~0 

Fig. 1 

Using (2.1) we find the optimum angle of the initial accelerat ion 
~o 0 for which the velocity is maximum: 

For  ~ =q~o we find from (2.1) and (2.2): 

v o = v~ [2 0P + ]sin ~ ] )]'/, (2.3) 

so ---- Vo~ / 20) (2.4) 

From Eqs. (2.3) and (2.4) we find express ions  for the required 
magnetic induction B 0 and the energy W 0 stored in the accumulator  

B~ ='tnp~/0okv 2covo2 L I-2~176 + [sin ~2c~176 .t~-I i2.5) 

[2oso . 2coso 
Wo = Aso~k'Wo~[~oKiK,K3~lnpl/Po('--~o -4- s,n--77o I)] "1 (2.6) 

where As is the size of the accelera t ion region. 

The coefficients K i, K 2, and K 3 have the following physical  meaning: K 1 =LI / (L  0 +L l) charac te r i zes  
the fraction of the total energy stored in the accumulator  which is t r ans fe r r ed  to the magnetic field of the 
coil, where L 1 is the inductance of the coil, andL 0 the self-inductance of the accumulator:  

K 2 = e x p {  rarctg2r/[o~(Ll+Lo)]~ 

takes account of the damping of the discharge cur rent  up to the time of the f irst  maximum as a result  of 
Joule losses  in the res i s tances  (r) of the discharge circuit ;  K 3 =B0/B m charac te r i zes  the decrease  of the 
field in the accelerat ion region due to leakage. 

Equations (2.3)-(2=6) were found by assuming a constant acce le ra t ion t ime.  More frequently thelength 
of the accelera t ion path is kept constant for var ious accelerat ion regimes .  In this case the determination 
of the optimum angle of the initial accelera t ion is reduced to solving a sys tem of t ranscendental  equations, 
which can only be done numerical ly .  Figure 1 shows the velocity as a function of the accelerat ion path for 
var ious angles of the initial accelera t ion [9 =1) 0; 2) 30~ 3) 60~ 4) ~o0]. Analysis of the curves  shows that 
over  a wide range of pa ramete r s  0.02 < s/s t < 1.0 the relations found permit  the calculation of the optimum 
parameter~ of the device and the accelera t ion regime. .  

Equations (2.1) and (2.2) show that the best mate r ia l  for  accelerat ion in a pulsed magnetic field is one 
for which ln(p/p0)/k ~ is maximum. Table 1 lists data for  a number  of mate r ia l s .  Calculation shows that 
the velocity can be doubled by replacing a copper  conductor by aluminum, and increased 50% by replacing 
it with a l u m i n u m -  be ryll ium. 

The c r i te r ion  obtained can be expressed  in t e r m s  of the integral  of the square of the current  density 
("current  integral , )  [7]. 

t 

J = ~. j2dt 
o 

It follows from (1.2) that 
t 
�9 k ln pz / po = + I ]2dt = --(  "J 

o 
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For  the cr i te r ion  charac te r iz ing  the effect iveness of the accelera t ion of a given metal  in a pulsed 
magnetic field we obtain 

(k~) -1 In Pl / P0 = T -2y 

The best mater ia l  for project ion is one for which the cr i ter ion is largest .  

In [7] the limiting velocity which can be communicated to a "thin sheet" whose thickness d is small  
in compar ison with the thickness of the skin layer  is found to be 

V = 1 /2~d '~ - l J  

This relat ion does not charac te r ize  solely the mate r ia l  proper t ies  of the accelera ted  conductor,  but a l-  
so the limitations of the method of accelerat ion,  since it involves the thickness of the sheet, as well as the m a -  
te r ia l  proper t ies .  The main drawback of this accelerat ion scheme is the assumption of the simple rigid 
relation between the field H and the cur rent  in the acce lera ted  conductor: 

]d = ~ = - - H  

In the present  scheme the velocity limit set by the heating of the conductor can be ra ised for an in- 
dependent change in the relation between the field and the cur rent  density. Assuming, for example, that 
H =njd, we find that the limiting velocity increases  by a factor  of n2; i.e., the theoret ical  limitation on the 
limiting velocity is removed.  

3. To test  the relations obtained and to investigate the dynamics of the accelerat ion a ser ies  of ex-  
per iments  was per formed on an induction acce le ra to r  with an auxil iary t r ans fo rmer ,  permit t ing separate  
control  of the magnetic induction of the accelera t ing field and the current  inthe conductor.  The accumulator ,  
built of six TMU-5-140 capaci tors ,  had a nominal P. D. of 5 kV, an energy content of 11 kJ, and a natural  
frequency of 46 kHz. A th ree -e lec t rode  a i r  spark gap with coaxial e lect rodes  was attached to the lead of 
each capaci tor ,  and the spark gaps were connected through flat busbars  to the collecting electrode on which 
the acce le ra to r  was mounted. The conductor to be accelera ted was connected to the secondary winding 
of a high-Q a i r - c o r e  t r a n s f o r m e r  whose p r i m a r y  winding ca r r i ed  the cur rent  f rom the capacitive energy 
accumulator .  The angle of initial accelera t ion was controlled by a device using the rupture of a foil con-  
nected in paral lel  with the conductor to be acce lera ted  to turn on the cur rent .  In the experiments  described 
the maximfim amplitude of the current  through the coil (i s) was 850 kA, and that in the accelera ted  conduc- 
to r  (i2) 2..5 IrA. Arcing was decreased  and the contacts of the accelera ted  conductor were improved by u s -  
ing converging c u r r e n t - c a r r y i n g  rails  with a ver tex angle ~15 ~ 

The velocity of the body was measured  in two ways: by high-speed photography of the accelerat ion 
p rocess  using a shadow method, and by an osci l logram of the voltage ac ros s  the contact ra i ls .  The voltage 
ac ross  the rai ls  is 

U = e  1 + e  2 + u, el = B v l ,  e~ = M d i  1 / d t ,  

u = d (i2L2) / d t  + i2r (3.1) 

where e 1 is the emf  due to the motion of the accelera ted  conductor {V), B is the magnetic induction of the 
accelera t ing field (Wb/m2), v is the velocity of the conductor (m/sec) ,  l is its length (m), e2 is the emf  due 
to mutual inductance (V), M is the mutual inductance (H), and u is the potential drop ac ross  the rai ls  and 
the acce lera ted  conductor due to the cur rent  i 2. 
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We es t ima te  the m a x i m u m  values of the t e r m s  in Eq. (3.1). For  B =50 Wb/m 2, v = 8  • m / s e c ,  l = 
4 • -s  m, e 1 =1600 V. The m ax i m um  value of the mutual  inductance calculated as in [8] is 6 • 10 -s  H. Thus, 
e 2 =1300 V. Since i 2 <~ il, u <~e 2. It  follows f rom these  e s t ima te s  that  at the instant of impact  with the t a r -  
get a sha rp  dec rease  in the voltage a c r o s s  the ra i l s  mus t  be observed,  f rom which it is imposs ib le  to de-  
t e r m i n e  the instant at which acce le ra t ion  s tops .  

Figure 2 shows osc i l l og rams  of the voltage a c r o s s  the ra i l s  and the der iva t ives  of the cur ren t  for  an 
exper iment  with B =50 Wb/m 2, s =16 x 10 -3 m, l =4 • 10 -3 m, and the angle of initial  acce le ra t ion  12 ~ The 
m e a s u r e d  acce le ra t ion  t ime  was 7 ~sec  and the calculated veloci ty  7 • 1 0  3 m / s e c .  The h igh-speed photo- 
graphs  of the acce le ra t ion  p roce s s  for  the same  exper iment  a re  shown in Fig. 3. The optical  sys tem of 
an OI-2 i l luminator  with a spa rk  light source  was used  for  lighting. It can be seen f rom Fig. 3 that  for  a 
ve loci ty  v ~ 3  k m / s e c  the a i r  in front of  the pro jec ted  body glows. As the veloci ty  i nc reases  dense a i r  je ts  
flowing around the body shield it; the veloci ty  was m e a s u r e d  with r e spec t  to the boundary of the d is turbance.  
The values  of the veloci ty  de te rmined  f rom the osc i l l og rams  and f rom the h igh-speed photographs agree  
within the l imi ts  of  expe r imen ta l  e r r o r  (~10%). 

The shape of the body was moni tored  by x - r a y  photographs of the acce le ra t ion  p r o c e s s .  The r ad ia -  
tion source  was a sha rp - focused  "open" t h r ee - e l ec t rode  x - r a y  tube [9]. The density of blackening of the 
image of the conductor  was m e a s u r e d  with a type MF-4  mic ropho tome te r .  No significant change in density 
was observed  along the length of the acce le ra ted  body, showing that  it r ema ins  whole and mainta ins  its 
d i ame te r  and or ienta t ion and exhibits  no inhomogenei t ies  o r  b r eaks  along its length. During acce le ra t ion  a 
conductor  unavoidably becomes  s h o r t e r  as a resul t  of e ros ion  at the contacts .  

In the expe r imen t s  the t a rge t  was placed e i ther  in the coil (inductor) o r  outside it. In the l a t t e r  case  
there  was an opening in the coil along which the body could change its or ienta t ion or  shape.  When the t a rge t  
was placed in the coil  i t se l f  an elongated c r a t e r  was obtained, since the length of the acce le ra t ed  conductor  
(2-4 mm)  was much l a r g e r  than its d i am e t e r  (0.1-0.2 mm) .  Figure 4a shows a side view of such an e l . n -  
gated c r a t e r .  In the exper iment  (Fig. 4b) the t a rge t  was fastened inside the coil  with an insulating s leeve 
par t i a l ly  cover ing  the act ive sur face ;  this  accounts for  the shape of the c r a t e r  in Fig. 4b. 

For  compar i son  expe r imen t s  were  p e r f o r m e d  on the acce le ra t ion  of 0 . 0 8 - m m - d i a m e t e r c o n d u c t o r s  
[j = 4 j . ,  where  j .  is the value of the cur ren t  density calculated by Eq. (1.11)]. In this  c s se  approx imate ly  
1.4 ~sec  a f t e r  the beginning of acce le ra t ion  an e lec t r i c  explosion of the conductor  was observed .  The in-  
stant of  explosion was de te rmined  f rom the osc i l logram of the der ivat ive  of the cu r ren t  in the conductor  
and by the h igh-speed photographs;  f rom then on the p l a sma  was acce le ra ted .  The nature  of the glow ob-  
s e rved  in the h igh-speed photographs differs  significantly f rom the case  of the acce le ra t ion  of a solid con-  
duc t . r ,  and the final veloci ty  in a i r  did not exceed 4 k m / s e c .  

The r e su l t s  of the bombardment  of a luminum and copper  t a rge t s  a re  shown in Fig. 4; a) a luminum 
ta rge t ,  v=6 .8  k m / s e c  (side view); b) copper  t a rge t ,  v =10.5 k m / s e c  (top view). The p re sence  of c r a t e r s  
and chips of  the r e a r  sur face ,  cha rac t e r i s t i c  of h igh-veloci ty  impact ,  a re  c l ea r ly  vis ible .  

The dependence of the veloci ty  of aluminum conductors  on d i ame te r  (curve 2 for  a constant angle of 
the init ial  acce le ra t ion  q~ =40 ~ and on the angle of initial  acce le ra t ion  (curve 1 for  a constant  d i ame te r  
d=0.17 mm) arc  shown in Fig. 5a (B=50 Wb/m 2, 1 =4 m m ,  s = 1 7  mm;  the calculated curve  is plotted as a 
solid line). We introduce the r e fe rence  veloci ty  v 2 = (B0j07-1s)i/2, where  B 0 and J0 a re ,  respec t ive ly ,  the m a x -  
imum values of the induction and the cu r ren t  density.  Then in re la t ive  units the exper imen ta l  r e su l t s  can 
be r ep resen ted  in the fo rm of a genera l ized  re la t ion  v/v2=f(@) on Fig. 5b; 1) B =50 Wb/m 2, s =17 m m ,  

=0; 2) B=80 Wb/m 2, s = 1 8  m m ,  q~ =0; 3) B=50 Wb/m ~, s=13  m m ,  ~ =0; ~b =art is the angle of a c c e l e r a -  
tion, and the calculated curve  is plotted as a solid line. The l a rges t  expe r imen ta l  veloci ty  of  10.5 k m / s e c  
was obtained by acce le ra t ing  a piece of aluminum wire  4 m m  long and 0.16 m m  in d i ame te r  with m =2 • -7 
kg, B =80 Wb/m 2, s =18 m m ,  ~ =34 ~ The expe r imen ta l  r e su l t s  and the calculat ions a re  in good agreement ,  
showing the re l iabi l i ty  of the re la t ions  obtained and the possibi l i ty  of a fu r the r  inc rease  in veloci ty.  
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