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In [1] i t  was shown that  the c o m p r e s s i o n  of an e l e c t r i c  a rc  by shock waves (SW) can be used effect ively  
for  i ts quenching and for  the switching of l a r g e  c u r r e n t s .  Below we p re sen t  exper imen t s  se t  up for  the fu r the r  
inves t iga t ion  of the phys ica l  p ic ture  of the p r o c e s s .  

The quenching of an e l e c t r i c  a rc  was pe r fo rmed  in a r e c t a n g u l a r  channel {Fig. la)  fo rmed  by copper  
e l ec t rodes  1 and p las t ic  wal l s  2. Along the channel  the arc  was confined to the s ize  of the e l ec t rodes  (20 ram) 
by the explos ive  m a t e r i a l  (EM) 3 used to c r e a t e  the SW. The width of the channel was 10 m m  and the d i s tance  
between e l ec t rodes  was 15 ram. 

To i n c r e a s e  the a r e a  of the contact  d iscont inui ty  between the detonation products  and the p l a s m a  of the 
a rc  we a lso  used a cons t ruc t ion  with a c y l i n d r i c a l  channel (Fig. l b ,  where  the e l ec t rodes  1 a r e  35 mm in d i a m -  
e t e r ,  the d i s tance  between them is 10 ram, the charge  2 is 30 mm in d i a m e t e r ,  and the outs ide  d i a m e t e r  of the 
channe! is 40 ram). The c y l i n d r i c a l  cha rges  we re  ignited at the cen te r  through an opening in one of the e l ec -  
t rodes .  

In the plane channels  we used poured pen tae ry th r i t y l  t e t r a n i t r a t e  (PETN), s e p a r a t e d  f rom the a rc  by 
F VV-8G plas t ic  EM 4 with a th ickness  of 6 ram, while in the c y l i n d r i c a l  channels we used p r e s s e d  cha rges  of 
PETN and hexogen, with admix tu res  affect ing the i r  e l e c t r i c a l  conduct iv i ty ,  and ca s t  TG 50 /50 .  

The exper imen t s  we re  conducted in two schemes  of inductive s t o r a ge  (Fig. 2a,  b), t he i r  p a r a m e t e r s  being 
L 0 = 11.1 ~H, L 1 = 2.6 #H, L 2 = 2 /~H, and R l = 1.09 ~ for  the f i r s t  va r i an t  and L 0 = 22 #H, L~ = 1.2 /~H, L 2 -- 

0.3 #H, and R l 0.8-3.2 ~2 for  the second var ian t .  The inves t iga ted  channel R v was connected to the supply c i r -  
cuit  of the s t o r a g e ,  fed f rom a ba t t e ry  of c apa c i t o r s  with a capac i t ance  of 880 /~F. The c u r r e n t  in the c i r cu i t  
was va r i ed  by vary ing  the in i t i a l  vol tage.  

The c u r r e n t  in the c i r c u i t  and in the load was m e a s u r e d  in the exper iments  conducted by the s cheme  of 
Fig .  2a. In the ca se  of Fig.  2b, we m e a s u r e d  the c u r r e n t  in the c i r cu i t  containing the inves t iga ted  channel  and 
its de r iva t ive  and the c u r r e n t  in the load. The c u r r e n t  in the load,  the r e s i s t a n c e  of the quenching a r c ,  the 
vol tage on it ,  and the power r e l e a s e d  in the channel during quenching were  ca lcu la ted  n u m e r i c a l l y  on a com-  
puter  f rom the m e a s u r e d  c u r r e n t s  and the de r iva t ive .  The ca lcu la ted  c u r r e n t  in the load di f fered f rom its mea -  
su red  value by no more  than 5%. Photographic  r eco rd ing  of the p r oc e s s  was a lso  done in the plane channels ;  
the locat ion of the s l i t  5 of the s t r e a k  c a m e r a  is shown in Fig.  l a .  Before  the expe r imen t  the gap was shor ted  

with a thin copper  conductor ,  which explodes under  the action of the c u r r e n t  suppl ied by the s to r age .  

The charges  we re  ignited in such a way that  the c o m p r e s s i o n  of the a rc  o c c u r r e d  at the moment  the c u r -  
r en t  in the c i r cu i t  r eached  the max imum value,  tn the scheme  of Fig.  2b, the c u r r e n t  m a x i m a  in the c i r cu i t  and 
the s t o r age  p r ac t i c a l l y  coincided for  the indicated p a r a m e t e r s .  
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Experiments by the Scheme of Fig. 2a. In Figs. 3 and 4 we present characteristic oscillograms (upper 

beam: current in load 2.2 kA/div., lower beam: current in circuit 5 kA/div., sweep 25 t~see/div.) and a photo- 

graphic scan of the process in a plane channel, in which the burning arc I, the detonation waves 2, propagating 

through the EM opposite to each other, and theSW which are formed by them in the current-conducting chan- 

nel are seen. The emission intensity of the comi~reased part of the are grows sharply. After the collision of 

the SW the luminous region expands somewhat, then the emission intensity declines, and after a certain time 

it disappears entirely. 

The SW velocity hardly depends on the current and lies in the range of 9-10 kin/see. Behind the wave 

front one sees a sharp line corresponding to a velocity of about 7 kin/see and dividing the region of intense 

emission from the smeared-out emission at the boundary with the detonation products. The luminous region 

expanding after the SW collisions has smeared-out boundaries and is separated into several channels before 

quenching. 

A sharp decline of the current and a corresponding rise of the current in the load are seen in the os- 

cillograms; after the latter reaches a maximum an LR discharge follows with complete quenching of the arc. 

In Table 1 (column 1 corresponds to the data of Fig. in) we give the current I c in the circuit at the start 

of compression, the maximum current I l in the load, the maximum voltage U v on the gap, the maximum power 
W released in the are being compressed, and the quenching time T, determined from the start of decline of the 

current and its reaching the oscillographic zero. In those cases when breakdown developed in the gap, we 

determined the time the maximum voltage was reached. In Table I it is marked by asterisks. 

The quenching time and the maximum voltage on the investigated gap increase with an increase in the 

current. At a current of 18 kA the maximum voltage on tlie gap reaches 20 kV and the character of the pro- 

cess changes. A situation similar to breakdowii develops. The current in the circuit first rises sharply and 

then falls slowly over a time of several tens o~ microseconds. 

The resistance of the gap is ~i ~ and grows slowly. 

In a series of experiments a plastic wall ~as installed in place of one of the charges to restrict the ion- 

ized region. The characteristics of the process are somewhat degraded in this case. Data for a current of 

12 kA are presented in Table i for comparison. 

It must be noted that the breakdown of the:;g~ is not recorded at all on the photographic scan. The region 

involved in breakdown evidently has a small size a~ is hidden by opaque detonation products. 

The results of experiments on the quench~g of an arc in a cylindrical channel using poured charges of 

TG 50/50 are also presented in Table I (colu:mn 2 corresponds to the data of Fig. Ib). For the same currents 

the quenching time decreased, the power released in the gap increased, and the maximum voltage on it in- 

creased. Now the character of the process bega~ s change at a voltage of about 50 kV. The use of a massive 

insulator shell in the experiments led to an increase in the maximum voltage to 67 kV. 
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Fig.  3 

An important role in the process of quenching of an are in a cylindrical channel is played by its shunting 

by the intrinsic conductivity of the detonation products. To clarify the role of shunting, we set up special ex- 

periments with pressed charges of PETN and hexogen with 10% and 20% admixtures of Teflon and paraffin, 

different mixtures of trotyl with hexogen, and pure trotyl. 

In these experiments it was found that in the construction of Fig. Ib, PETN and hexogen with Teflon have 

a conducting zone of ~I ram behind the detonation front, with admixtures of paraffin the conductivity declines 

with a characteristic gasdynamic time of ~I psec, and the characteristic time of variation of conductivity is 

more than 5 psec for trotyl and is not determined by gasdynamic dispersion. 

In the quenching of an arc by charges containing admixtures of Teflon one observes a sharp decline of 

the current in the circuit in a time of I #sec and then a break and a smoother decrease to zero in a time of 

about I0 #sec. At the moment of the break the maximum voltage of 30 kV is reached, and then it declines and 

remains practically constant at the level of i0 kV. There is an oscillogram of the process in Fig. 5 (5 kA/div., 

5 psee/div.). 

For charges with an admixture of paraffin the decline of the eurrent has a smooth character and the 

maximum voltage is reached at the middle of the decline and comprises 35 kV. In the quenching of an arc with 

a current of 30 kA the characteristic breaks appear after 2.5 ~sec at a voltage of 50 kV and an insignificant 

current through the gap. 

When charges of trotyl are used the current through the gap decreases more smoothly and the change in 

the character of the process starts after 6-10 ~sec at a voltage of 20 kV. After the characteristic break the 

current through the gap may grow. 

The results of the experiments with charges of a mixture of hexogen and trotyl lie in the intermediate 

region between the results with pure trotyl and with hexogen and paraffin. The insulation of the electrodes 

with Teflon from the detonation products leads to results close to those for charges containing Teflon. 

Fig. 4 
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Fig.  5 

Experiments by the Scheme of Fig. 2b. We mainly conducted experiments with a plane channel and a 

storage load of 0.8 ~. Synchronized photography of the process with oscillography of the derivative of the cur- 

rent in the circuit of the investigated gap was carried out. The currents in the gap and in the load were also 

recorded. 

The synchronization was accomplished with a sensor located at a known distance from the gap and oper- 

ating upon closure of the conduction zone behind the detonation front. The accuracy of synchronization was no 

worse than 0.05 ~sec. 

In these experiments one of the charges was replaced by a plastic wall. 

In the investigated setup the compression of the conducting channel hardly affects the current in the gap, 

its resistance, or other parameters up to the moment of arrival of the SW at the opposite wall. A synchronized 

photographic scan of the process and the reults of the calculation of the current derivative are presented in 

Figs. 6 and 7. The arrow on the photographic scan corresponds to the start of the graph in Fig. 7. The pro- 

nounced change of the parameters starts after reflection of the SW from the wall. The voltage U reaches the 

maximum value in a time of ~1 t~sec and remains at this level until the complete quenching of the arc, and 

then it declines to the value determined by the current in the load. The power W released in the gap has a 

characteristic maximum, reached at the same time, after which it fails to zero by the moment of quenching. 

The resistance R v of the gap constantly grows, especially rapidly after the power starts to decrease. 

Discussion of Results. The results of the experiments on arc quenching in plane and cylindrical channels 

containing charges whose detonation products have a low and rapidly declining conductivity, as well as the fact 

that the quenching starts at a moment close to the moment of reflection of the SW from the opposite wall, allow 

us to conclude that the loss of conductivity of the arc plasma and its decay can take place as a result only of 

its compression by the SW and the interaction with the propelling piston. 

The intrinsic conductivity of the detonation products, which shunts the conducting channel and declines 

with time as a result of gasdynamic dispersion, supports the quenching process, protracting the increase in 

voltage on the gap. In the case with trotyl the decline of the current is due to the decline of the conductivity 

of the detonation products. The breakdown of the gap at 20 kV 6-10 #sec after the start of decline of the cur- 

rent is not clear. The level of power dissipated during quenching in all the experiments described above 

Fig. 6 
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attracts attention. It is two orders of magnitude higher than the level in the Undisturbed arc. Therefore, it is 
clear that no one mechanism of heat conduction in pure form can explain the cooling, loss of conductivity, and 
decay of the arc plasma after its compression by the SW. 

Hydrodynamic instabilities developing at the contact surface evidently play the main role in the process 
of arc quenching. 

The presence of developing instabilities can be judged from the smeared-out boundary between the det- 
onation products and the luminous conducting region, as well as from the separation of the conducting channel 
compressed by the SW into several channels before quenching, 

The hydrodynamic instabilities of a contact surface upon the passage of an SW through it were investigated 
experimentally in [2] and theoretically in [3]. In the experiments being described other types of instabilities are 
also possible, such as a Rayleigh-Taylor instability. Temperature nonuniformity in the arc leads to nonuni- 
fortuity of density and to gradient accelerations of the SW and of contact surfaces, as a result of which they 
may prove to be unstable. 

In Fig. 8 we present a photographic recording of the quenching process in a plane channel, taken through 
the plastic wall confining the arc in place of one of the EM charges. The strong nonuniformity of the emission 
of the compressed arc may be connected with the development of instabilities at its contact boundary with the 
detonation products. 

The hypotheses advanced are supported by the experiments conducted by the scheme of Fig. 2a, in a plane 
channel at nearly atmospheric pre s sure in the arc plasma. In this case the quenching time decreases approximately 

twofold while the maximum voltage sustained by the gap increases by 1.6 times. 

Fig. 8 
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The size of the instabilities in the direction of SW propagation is evidently on the same order  as the 
t r ansve r se  size of the compressed  arc.  Therefore ,  a decrease  in the initial s ize of the arc should lead to 
higher quenching pa ramete r s ,  which was observed in the experiments with a cylindrical  channel. 

The instabilities developing at the contact surface  lead to a considerable  increase  in its area ,  which in- 
c reases  the energy flux due to radiant heat t ransfer  and promotes the f ine-scale  mixing of detonation products 
with the arc  plasma, its cooling, and decay. As the est imates show, the detonation products in a cyl indrical  
channel can absorb about 600 J without a change in their  proper t ies .  

The authors thank A. P. Ershov,  A. L. Kupershtokh, and A. A. Kuzovnikov for useful discussions and 
help in conducting some of the experiments.  
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Obtaining pulsed high magnetic fields by flux compress ion  in an explosive-driven metal shell is limited 
pr imar i ly  by two processes :  the dynamics of the compress ion  and the diffusion of the field, related to the finite 
electr ical  conductivity ~ of the liner. The charac te r  of the dependence of the e lectr ical  conductivity on the 
physical propert ies  of the medium (the density p and the specific thermal  energy q) significantly affects the 
results  of theoret ical  calculations [1-3]. The dependence of the electr ical  conductivity of metals on q and p 
has not been adequately studied for high tempera tures  and high and low densities.  Therefore  such semiempi r i -  

cal relations as [3, 4] 

= 6o(i q- ,gq)-1 [2], ~ = %(i q- [3q)-~(p/po)n 

are  generally extrapolated into the range of densities and temperatures  which are  developed in a medium when 
high magnetic fields are  produced. Numerical  calculations in [2] made under the assumption that the e lectr ical  
conductivity of copper depends only on Joule heating are  in good agreement  with experiment  for fields H - 3 
MOe. Numerical  calculations of theoret ical  upper bounds of magnetic fields presented in [3] agree with experi-  
ment for H > 10 MOe only when account is taken of the dependence of the e lectr ical  conductivity of the shell on 
both Joule heat and density in the region of compress ion.  A relat ively weak dependence of the maximum value 
of the field on Joule heat is noted. Thus, an a rb i t r a ry  change of the heat coefficient fl by a factor  of three did 
not lead to better agreement  of the calculated results  [3] with experiment.  Fields H > 10 MOe exert  p ressures  
p > 4-  1011 Pa on a conductor ,  which leads to an increase  in density, and consequently to an increase  of the 
e lect r ical  conductivity of cer ta in  metals [5, 6]. Est imates  show that the change of the e lect r ical  conductivity 
as a resul t  of heating is more  than an order  of magnitude la rger  than the change due to pressure .  Therefore ,  
taMng account of the above, it is of in teres t  to find out in which eases a cor rec t ion  to the change of the elec-  
t r ica l  conductivity as a resul t  of p re s su re  may turn out to be substantial.  The investigation of the penetration 
of high magnetic fields into a conductor is complicated by nonlinear effects related to the decrease  of its elec-  
t r ica l  conductivity during heating and vaporizat ion and the increase  in density under increased p ressu re ,  and 
is possible in general  only by numerical  methods. We note that numerical  calculations do not permit  an est i -  
mate of qualitative regular i t ies .  An analytic solution which takes account of the fundamental physical  pro-  
cess  es, even if it is obtained by greatly simplifying the problem, gives a deeper  understanding of the phenomena, 
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