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XENON SHOCK WAVES DRIVEN BY HIGH MAGNETIC FIELDS 

James W. Shearer, James W. Beasley, Arnold Reyenga, and Daniel Steinberg 

Lawrence Livermore Laboratory 
Liver-more, CA 94550 

Magnetic fields in the range 0.2 - 2.0 MG produce shocks in 0.1 - 1.0 

atmosphere xenon gas which have shock mach numbers as high as 100. Using 

pulsed x-ray and other diagnostics, our studies of velocity, compression, 

and luminosity are in good agreement with a simple snowplow theory. In 

some of the experiments, ultraviolet radiation from the shocked xenon 

produces luminous precursors and interactions with the metal walls of the 

shock tube. The addition of an ultraviolet absorbing organic impurity 

vapor diminishes the amplitude of these effects. A clean, chemically 

inert metal wall is even more effecti <e. Further experiments show that 

magnetic shear has a stabilizing effect on the current-carrying layer of 

the shocked gas. We conclude that a megagauss magnetic field is a useful 

shock tube driver for producing high velocity shock waves. 
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1. Introduction 

This paper describes some experiments on the application of megagauss 

magnetic field techniques ' ' to produce strong shock waves ' in xenon 

gas. The magnetic fields are produced by capacitor banks and high explosive 

generators that are described elsewhere. ' 

Consider the one-dimensional snowplow model of a gas or plasma sheath 

driven by a magnetic field {Fig. 1). From Newton's second law: 

4r*s + u v ' o <!> 

where  B  i s  the  magnetic  f i e l d , y.  is  the  vacuum  magnetic  permeabil i ty,  u  is 

the  ve loc i ty  of  the  shocked  gas,  p Q  is  the  i n i t i a l  unshocked  density,  V  i s  the 

shock  ve loc i t y ,  and <J is  the  mass  per  uni t  area  of  the  snowplowed  sheath: 

- J : p 0  dx  (2) 

o 

where  x  i s  the  posit ion  of  the  sheath.  For  s impl ic i ty  we  neglect  compressional 

and  rad ia t ion  effects  inside  the  sheath,  and  we  also  assume  that  the  sheath  is 

a  good  enough  conductor  to  prevent  appreciable  d i f fus ion  of  the  magnetic  f i e l d 

towards  the  shock  d iscont inu i ty . 

Consider  a  strong  shock  for  which 

*  Present  Address:  8th  Naval  D i s t r i c t ,  New  Orleans,  LA  70146 
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V/u = (V + 1)/Z (3) 

where v is the specific heat ratio. Consider also a steady state where B and 

u are constants; tnen from equa. (1) and (3): 

1/2 
J-l B (4) 

This  resu l t  is  displayed  in  F ig .  1  for  the  Case  \  =  1.4.  Conventional  shock 

tubes  are  designed  to  be  reusuable;  thus  the i r  dr iv ing  pressures  are  less  than 

a  few  hundred  atmospheres,  corresponding  to  B % 0.1  MS.  On  the  other  hand, 

high  explosive  systems  have  characterist ic  expansion  veloci t ies  which  are  less 

than  1.0  cm/nsec.  Thus,  fo r  p  >. 400  atm  and  V ^  1.0  cm/nsec,  megagauss  f i e l d 

shock  pistons  are  quite  competit ive.  The  al ternat ives  are  elaborate  convergent 

(8) 
high  explosive  systems,  rockets,  or  nuclear  explosives  a l l  of  which  have  many 

obvious  disadvantages. 

In  our  experiments  eqn  (4)  can  be  checked  because  p  ,  B,  and  V are  a l l 

measured  quant i t ies,  and  v  can  be  found  from  the  strong  shock  equation: 

V  =  (*i  +  l ) / h    1)  (5) 

where  n i s  the  density  compression  rat io  p/p  of  the  shocked  gas.  Temper

ature  measurements  are  not  avai lable,  but  useful  inferences  about  the  shocked 

xenon  can  be  drawn  from  strong  shock  theory.  The  equality  of  the  k inet ic 

energy  density  with  the  internal  energy  density  in  a  strong  shock  can  be 

wr i t t en : 

£ n x M x U 2 = f  k ( n x T x  +  n e T e ) + T z  (6) 

where  n  i s  the  xenon  density  (atoms  plus  ions) ,  n  is  the  electron  density, 

M  i s  the  mass  of  a  xenon  atom  (or  ion),  and T  i s  the  ionizat ion  energy  per 
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xenon atom. T x and T e are the respective ion and electron temperatures. 

Were one to assume that the shocked xenon is not ionized, then n e = 0 and 

I z = 0, and from eqn (6) one would estimate T x \. 1 keV for B ̂  1 MG, Y = 1.4 

and P 0 T, 5.6 x 10"
3 gm/cm3, (atmospheric density). This obviously unrealistic 

result implies that the xenon is actually ionized to a plasma state at some 

lower temperature. 

Further discussion of the equation of state of the shocked xenon is 

beyond the scope of this paper. Our more modest aim is to demonstrate that 

the megagauss shock tube is a useful experimental method for studying strong 

shocks, corresponding to shock Mach numbers of 100 or more. 
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2.  MagneticallyDriven  ShockWave  Box 

A  rectangular  shock  wave  box  is  used,  as  shown  in  F ig.  2.  The  metal  plate 

conductors  are  100  mm wide  and  100  mm long;  they  are  separated  by  a  10  mm gap. 

Various  metal l ic  surfaces  are  used,  as  described  later  in  th is  paper.  The 

breech  end  of  the  box  is  attached  to  the  capacitor  bank  plates  with  heavy 

f langes.  A  luc i te  insulator  separates  the  flanges,  and  i t  i s  plated  on  the 

shock  tube  face  with  a  50  nm coating  of  aluminum.  This  metal  coating  provides 

an  i n i t i a l l y  uniform  conduction  path  for  the  current,  and  i t  blows  up  into 

a  conducting  plasma  on  a  submicrosecond  time  scale,  thus  preventing  localized 

arc  formation.  The  other  two  sides  and  the  muzzle  end  of  the  shock  wave  box 

are  constructed  of  transparent  p last ic ,  which  provides  mechanical  r i g i d i t y , 

makes  the  box  gas  t i g h t ,  permits  optical  diagnostics,  and  is  transparent  to 

xrays. 

T ue  breech  end  of  t h i s  shock  wave  box  i s  connected  to  the  transmission 

l i ne  from  a  fast  capacitor  bank  by  techniques  similar  to  those  used  in  the  single 

turn  megagauss  coi l  expe r imen t / 7 '  However,  the  maximum  magnetic  f i e l d  is  lower 

in  these  experiments  because  the  width  of  the  current  sheet  i s  10  cm  rather 

than  1  cm.  However,  even  at  th is  f i e l d  level  the  plast ic  is  shattered  and 

the  metal  surfaces  are  damaged,  so  a  fresh  box  must  be  assembled  for  each 

experiment.  Protection  from  f ly ing  shrapnel  and  noise  is  provided  by  a  th ick

wall ed  room. 

Conventional  magnetic  probes  are  located  in  the  connection  plate  to  measure 

the  capacitor  discharge  current ;  in  a  few  experiments  addit ional  probes  are 

inserted  into  the  gas  volume  through  an  insulated  hole  in  the  metal  wa l l .  A 

ro ta t ing  mirror  framing  camera  observes  the  selfluminous  gas  sheath  fro'n  the 

side  and  from  the  end.  The  most  useful  diagnostic  too l ,  however,  is  the  pulsed 
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xray  radiography,^ 9^  which  observes  the  xenon  gas  density  d is t r ibu t ion  in 

the  shock  tube.  The  pulsed  xray  source  is  a  50  ns  (FWHM)  85  kV  (peak) 

f i e l d  emission  tube  designed  and  fabricated  at  the  Lawrence  Livermore 

Labora tory . 'W  The  xray  source  has  a  diameter  of  about  2 mm,  and  is 

located  about  2 m away  from  the  shock  tube.  The  xray  f i lm  is  mounted 

close  to  the  shock  tube  behind  a  protective  cover  of  aluminum;  the  image 

is  well  resolved,  and  only  about 6%  larger  than  the  experiment. \ 

A  possible  source  of  error  is  the  perturbing  e f fec t  of  the  return 

f lux  of  magnetic  f i e l d ,  some  of  which  appears  as  a  reverse  magnetic  f i e l d 

ahead  of  the  shock.  However,  probe  signals  show  that  th is  reverse  f i e l d 

is  less  than  one  th i rd  of  the  main  magnetic  f i e l d .  This  corresponds  to  a 

pressure  of  less  than  10% of  the  dr iv ing  pressure,  and  does  not  seriously 

modify  the  main  effects  observed.  Another  possible  source  of  error  is  the 

ef fect  of  the  f i e l d  concentration  along  the  sides  of  the  box  next  to  the 

plast ic  side  wa l l ;  one  might  expect  to  see  magnetic  pinching  at  that  po in t , 

for  example.  However,  the  c l a r i t y  of  the  xray  radiography  pictures  (as 

shown  la te r  in  th is  paper)  is  strong  evidence  that  such  effects  are  not 

important.  Two  other  sources  of  error  are  the  interact ion  of  the  shock 

wave  with  the metal wal ls ,  and  the RayleighTaylor  i n s t a b i l i t y  at  the  current 

sheath.  These  w i l l  be  described  below. 

A  typ ica l  set  of  pulsed  xray  pictures  from  th is  shock  tube  box  is 

displayed  in  Fig.  3.  Each  of  these  pictures  is  taken  from  a  separate 

experiment,  but  the  optical  and  e lect r ica l  measurements  indicate  that  there 

is  good  reproduc ib i l i ty  from  shot  to  shot.  In  add i t ion ,  the  optical  measure

ments  show  that  the  l i g h t  f ron t  coincides  with  the  shock  f ront  density  jump 

for  th is  series  of  experiments.  Further  aspects  of  these  pictures  are 

discussed  in  subsequent  sections. 
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3.  Shock  Velocity  vs  Time 

Results  for  one  atmosphere  xenon  shock  experiments  are  p lot ted  in  Fig. 

4 ;  the  data  are  s imi lar  to  the  halfatmosphere  xenon  results  shown  in  Fig, 

3.  At  l a te  times  both  the  magnetic  f i e l d  and  the  shock  veloci ty  approach 

the  steady  state  approximation  of  eqn  (4)  and  F ig .  1 . 

Table  I  compares  these  steady  state  measurements  with  the  simple  snow

plow  theory,  and  i t  also  tabulates  a  few  other  measurements  made  jn  faster 

capacitor  banks.  We  f ind  general  agreement  between  experiment  and  theory 

over  a  density  range  of  8  and  a  magnetic  pressure  range  of  7. 

As  noted  in  the  table,  measurements  of  shock  velocity  V are more  d i f 

f i c u l t  for  V >  2  cm/)isec.  In  th is  range  the  l i g h t  f ront  is  seen  to  be 

ahead  o f  the  density  jump.  This  "optical  precursor"  is  consistent  wi th 

other  strong  shock  s t u d i e s , ' * 1 '  which  suggest  that  i t  is  caused  by  strong 

radiat ive  ef fects .  For  these  cases  veloci ty  values  in  Table  I  are  taken 

from  the  optical  records  because  there  were  not  enough  experiments  done 

to  accumulate  a  useful  sequence  of  xray  p ic tures.  Despite  the  loss  in 

accuracy  from  this  procedure,  there  is  s t i l l  good  agreement  between  calcu

lated  and  experimental  shock  ve loc i t ies . 
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Table  I 

Peak  Shock  Veloc i t ies    Theory  vs.  Experiment 

Peak  Velocity  V/cm/nsec) 

Measured  Calculated* 3 ' 

Xenon 
P 

(atm) 

Fill 

P9 3 gm/cnr 

Peak Field 
B 
(MG) 

1 .0056 .35<b) 

1/2 .0028 .35<b> 

1/8 .0007 . 4(c) 

1/2 .0028 e 9(c) 

1.2 1.02 

1.5 1.45 

= 3(d) 3.3 

= 4(d) 3.7 

' a '  Calculations  assume y =  1.4  in  eqn  (4) 

( b '  The  inductance  of  the  capacitor  bank  is  much  greater  than  that  of  the 
shock  tube;  therefore,  to  f i r s t  approximation  the  magnetic  f i e l d  is  not 
perturbed  by  the  change  in  xenon  f i l l  density. 

( c '  For  these  experiments,  lower  inductance  capacitor  banks  were  employed. 

( d '  Approximate  estimates  based  on  optical  records;  see  text . 
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4. Interaction of Shock with Metal Walls 

In addition to the optical precursors mentioned above, we observe "wall 

precursors" in many of our experiments. These are the wedge-shaped shock 

formations which are seen next to the iron rails ahead of the main 

shock in Fig. 3. Our experiments show that the size of these wall pre

cursors can be changed by adding an organic vapor impurity to the xenon 

or by changing the metal surface of the rails. We believe that both 

experiments support the idea that the optical precursor is a radiative 

effect, similar to the precursor seen elsewhere in explosive-driven argon 

shock tubes.' 1 2' 

We add the organic vapor propene (propylene, C3H6) to the xenon gas. 

This contaminant absorbs ultraviolet radiation in the 100-200 nm wave

length range; xenon, however, is transparent in this range. The x-ray 

pictures in Fig. 5 show that the wall precursor is substantially reduced 

by this contaminant. 

Various metals were tested as rail surfaces; iron, lead, and aluminum 

rails all support wall precursors. On the other hand, clean surfaces of gold, 

rhodium, and iridium (all plated on aluminum) do not support wall precursors. 

Figure 6 demonstrates this result for iridium (compare with Fig. 3). The 

importance of surface cleanliness is also demonstrated; the presence of 

machinist's oil causes the wall precursor to reappear. 

It appears that the rail surface which absorbs the high radiation flux 

from the xenon shock is crucial. If it is nonmetallic, such as an oxide 

or an oil layer, it is rapidly heated by the radiation and explodes, thereby 

producing a secondary shock ahead of the principal one. On the other hand, 

if the rail surface is truly metallic, thermal conduction keeps it cool 

enough to remain passive. Our shock tubes are assembled in the open air of 
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the  laboratory;  apparently  only  gold,  rhodium,  and  ir idium  are  chemically 

iner t  enough  to  res is t  surface  oxidation  under  such  conditions. 

We  conclude  that  i ne r t  metal  surfaces  (and  possibly  organic  contaminants) 

are  useful  techniques  to  keep  the  shock  onedimensional  by  suppressing  wall 

precursors. 



-10-

5. Stabilization of Current Sheath Surface 

by Magnetic Shear 

Although the leading edge of sheaths moving between iridium-plated-walls 

was quite flat, the rear current-carrying surface of the snowplowed xenon 

sheath showed a Rayleigh-Taylor instability of rather large amplitude (Fig. 

6a-6c). Consequently, it was suggested that we try to stabilize this effect 

by means of magnetic shear.'"' 

An experimental setup (Fig. 6d) was designed which provided 10 kilogauss 

of transverse field across the breech of the xenon shock box. The best 

results were obtained when the thin aluminum film was located in the center 

of the magnet gap. The amount of this transverse flux which was trapped 

in the xenon sheath, and its subsequent history, were not directly measured. 

We do know that the transverse field had a favorable effect (see Fig. 6e-6f), 

almost completely damping out the instability. 

Our explanation for this result is that some of the transverse flux is 

trapped in the xenon plasma sheath when the current sheath is first formed, 

and is then carried along with the xenon sheath as it moves. Precise 

estimates of the magnitude and direction of this flux are difficult. Resistive 

diffusion diminishes the field; compression of the xenon in the sheath increases 

it. "Stretching" of the field lines as the sheath moves away from the pole 

pieces should increase the magnetic energy and lead to magnetic field line 

reconnection behind the sheath. 

Whatever the details, the experiment demonstrates improved one-

dimensionality of the current-carrying layer of the xenon sheath (Fig. 6). 

Thus, the results support the suggestion that magnetic shear tends to stablize 

the Rayleigh-Taylor instability. 
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6.  ExplosiveGeneratorDriven  Xenon  Shocks 

Our  shock  wave  box  can  also  be  driven  by  a  high  explosive  generator'  ' 

instead  of  a  capacitor  bank.  However,  i f  the  generator  were  connected 

d i rec t l y  to  the  box,  the  slowly  r is ing  (=50  .usee)  early  current  p ro f i l e 

would  gently  sweep  the  xenon  out  before  the  main  high  current  pulse  i s 

generated.  Consequently,  i t  is  necessary  to  switch  the  generator  current 

into  the  shock  tube  box  j u s t  before  the  f ina l  energy  burst  is  created. 

We  use  the  magnetohydrodynamic  switch  which  is  described  in  a  companion 

p a p e r . ' 1 4 '  B r ie f l y ,  i t  is  a  short  "exploding  f o i l "  l iner  which  is  del iber

ately  shaped  to  be  unstable  a f te r  i t  explodes,  so  that  the  magnetic  forces 

push  most  of  i t s  mass  aside,  leaving  a  comparatively  small  mass  of  current

carrying  plasma  in  the  shockwave  box.  The  generator  design  is  the  " f l a t 

plate"  geometry  described  e lsewhere. ' 6 ' 

The  pulsed  xray  radiographs  do  not  show  a  sharply  defined  shock  f ront 

in  these  experiments;  probably  i t  is  not  scraight  because  of  uneven  blowup 

of  the  magnetohydrodynamic  switch.  High  speed  camera  measurements  reveal 

an  opt ical  precursor  moving  at  4.0  +  0.5  cm/  sec  in  the  1/2atmosphere 

xenon  f i l l ,  s imilar  to  the  highest  speed  experiment  in  Table  I .  Assuming 

that  the  sheath  moves  at  the  same  speed  as  the  opt ical  precursor,  one  infers 

that  a  magnetic  f i e l d  of  approximately  one  megagauss  is  present. 

One  radiometry  experiment  was  done  using  a  f i l t e r pho toe lec t r i c  detector 

combination  centered  at  547.5  nm with  a  bandwidth  of  45.0  nm  (at  1% of 

peak).  Two  of  these  combinations  were  aimed  at  normal  incidence  (0 ° ) ,  two 

were  at  60°,  and  a l l  four  subtended  a  sol id  angle  of  4.3  x  10" 5  sterradians. 

They  were  cal ibrated  from  a  glowing  tungsten  source  of  known  brightness, 

and  a l l  of  them  measured  a  shock  wave  brightness  corresponding  to  temperatures 
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in the 2-4 eV range. This result agrees with similar brightness measurements 

in xenon in this density and velocity range.* 1 5^ 
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7. Summary 

Our results indicate that megagauss magnetic fields can be used as a 

shock tube driver for velocities graater than 1 cm/psec at near-atmospheric 

densities. The work was done several years ago using power supplies available 

at that time.' 6' 7' Today, at the time of this Megagauss II conference, more 

powerful capacitor banks and faster pulsed-power systems are in existence. 

Thus, the potential range of shock Mach numbers (at atmospheric density) can 

be extended to even higher values, perhaps approaching M = 1000 for xenon. 

Many interesting physical effects can be anticipated by those who undertake 

such studies. 
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FIGURE  CAPTIONS 

Figure  1:  Snowplow  model  of  shock  veloci ty  V versus  magnetic  f i e l d  B  for 
various  i n i t i a l  densit ies  p„  at y    1.4. 

Figure  2:  Sketch  of  rectangular  magneticallydriven  shock  wave  box  with 
top  cover  removed  and  top  of  mylar  sheets  cut  back. 

Figure  3:  Sequence  of  pos i t ive  prints  of  pulsed  xray  radiographs  of  xenon 
snowplow  for  halfatmosphere  xenon  f i l l  driven  by  «*. .3  MG magnetic  f i e l d . 
Note  the  sharp  boundaries  of  the  dense  xenon,  the  greater  transparency  of 
the  low  density  region  of  the  magnetic  p is ton,  and  the  wedgeshaped  wall 
precursors  along  the  i ron  r a i l s . 

Figure  4 :  Shock  posi t ion  x  and  magnetic  f i e l d  B vs  time  for  atmospheric  xenon. 

Figure  5:  Positive  pr in ts  of  pulsed  xray  radiographs  of  halfatmosphere  xenon 
shocks  with  iron  wal ls ,  (a)  Pure  xenon  f i l l  (b)  xenon  plus 3% propane.  The 
graph  shows  the  u l t ra  v i o l e t  radiation  mean  free  path  for  the  l a t t e r  mixture. 

Figure  6:  Iridium  r a i l  experiments:  (a)  and  (b)  are  clean  metal  r a i l s .  In 
(c)  the  l e f t  hand  r a i l  was  coated  with  machinist 's  o i l .  (d)  i s  a  cross
section  of  the  magnetic  shear  experiment,  showing  (1)  the  xenon  f i l l  (2)  the 
p las t i c  insulator  plated  with  =  50  mm of  aluminum  (3)  the  i r id iumplated 
r a i l s ,  and  (4)  the  i ron  pole  pieces  of  a  strong  electromagnet,  (e)  and  ( f ) 
are  experiments  with  the  sheared  magnetic  f i e l d . 
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