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In continuation of the work on interaction between shock waves and magnetic fields 2 the ex-
periments reported here measured the atomic and electron densities in the interaction region by 
means of an interferometric and a spectroscopic method. 

The transient atomic density was also calculated using a one-dimensional theory based on the 
work of JOHNSON 3, but modified to give an improved physical model. The experimental results 
were compared with the theoretical predictions. 

The published results 1> 2 of investigations on the 
interaction of a shock-heated plasma flow with a 
perpendicular magnetic field using several electrode 
pairs has shown that the high currents necessary 
for strong interaction can only be produced in the 
form of arcs. With arcs it is difficult to satisfy the 
simple conditions of one-dimensional theory, such 
as uniform current distribution in the interaction 
region. In order to achieve at least an approximately 
uniform current distribution the arc phenomenon 
was utilized by mounting many electrodes of small 
surface area alongside and behind one another flush 
in the wall and short-circuiting the pairs separately, 
thus producing many arcs alongside and behind one 
another. With this configuration strong interaction 
effects were observed. 

Streak photographs showed a deceleration of the 
plasma flow and also luminous fronts running coun-
ter to the flow which were reflected from the con-
tact front, at least at low inital pressures. At high 
magnetic field strengths these luminous fronts left 
the interaction region in the upstream direction, 
while at low magnetic field strengths they remained 
in the interaction region. These fronts were inter-
preted as shock fronts. Effects of rarefaction waves 
were also observed. 

To obtain further information on these observa-
tions quantitative investigations were begun. This 
paper describes results of interferometric and spec-
troscopic measurements of the atomic and electron 
densities in the interaction region. To compare ex-
perimental results with theory, a transient one-
dimensional theory based on the theoretical work of 
JOHNSON 3 was d e v e l o p e d . 

Reprint requests to: Institut für Plasmaphysik, D-8046 
Garching bei München. 

* Now with Volkswagenwerk AG, Wolfsburg, Germany. 

I. Theory 

Since the results of previous investigations 2 

showed that the current density is governed by the 
complicated boundary conditions in the plasma-to-
electrode transition region, the current density, 
which is an important parameter of the theory, can-
not be expressed in such a simple way as in Ref. 3 . 
The resistance to the discharge current arises mainly 
in the boundary layer. In this way part of the en-
ergy of the main flow region enters the transition 
region. There is therefore energy output from the 
main flow, even if the external resistance of the elec-
trodes and the bridge connecting the electrodes is 
negligible. The resistance of the transition region 
can be regarded as an additional external resistance. 
The main plasma flow region forms the internal re-
sistance. The thickness of the transition region is 
very small compared with the diameter of the main 
flow and hence the interaction between magnetic 
field and the flow can still be described satisfactorily 
by a simple one-dimensional model. However, be-
cause there is no theory describing the conditions 
in the boundary layer, the current density cannot be 
calculated, but has to be taken from experimental 
results. This current density is assumed to be uni-
form and transverse to the flow direction in the in-
teraction region. From experimental results 2 it is 
known that the induced magnetic field can be ne-
glected relative to the external magnetic field, which 
is perpendicular to the flow direction and the cur-
rent. The following theory takes this conditions into 
account. Furthermore, thermal conductivity and vis-
cosity is assumed to be zero and radiation losses 

1 H. KLINGENBERG, Z. Naturforsch. 23 a, 1929 [1968]. 
2 H. KLINGENBERG, Z . Naturforsch. 24 a, 540 [ 1 9 6 9 ] . 
3 M. R. JOHNSON, Phys. Fluids 10, 539 [1967]. 
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are neglected. Ionization is not taken into account 
but a constant conductivity is assumed. 

The one-dimensional interaction is then described 
by the three equations of conservation of mass, mo-
mentum and energy, by the equation of state, and 
by Ohm's law without the Hall term. 

If one uses the equation of state 

P = qRT (1) 
and Ohm's law 

j=o(E + v B0) (2) 

to eliminate the temperature T and electric field E 
from the energy equation, one can write the three 
conservation equations in the following dimension-
less form: 

3D dV 3D 
dr +U3X + y BX 

D ^ + VD +Ql +NJ = 0 , 3r 

3P v dp 
Br + V dX 

with 

P dD 
D 3r 

3X 

V P 3 D 
zT dx 

+ ( 7 - 1 ) P 
r 3X 

NjJL 
QI 

(3) 

(4) 

(5) 

= 0 

r — tvjL; X = x/L; 
D — qIqi; P = p/pi; V = v/v1; J = J(X,r); (6) 

<?I = P I / ( W ) ; N^o^JL/iQtvJ; 

y = ratio of specific heats, L = length of interaction 
region, x = distance measured from the beginning 
of the interaction region, t = time counted from the 
entrance of the primary shock into the interaction 
region, Q, p, v are density, pressure and flow velo-
city respectively, o — conductivity. The subscript 1 
denotes the values in the region behind the unper-
turbed primary shock front before this front enters 
the interaction region, ß 0 = external magnetic field. 

J (X, r) is the dimensionless current density which 
can be explained as follows: When the shock front 
enters the interaction region the current does not 
rise discontinuously (as assumed by JOHNSON3), 
but obeys essentially an exponential law (starting 
from zero behind the primary shock front) because 
of the inductance of the circuit. Behind the primary 
shock front the current density J (X, r) is therefore 
assumed to obey the law: 

J(X,r) = / m a x - ( l - e x p { - [ r - r s h o c k ( * ) ] / £ } ) ( ? ) 

w i t h / m a x = / m a x / ( O j VX B0) ( 8 ) 

for the region 0 ^ X < j 1 ; r rshock (^0 in the 
X — x plane, see Fig. 1. 

Fig. 1. Primary shock and formation of the reflected shock 
from the U-A characteristics (schematically). The value of 
the current density at the point J {X', r') depends on the para-

meter r shock (X') according to Eq. (7). 

/max and the time constant K are taken from 
experimental results ^ 2 , , o t , px and vx are taken 
from calculations4. For X > 1 and Z < 0 / is as-
sumed to be 0. 

The Eqs. (3) to (5) with the dependent variables 
P, D, V can now be solved by the characteristic 
method. The three characteristic directions are 

dX/dr = V and dX/dr =V±A. (9) 

The following differential equations are valid along 
the respective directions: 

QdP-A2dD-(y- 1) yV 1 / 2 dr = 0 and 
(10) 

Q dP + A D dV N x ] [( \ — y) ]±A] dr = 0 

with A = a/vl (a = local sonic velocity). 
This system (10) can be solved by an iterative 

procedure. Additional boundary conditions have to 
be satisfied for the primary shock and for the sec-
ondary (reflected) shock, the latter possible being 
formed as a result of interaction. These boundary 
conditions are described by Rankine-Hugionot re-
lations in the differential form. The results of the 
calculations are given in Section IV. 

II. Experimental Arrangement 

The apparatus for the interaction experiment has 
already been described in Ref. The shock tube is of 

4 H. CARLS and L. REHDER, persona l c o m m u n i c a t i o n f r o m 
the Institut für Experimentalphysik der Universität Kiel 
(Thes is H . CARLS) . 
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the diaphragm type. The driving gas is hydrogen (100 
atm) , and the test gas is argon (initial presure: 0.5 to 
10 Torr ) . The measuring chamber ( 9 m from the dia-
phragm region) is made of plastic sections secured be-
tween tie plates and has a square internal cross sec-
tion of 7 x 7 cm2 . A sharp cutter is used to cut out the 
rectangular flow from the circular flow of the shock 
tube. 

One of the sections is made of epoxy resin reinforced 
with fibre-glass and has electrodes and high-grade glass 
windows for interferometric measurements. Twenty-five 
pairs of electrodes 4.5 mm in diameter are used. They 
are each short-circuited separately with a copper bridge. 
The currents from the plasma are measured with Ro-
gowski coils, cf . The magnetic field is produced with 
a crowbarred capacitor bank via Helmholtz coils. The 
magnetic field strength is 6.8 kG. 

Two-wavelength streak interferometry is used for 
measuring the electron and atomic densities simultane-
ously as functions of time, see 5 . Single-picture inter-
ferograms give the spatial information. The experimen-
tal arrangement for the interferometric measurements 
is shown in Fig. 2 a. A pressurized spark is discharged 
with 2 msec duration and with 3 kA through a capil-
lary containing argon. The current is generated by a 
pulse-shaping network. The spark serves as a point 
source of light for a Mach-Zehnder interferometer 
( C a r l Z e i s s , Oberkochen). The interference beam 
leaving the interferometer is divided by a beam split-
ter and the parts are sent via deflecting mirrors through 
separate filters (wavelength 4840 Ä and 6610 Ä respec-
tively ; half-width 60 Ä) to a slit. The interference pat-

terns and the measuring chamber are imaged on this 
slit. In order to obtain images of equal size the optical 
path lengths of each of the beams are made equal by 
choosing an appropriate thickness of the beam splitter. 
Beneath the slit there is a hole used for imaging two 
short-duration sparks triggered at different times, the 
difference being measured with a photomultiplier and 
a counter. The slit and the hole are focused on the 
film of a drum camera (Beckman-Whitley), thus allow-
ing streak interferograms at two wavelengths and pro-
viding two time marks for giving the velocity of the 
rotating film. — The interference beam can also be 
sent to an image converter camera to obtain single 
pictures (dashed part of Fig. 2 a ) . 

To confirm the results of interferometric measure-
ments a well-known independent method is used to 
measure the electron density. The absolute value of 
the continuum radiation of the plasma is measured 
spectroscopically at different wavelengths. The experi-
mental arrangement is shown in Fig. 2 b. Two different 
points of the axis of the measuring chamber are focused 
simultaneously on two light pipes leading to the slit 
of a spectroscope ( S t e i n h e i l , Model 6 H ) . For 
each point the intensity at two different wavelengths is 
measured as a function of time by means of photo-
multipliers and oscilloscopes. For calibration the light 
from the anode of a carbon arc is focused on the axis 
of the measuring chamber and hence on the light pipes 
cf. 6 , allowance being made for losses due to reflection 
from the windows and objective surfaces. The optical 
system has a spatial resolution of about 2 mm. The 
measurements are restricted to the four points in the 
centre between the five rows of electrode bridges. 

small deflecting mirror 

2 objective 
beam splitters 

filters deflecting 
\ mirrors 

short-circuit 
bridges 

condenser deflecting 
mirror 

objective 
compensation plates 

window of 
interferometric quality 

,drum camera measuring chamber 

spark gaps 
( in a i r ) magnetic field 

coils (crowbar) 

25 electrode pairs 
short-circuited separately 

image converter 

deflecting mirror 

pressurized 
spark gap 
(argon) \ 

pulse shaping 
network 

Mach-Zehnder interferometer 

Fig. 2 a. Experimental arrangement for the interferometric measurements. 

5 R. A. ALPHER and D. R.WHITE, Phys. Fluids 2, 162 [1959]. 6 J. EULER, Ann. Phys. Leipzig 11, 203 [1953]. 
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magnetic field coils Fig- 2 b. Experimental arrangement for the spectroscopic 
measurements. 

carbon 

measuring chamber 

deflecting mirror 

arc 

III. Results of Measurements 

1. Oscillograms and lnterferograms 

Figures 3 a and 3 b * show examples of streak in-
terferograms with and without current. With cur-
rent, as compared with the case without current, 
the fringes are shifted strongly as a function of 
time behind the shock front, especially at high 
initial pressure. 

Figure 3 c presents an example of a single-picture 
interferogram which shows that the fringe shift is 
nearly uniform over the cross section of the (hamber 
at a certain moment. The stronger incandescence 
at the top indicates stronger heating of the plasma 
in the arc channels near the cathode spots, cf. 1 . 

The uniformity across the chamber allows the 
measurements to be restricted to streak photographs 
taken only along the axis of the measuring chamber. 
Furthermore, it confirms the conclusions of pre-
vious measurements1, viz. the current density is 
uniform within the sensitivity of the method. 

Figure 4 shows some oscillograms of the signals 
from the continuum radiation. If current flows the 
light output is much higher than without current 
indicating the effect of ohmic heating. The signal 
increases with decreasing initial pressure. The effect 
of the rising current is superimposed on the relaxa-
tion effect behind the primary shock. In the flow 
direction the effect of the current increases. 

2. Evaluation of results 

2.1. Electron density 

For evaluation of the electron density from the 
measured continuum radiation a formula given by 
HORN et al. 7 is used. This is based on a formula 
by UNSOLD 8 for hydrogen like atoms: 

with 
v<vg 

where ev = emission coefficient (continuum losses 
per unit volume and per unit frequency), C = con-
stant given by UNSOLD 8, Z = effective nuclear charge, 
Ne — electron density, T — temperature, vg = "cut-
off"-frequency. 

The Z of argon is taken from calculations made 
by SCHLÜTER 9, using the graph in Ref. 7 . T is as-
sumed to be 15 000 C K. (The calculated tempera-
ture behind the shock front without current but with 
allowance for ionization effects is 10 000 K. The 
error entailed in choosing a rough approximation 
of the temperature is small compared with other 
errors.) 

The two wavelengths at which the measurements 
are made simultaneously are selected from time-
integrated spectrograms to avoid radiation of spec-
tral lines and to avoid coincidence with discontinui-
ties of the Z2-curve, cf. 7 . 

The wavelengths chosen are 

; t l = 5 3 9 0 Ä , /o = 4655 Ä. 

* Fig. 3 a —c, 4 on Table 1452 a, b. 
7 K . P . HORN, H. WONG, and D . BERSHADER, J. P l a s m a 

Phys. 1 ,157 [1967]. 

8 A . UNSOLD. A n n . P h y s . L e i p z i g 33 . 607 [ 1 9 3 8 ] . 
9 D . SCHLÜTER, Z . A s t r o p h y s . 6 1 , 67 [ 1 9 6 5 ] . 



H. KLINGENBERG, F. SARDEI, and W. Z IMMERMANN, Quantitative Experimental and Theoretical Investigations on the Inter-
action of Shock Waves with Magnetic Fields (S. 1449). 

Streak interferograms 
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1 2 3 4 5 

I I I I I 
1 2 3 4 5 

I I 
shadows of — 
electrode bridges 

• shadows of 
electrode bridges 

p0 = 5 torr 
with current 
x = 5470 A. 

Fig. 3 a 

b) p0 = 5 torr 
without current 
/I = 5470 A. 

Fig. 3 b 

Single-picture interferogram 

^ = 5470 A ; pu = 5 torr 
taken with image 
converter camera 
exposure time: 0.1 /<sec 
time after arrival 
of shock front at 
jst . r o w 0 f electrodes: 

220 «sec 

directions of flow 
>- velocity 

3 4 5 
shadows of bridges 

Fig. 3 c 
Fig. 3. Interferograms of the argon plasma flow in the inter-

action region. 

Zeitschrift für Naturforsdiung 24 a, Seite 1452 a. 
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p0 = 2 torr 

between 2 n d - and 3 r i1-

between 4 t h - and 5 , h -

with current 
50 usec /d iv . ; 0.05 V /d iv . 

between 2 ' " ' and 3r<l-

between 4" 1 - and 5 t h -

Pq = 5 torr with current 
50 usec /d iv . ; 0.05 V/div . 

between 2 n d - and 3 r d -

between 4 t h - and 5 t h -
row of bridges 

w ithout current 
50 / ( s e c /d iv . ; 0.05 V /d iv . 

p0 = 5 torr 

F i g . 4 . M u l t i p l i e r o s c i l l o g r a m s o f c o n t i n u u m r a d i a t i o n . 

Zeitschrift für Naturforschung 24 a, Seite 1452 b. 
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The measured values at both wavelengths from 
several shots are used to form a mean value. (At 
I = 4655 Ä the measured iVe-values are about 10% 
lower than those measured at -2 = 5 3 9 0 Ä . ) 

2.2. Atomic density 

T h e f o r m u l a s g iven b y ALPHER a n d WHITE c a n 
be used 5 for evaluating the particle densities from 
measured fringe shifts 5: 

s = L- AnjX (12) 

where L = thickness of plasma slab, An = change of 
refractivity, I = wavelength. 

The fringe shifts caused by changes in the den-
sity of electrons and argon atoms are for a plasma 
slab thickness of 7 mm (and the wavelengths meas-
ured in cm) 

s(Ne) = — 3.12 x 1 0 - 1 3 X ANz, 
S(NA) = + 7.26 x 10 - 2 3 (1 /A ) ANX (13) 

respectively. NE and NA are the number densities 
of the electrons and the heavy particles (neutral and 
ionized argon atoms) respectively. Since the refrac-
tivity of the ionized atoms is nearly the same as 
that of neutral atoms, this assumption is acceptable, 
cf. 5 . 

The fringe shift caused by the electrons varies 
linearly with the wavelength, while the fringe shift 
caused by the atoms varies linearly with the reci-
procal of the wavelength. To determine the electron 
and atomic densities simultaneously, measurements 
have to be made at two different wavelengths. In 
these experiments the wavelengths 

XX = 4840 Ä and / , = 6610 Ä 

are used. So the changes in the electron and atomic 
densities are given by 

ANe = 1.68 x 1017- (0.661 -5^6610a - 0.484 
'SI = 4840 A) [ c m - 3 ] , 

z1/VA = 2 .18X 1018- ( 0 . 6 6 1 = 4840A — 0-484 (14) 
•^ = 6610A) [ c m - 3 ] . 

The errors amount to 

A(ANe) ^ ±1.9 xlO17 As [ c m - 3 ] , 
A{ANa) 2.5 xlO18 As [ c m - 3 ] (15) 

where As is the error in determining the fringe 
shift. In the presented case this error is approxima-
tely 0.1 resulting in 

z l ( z l / V e ) « ± 1 . 9 x l 0 1 6 [ c m " 3 ] , 
A (ANA) « ± 2.5 x 1017 [ c m - 3 ] . (16) 

It is found from the interferometric measurements 
that the electron density is of the order of the error 
value. Therefore the electron density was measured 
by the spectroscopic method too and from this the 
fringe shift caused by the electrons was calculated. 

The measured total fringe shift is 

S = S(Na) +s(NE). ( 1 7 ) 

After measuring the total fringe shift 5 at a wave-
length Xx = 4860 Ä and the change in the electron 
density ANE by spectroscopic means the change in 
the density of the atoms can be calculated with help 
of the following equation which results from (13) 
and ( 1 7 ) : 

AN A = 6.7 x 1017 Sx, + 10.0 ANE [ c m - 3 ] . (18) 

The total density of the heavy particles is then 

N = N0 + ANA = Ar0 + 6.7 x 1017 S l l + 1 0 . 0 NE [ c m - 3 ] 
(19) 

(N0 = atomic density ahead of primary shock front, 
AN, = NE as there are no electrons ahead of the pri-
mary shock). 

The error in evaluating the fringe shift is 
As znO.l and in measuring the electron density is 
A (7Ve) « + 0 . 4 x 1016, resulting in 

A{ANA)~±\W [ c m - 3 ] . ( 2 0 ) 

At the other wavelength X2 = 6610 Ä there is a simi-
lar formula, but at this wavelength the error is grea-
ter by a factor of about 1.5. Therefore, the values 
obtained at this wavelength were only used for 
checking the other ones. 

The error of ± 1017 [ c m - 3 ] (20) found by using 
the spectroscopic method (18) is a factor of about 
2 lower than that [see Eq. ( 1 6 ) ] in the evaluation 
using the two-wavelength method i. e. Eq. (14 ) . 

The mass density is 

q = N • m\ = N • 6.63 x 1 0 - 2 3 [ g r / c m - 3 ] . (21) 

3. Results of spectroscopic measurements 

To test the spectroscopic method the first meas-
urements of the electron density were made on the 
shock-heated plasma without magnetic field, i. e. 
without currents flowing. The electron density of 
the shock-heated plasma can in this case be calculat-
ed for the equilibrium state, cf., for example4 , 1 0 ' 

10 H. KLINGENBERG and H. MUNTENBRUCH, Report IPP 3/45, 
Nov. 1966. 

11 H. NETT, Report IPP 3/43, October 1966. 
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Figure 5 shows the calculated and measured values 
for equilibrium conditions. The error spreads of the 
calculated values are determined by the error in the 
measurements of the shock Mach number. 

•10" 

1.0 -

0.5 -

0,1 -

ne [cm'] 

0.1 
x calculated 

0,5 1 2 

a measured 

10 P0 [torr] 

Fig. 5. Calculated and measured values of electron density of 
shock-heated plasma vs. initial pressure (equilibrium, no mag-

netic field). 

At low initial pressures the values agree fairly 
well. With increasing initial pressure starting from 
p0 = 5 Torr, the measured values increase, while the 
calculated values decrease. At p0 = 5 Torr error 
spreads will overlap. These results show that the 
method is reliable at least up to this pressure. The 
discrepancy at higher initial pressures is presum-
ably caused by the impurities producing the secon-
dary fronts in the streak pictures, cf. 2. (Very 
small particles are swept up and carried along by 
the flow.) 

With current flowing, the electron density is 
higher compared with the former case. Figure 6 
shows, as an example, the measured electron den-
sity in three dimensional representation vs. time t 
and distance x for p0 = 5 Torr. The coordinates cor-
respond to those of Fig. 8. The measuring points 
are situated in the middle between the rows of the 
electrodes. 

The electron density increases in the downstream 
direction, but more distinctly towards the end of the 
interaction region, thus demonstrating the influence 

error: ±157. 

10^/20 3 0 / 4 0 / ' 5 0 6 V 7 0 / / 8 0 90 100 * [mml 
, / y / / , / > ,< / 

0/V 0.2/ / 0 .40 .$ / / 0.81.Ö V2 U 
/ / / / / / / / 

position of electrodes 

Fig. 6. Measured electron density vs. time and distance; p 0 = 5 Torr. The origin of the time coordinate corresponds to the ar-
rival of the shock front at the upstream boundary of the interaction region. The interaction region is between 13 and 83 mm. 
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of the currents. The increase with time is especially 
pronounced at the last measuring point betwen the 
fourth and the fifth rows of electrodes. The maxi-
mum value is about three times the equilibrium 
value without current. 

4. Results of interferometric measurements 

To check the interferometric method, measure-
ments of the atomic density were made immediately 
behind the primary shock front. The ionization in 
this region is low, because of the relaxation length 
in argon and the atomic density can be calculated 
by solving the Rankine-Hugoniot relations without 
taking ionization effects into account, cf. 10' n . Fi-
gure 7 shows the calculated and measured atomic 
densities immediately behind the shock front. The 
values agree within the estimated errors. 

Figure 8 a shows as an example the measured 
atomic density with current flowing as a function of 
the time t and the distance x for p0 = 5 Torr. The 
curves represent mean values taken from three shots. 
(Measurements at initial pressures below 2 Torr 

Fig. 8 a. Measured atomic density vs. time and distance; p 0 = 5 Torr. The origin of the time coordinate corresponds to the ar-
rival of the shock front at the upstream boundary of the interaction region. Interaction region as in Fig. 6. 

Fig. 7. Atomic density immediately behind the shock front vs. 
initial pressure of the argon test gas. 

gave no useful result because the density was too 
low and because the error was too large.) 
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--0.2 '0 0.2 0.4 0.6 0.8 1.0 1.2 14 X 

Fig. 8 b. Calculated values of dimensionless density vs. dimensionless distance and time. 

The profiles show, after the jump across the shock 
front, first a decrease to a minimum, then an in-
crease to higher values with increasing time at all 
^-values. In downstream direction there is, at ear-
lier times, a rise to a maximum followed by a de-
crease; at later times, a decrease to a minimum 
followed by an increase. There is no evidence of a 
discontinuity indicating a secondary reflected shock 
front. 

The velocity of the primary shock could be evalu-
ated from the interferograms. The velocity of the 
shock is still not changed in the interaction region 
at p0 = 5 Torr as compared with the case without 
current flowing. 

IV. Results of Theoretical Investigations 

The theoretical investigations are done for the 
same pressure range as the experiments. For com-
parison the results of the 5 Torr calculations are 
presented here. From experimental results1 '2 and 
the calculations 4 the values 

y, M1,N1, /max, K 

can be determined {Mx being used in the Rankine-
Hugoniot equations). These values for p0 = 5 Torr 
(at Mf. = shock Mach number = 10.2) are as follows: 

Mi 
= 1.4 
= 1.56 

Nt = 0.9 
A n a x = 0 . 2 3 

K = 0.35 

where 
L = 7 cm 
B0 = 6.8 kG 
/max = 1 2 0 A/cm 2 

are used. 
Figure 8 b shows results of the calculation of the 

profiles of dimensionless density vs. dimensionless 
distance and dimensionless time. The velocity of the 
primary shock is practically unchanged in the inter-
action region. A secondary reflected shock wave 
forms at A = 0.48 and r = 4.15 and then propagates 
upstream, finally leaving the interaction region. At 
later r values the dimensionless density should ap-
proach the steady-state condition, cf. 2 ' 3. Behind the 
reflected shock the dimensionless density decreases 
to a minimum with increasing distance. Behind the 
primary shock wave the density first decreases and 
then increases with increasing time ( for all A-values 
in the interaction region) . 

V. Discussion 

There is agreement between experimental results 
and theoretical predictions (Fig. 8) but only at early 
times after the passage of the primary shock front. 
The fact that the primary shock velocity is not 
changed also agrees with theory within the errors of 
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measurement. A reflected shock, however, was not 
found. 

At later (intermediate) times the density through-
out the whole interaction region decreases to a value 
much lower than that behind the unperturbed pri-
mary shock. This strong expansion is in contradic-
tion to the theory. 

At still later times an increase in the density is 
observed with a relative minimum near to the cen-
ter of the interaction region, this minimum even 
growing to values above that observed behind the 
unperturbed primary shock. This compression re-
gion certainly extends beyond both boundaries of 
the assumed interaction region. The increase in the 
upstream direction could be made consistent with 
the theory by assuming a reflected shock wave 
(which already must be outside the interaction re-
gion) . The density increase in the downstream di-
rection on the other hand is not in accordance with 
the theory. 

A complete understanding of these phenomena is 
not possible at present. The current density was cal-
culated by postulating an almost homogeneous cur-
rent distribution in the asumed interaction volume. 
In reality the current density can be rather inhomo-
geneous. Therefore it is not surprising that the theo-
retical predictions agree with experimental results 
only to a limited extent. Moreover ionization effects 
have not been taken into acount by the theory but 
they might be large enough to give significant im-
provement in the agreement between theory and ex-
periment. 

In previous investigations1, a luminous front 
standing in the interaction region was observed by 
means of streak photographs. The results described 
here were produced with another measuring cham-
ber having tungsten electrodes. With these electro-

des the arcs struck immediately behind the shock 
front, while in the previous case they struck later 
in the relaxation region. Because of this the inter-
action force here was higher, which may sustain the 
assumption that a reflected shock front exists in the 
upstream region. 

VI. Concluding Remarks 

This first comparison between calculations and 
measurements will be continued. The theory will be 
improved by taking ionization effects, and possibly 
radiation losses as well, into account. Furthermore, 
measurements of the current density should improve 
the physical model. Measurements of flow parame-
ters at several different values of the interaction 
strength are also necessary to compare the im-
proved theory with experimental results. But precise 
density measurements are only possible at high ini-
tial pressures at which the interaction strength can 
be raised only by raising the magnetic fields, c f 2 . 
These higher magnetic fields can be produced by 
field coils, as described in 2, which are powered by 
a pulse current of 5 kA for 1 sec. Unfortunately 
the available Mach-Zehner interferometer can not 
be used in conjunction with these coils, because it 
is made of ferromagnetic material. A Mach-Zehnder 
interferometer made of non-magnetic material is 
under construction and will enable us to extend our 
investigatios to higher magnetic fields. 
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