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ABSTRACT 

Space and time resolved measurements of electron density and 

temperature have been made in the reflected-shock plasma produced 

by a Mach 20 incident shock wave propagating in argon at an initial 

pressure of 1.5 Torr. The peak electron density was found to 

decrease away from the reflecting wall in such a way that the plasma 

was fairly uniform at all times. Close to the reflecting wall 

(0.2 or away) the measured peak electron density was close to (i.e. 

about 20% lower than) the predicted equilibrium value but further 

away (1.0 cm) it was lower by a factor 4. Possible reasons for this 

discrepancy are discussed. Calculations of reflected-shock plasma 

structure based on incident shock structure are only partially 

supported by available experimental evidence 
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INTRODUCTION 

The properties of the hot gas behind a shock wave propagating in 

one of the noble gases are now well understood. In particular the peak 

electron and atom densities agree well with values predicted by the usual 
1 2 Rankine-Hugoniot theory ' . There appear to be no significant deviations 

from LTE and boundary layer effects seem to be relatively unimportant 

when the shock-heated gas is used as a spectroscopic light source. The 

relaxation zone between the shock wave and the electron density peak is 

also well understood and experiments seem to support the theoretical 

descriptions of this zone. A recent review of this work together with 
4 references is given by Gronig . The features of the radiation cooling 

zone following the electron density peak have also been adequately 

explained ' . Oettinger and Bershader , among others, have thoroughly 

investigated the complete structure behind shock waves propagating into 

argon and have obtained excellent agreement with the theoretical 

descriptions. 

The doubly-shocked gas behind a reflected shock wave is also 

potentially very useful as a spectroscopic light source because of its 

even higher density and temperature. Unfortunately, its properties are 

not well understood and in fact deviate severely from theoretical pre-
0 

dictions. Carls found that in krypton the electron density was only 
2 about 30-40% of the expected value. Bengston et al studying reflected 

shocks in neon found the electron density to be 30% lower than predicted 
9 by the standard Rankine-Hugoniot theory. Dangor and Chowdhury , using 

helium in a T-tube found the electron density to be only half of the 

expected value as did Thornton and Cambel . In those cases where 

electron temperature measurements were reported these values were found 
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9 to be higher than predicted by as much as 30% • 
B 

Carls suggested as possible sources for these large discrepancies 

the following: deviations from LTE, boundary layer effects, non-constant 

shock wave speed (i.e. attenuation) and radiation cooling. He found the 

effect of radiation cooling in the relaxation zone to be unimportant 

and dismissed the effect of shock wave attenuation as unlikely to be 

of sufficient magnitude to account for the great discrepancies observed. 
a 

Carls emphasized thav if there are discrepancies between the measured 
and predicted conditions behind the incident shock then the discrepancies 

will be even greater behind the reflected shock, and therefore one must 

have a clear understanding of the incident shock plasma. He noted the 
12 good agreement for the incident shock case observed by Horn et al 

and by Meiners i.nd Weiss , experiments which were performed with a com

bustion-heated driver and an arc-heated driver, respectively, and suggested 

that this agreement iright be related to the higher densities and 

temperatures achievable by the faster shock waves produced in such devices. 

It would in fact seem, from the work of Meiners and Weiss ' and from 
5 7 12 the good agreement reported by others ' ' , that LTE is achieved behind 

the incident shock wave under the conditions they used. It would also 

seem that the effect of the boundary layer on electron density behind 

the incident shock is small on the basis of interferometric and spectro-
3 scopic measurements made across a shock tube diameter . 

We have undertaken a new investigation of both the incident and 

reflected shock plasmas in argon under conditions closely similar to 
5 7 12 the incident shock wave work of Bershader and co-workers ' ' . In 

particular we have made space-resolved measurements of the electron density 

and electron temperature as functions of distance from the reflecting wall. 
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EXPERIMENT AND RESULTS 

The experiments were performed in an electric-arc driven diaphragm 
13 shock tube the design and operation of whichhave been described elsewhere ' 

The shock tube was of 5 cm inside diameter and the reflecting wall was 

placed about 1.7 m from the diaphragm. The driver section contained 

helium, initially at atmospheric pressure, which was heated by an axial 

discharge between ring electrodes. Shock waves in the Mach 20 range 

were obtainable in argon test gas initially at a pressure of about 1.5 Torr. 

To measure simultaneously the electron density and temperature of 

the plasma formed near the end wall after shock wave reflection a two-

wavelength optical absorption technique was used . For this purpose a 

pair of plane windows was fitted into the shock tube near the end wall 

in order to transmit the two coincident laser beams along a tube diameter. 

The end wall was movable in order to vary the distance X in front of the 

wall at which measurements were made. The wavelengths used were 633 nm 

from a He-Ne laser, which is in the continuum region of the argon 

spectrum, and 488 nm from a pulsed argon-ion laser, which is resonant 

with a transition of the All species present in the plasma. The plasma 

transmission coefficients for these two wavelengths have different 

functional dependencies on electron density, n , and electron temperature, 

T , so that both quantities may be determined. Figure 1 shows a schematic 

diagram of the absorption experiment and the relevant portion of the 

shock tube. Double transit of the laser beams through the plasma 

(making the absorption path length 10 cm) is provided for in order to 

increase the sensitivity of the measurement when necessary. It was 

necessary to monitor the 488 nm laser intensity and to record the background 

emission of the plasma at both 633 nm and 488 nm in order to determine 



the absorption accurately. Prisas were u^ed as a means of combining 

the two laser beams in order to ensure their coincidence through the 

plasma, and to subsequently separate them before detection. The lenses 

serve both to focus the beams at the center of the shoch tube, so 

improving the spatial resolution (to about 0.5 mm), and to compensate 

for the slight beam deflections caused by possible transverse density 

gradients. Full details of the technique and analysis of possible errors 

are given in reference 15. 

All measurements were made for a shock wave of speed 6350 ± 50 ms"1 

travelling in argon with initial temperature 290 K at a pressure of 

1.5 Torr. The reflected shock plasma extended for about 1.5 cm from 

the reflecting 'all and measurements were made at positions 0.2 cm - 1.25 cm 

from the wall. The incident shock wave speed was measured digitally by 

timing its flight between two flush-mounted pressure transducers located 

15 cm and 35 cm in front of the wall. A streak camera was also used to 

measure the incident and reflected shock speeds and to record the extent 

of the plasma produced by both the incident and reflected shock waves. 

As a preliminary experiment to check the shock tube performance 

we examined the electron density profile behind the incident shock. 

The peak electron density was measured using the two wavelength absorption 

technique and agreed within experimental errors with the expected 

equilibrium value. Relative measurements of the emitted continuum 

were a)so made. This experiment confirmed that the structure of the 

plasma behind the incident shock wave is closely the same as that observed 

by others. In particular the measurements of n and T in the radiation 

cooling zone are consistent with the theoretical treatment of references 

6, 7 and 12. Those authors showed that the energy loss due to line 

radiation could be taken into account to a good degree of accuracy by 
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doubling the loss rate due to continuum processes. In our experiments 

this procedure also gives a good fit to the n and T data of the 

decaying plasma. Ne conclude therefore that there is nothing unusual 

about the behaviour of our shock tube. 

Measurements of the electron density and electron temperature in 

the reflected shock plasma are shown in Fig. 2 and Fig. 3 respectively, 

as functions of time for several positions X in front of the wall. Note 

that the error bars represent systematic uncertainties in the values of 

the fundamental physical quantities which are used in calculations of 

n and T from the absorption measurements. Each curve shown is an 

average of three shots and the random errors are small compared to the 

systematic errors. Expected equilibrium values are also shown. Due 

to apparatus limitations it was not possible to make reliable measurements 

closer than 0.2 cm to the reflecting wall but in the range of X 

accessible (0.2 cm to 1.5 cm) it can be seen that at any chosen instant 

of time the properties of the plasma are fairly uniform, the magnitude 

of spatial non-uniformities being less than the departures from equilibrium 

values. At any value of X, the electron density decreases in time 

consistent with an energy loss rate which is double that due to continuum 

processes. This is an important empirical fact not only because it 
6 7 12 extends the findings of others ' ' to higher values of n and T but 

also because it shows that no anomalously high loss rates are present 
o 

to accotint for discrepancies in the reflected shock plasma . The over

shoot in T above the equilibrium value is also noteworthy in Fig. 3. 
9 A similar feature has been observed in helium as well . 
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DISCUSSION AND CONCLUSIONS 

It is clear from Fig. 2 that with increasing X the measured peak 

electron density drops from a value which is close to the expected 

equilibrium value to only about 25% of it at the observation point furthest 

from the end wall (X = 1.25 cm). This extreme discrepancy is similar 
g 

in magnitude to that observed by Carls in krypton. 

In an attempt to explain the decrease with X we considered 

theoretically the propagation of the reflected shock wave back through 

the nonuniform plasma behind the incident shock. The structure behind 

the incident shock is often discussed in three regimes . In regimes I 

and II the electron density grows through atom-atom and electron-atom 

collision processes respectively. Following the attainment of a maximum 

value which very closely equals the expected equilibrium value, regime III 

begins and is characterised by decreasing electron density and temperature 

due to radiative energy loss and recombination. While the electron 

density decreases the mass density actually increases. 

An accurate theoretical treatment of the reflected shock wave 

propagation back through the nonuniform regimes I, II and III is extremely 

complicated. We have made some gross simplifications in our treatment 

which should however indicate general features of the reflected shock 

plasira resulting from this interaction. These simplifications were 

based on four experimental facts. Firstly, we note that the reflected 

shock speed was experimentally found to be constant. fThe measured 

speed of 800 ms"1 was 20% lower than expected but this discrepancy is 

insignificant because of the high flow speed of about 5000 ms 1 behind 

the incident shock.) Secondly, streak camera photographs of the 

reflected shock plasma show no evidence for multiple wave ieflections. 
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Thirdly, the interaction of the reflected shock wave with the contact 

surface appeared to be such as to indicate that a condition close to 

"tailoring" was present. Finally, streak photographs showed no indication 

of gas flow relative to the reflecting wall in the reflected shock plasaa. 

We therefore feel justified in crnsidering the propagation of a constant 

speed reflected shock wave through the nonuniform incident shock plasma 

and in ignoring any possible multiple wave processes. The latter 

simplification is further justified a poster-ton by the fact that the 

pressure structure calculated for the reflected shock plasma was uniform 

to within 12%. 

The first step in the calculation was to compute the incident shock 

structure which, as explained above, was a close match to our experimental 

results except possibly in regime I where impurity effects are important. 
7 We used the theory of Oettinger and Bershader and,as a check on our 

numerical scheme,successfully reproduced their published results. Next 

we approximated the incident shock plasma structure by a stepwise 

distribution and the properties of each slice were used as the initial 

conditions into which the reflected shock propagated consecutively. The 

same structure equations were used for the reflected shock wave as for 

the incident shock. The peak values of relevant parameters such as 

electron density were recorded. Assuming that the reflected shock plasma 

had zero flow velocity relative to the reflecting wall as indicated by 

experiment (the computations in fact showed a small flow of order 

102 ms"1) the position in the reflected shock plasma relevant to the 

particular slice ot the incident shock plasma could be determined. 

The electron density profile computed in this way is shown in Fig. 4 

along with the experimental results. Ignoring for now the region close 



9. 

to the end wall (X «* 0.2 cm) the computed peak electron density is a 

slowly increasing function of X whereas the experimental results decrease 

markedly with increasing X. This computed behaviour is due to the 

increase of mass density with distance behind the incident shock in 

regime III. Boundary layer effects would exaggerate the increase in 

mass density and hence make the computed curve in Fig. 4 a more rapidly 

increasing function of X. Returning to the region of Fig. 4 close to 

X=0 a deep minimum in the computed curve is seen. Note that this is 

not due to end-wall cooling because this effect was ignored. It is due 

to relatively low values of mass density in regimes I and II of the 

incident shock. Unfortunately our experiments did not permit 

investigations of this region. However some experimental evidence in 

support of a minimum of electron density close to the wall (and hence 
13 in support of our computations) is contained in a previous paper in 

which we studied the head-on collision of two identical shock waves. 

Streak camera photographs showed a region of low luminosity at the point 

of collision of the shock waves. 

In Fig. 5 we show the computed behaviour with X of the peak values 

of electron temperature together with measured values. It is interesting 

to note that the computations yield a temperature overshoot above the 

expected equilibrium value, a phenomenon which is consistent with our 

measurements. As in the case of electron density, the computed temperature 

behaviour shows a minimum near the wall. The agreement between the 

measured and computed temperatures is better than in the case of electron 

density and appears to extend over a significant range of X. 

In conclusion it appears that our computations of the reflected 

shock structure are partially supported by experiment but there exists 
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some as yet unidentified explanation for the increasing degree of 

discrepancy observed between measured peak values and expected values 

of electron density as the distance X from the wall increases. 

It is possible to match the experimental dependence of n on X by 

postulating a decrr ising mass density in regime III behind the incident 

shock. This situation could arise for example by isobaric mixing or 

diffusion of light helium driver gas across the contact surface. However 

quantitatively matching in this way has implications for the structure 

of regime III which are inconsistent with our measurements in the 

incident shock plasma which have already been discussed. It would seem 

therefore, from the evidence contained in this work and other reported 

research, that the source of the observed discrepancies probably lies 

in processes peculiar to the reflected shock plasma such as the 

interaction of the reflected shock wave with the side-wall boundary 

layer behind the incident shock wave. Our measurements of the dependence 

of n on X showing increasing discrepancies further from the end wall 

would seem to suggest that the influence of the end wall is not very 

important. 

Summarizing, we have found that at a particular time after shock 

reflection the reflected shock plasma is fairly uniform. Our experiments 

show that close to the end-wall the peak value of the electron density 

is close to the expected equilibrium value. However the measured peak 

value decreases sharply with distance from the end-wall. 
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FIGURE CAPTIONS 

Schematic diagram of the two-wavelength absorption 

experiment to measure n and T in the reflected 

shock plasma. With mirrors M3 and M5 in place and 

beam-splitter BS removed the laser beams traverse 

the plasma once only. For greater sensitivity the 

absorption path length can be doubled by removing 

M3 and M5 and inserting BS. 

Electron density as a function of time for five 

different axial positions in the reflected shock 

plasma. 

Electron temperature as a function of time for five 

different axial positions in the reflected shock plasma. 

Peak electron density as a function of distance from 

the reflecting wall. 

Peak electron temperature as a function of distance 

from the reflecting wall. 
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