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INVESTIGATION OF HE DRIVEN CYLINDRICAL LINER 

Tai-Ho Tan and Stanley P. Marsh 
Los Alamos National Laboratory 

Los Alamos, NM, 87545, USA 

ABSTRACT 

We have recently developed a technique that potentially can compress most materials 
to densities much higher than their original values and shock them hard enough to undergo 
phase changes to various partially ionized states. The process involves using high explo- 
sives to drive a thin cylindrical liner so that it will progressively implode and converge 
along the axis at very high velocity. The device is simple yet versatile. Its configuration is 
ideally suited as a compact laboratory for the investigation of the behavior of dense media 
under extreme conditions. Code simulations show that h e r s  made from most metals can 
be successfully imploded to converge on axis, producing over 10 MB pressure. For exam- 
ple, a 2D hydrocode calculation predicts that in a simple configuration where a hollow core 
PBX-9501 explosive cylinder is corner initiated to drive a thin seamless 304 SS tubing, the 
fmal convergence velocity can exceed 1 c d p s  to produce a 15 MB pressure at impact as the 
density increases to 19.5 g/cc. The temperature from shock heating rises rapidly above 
8 eV, and the result is a combination of radiation and plasma emissions. We have carried 
out several experiments with a wide array of diagnostics to investigate the implosion dy- 
namics and final state interaction phenomena, and the results are compared with the code 
predictions. Radiographs of the liner implosion strongly indicate that the hydrodynamic 
processes are well behaved and calculable. Temperature measurement from the optical 
radiation is generally consistent with the code prediction, which implies that the selected 
EOS table used is reasonable. The velocity of the plasma front is measured by using optical 
pins and fast framing photography, and is found to lie between 11-17 cdps .  Fast framing 
photographs were taken with the aid of self luminous light to observe the evacuated cham- 
ber inside the imploding liner. The dynamics are very complex. Different final states can 
be observed by varying the material and liner thicknesses. The data can serve to check the 
physical model used, in particular in the regime that is not directly accessible. The experi- 
mental results and their comparison with the calculation are discussed. 

I. INTRODUCTION 

Several experiments have been performed to investigate the complex dynamics that occur 
inside the cavity formed by the phased implosion of a high explosive driven cylindrical liner. 



These experiments are motivated by the results of hydrocode calculations which show that ex- 
tremely high impacting pressure and temperature can be reached when a very thin metallic liner 
is imploded on axis at very high velocity. For example, when a hollow core HE cylinder is cor- 
ner initiated to drive a thin stainless steel tubing, the final convergence velocity is predicted to 
reach above 1 c d p s ,  thus producing a 15 MG pressure at impact as the density is shock com- 
pressed to 19.5 gkc. The temperature from the shock heating rises rapidly above 8 eV and is 
then followed by a combination of radiation and plasma emissions. The process can continue 
for m y  microseconds as the phased implosion proceeds down the length of the cylinder, and 
the evolving dynamics can be observed from the open end of the cylinder. The presence of 
structures in the expansion front and the maintenance of high temperature during the expansion 
are predicted, too. Simulation also shows that the plasma flow can be perturbed and hydrody- 
namically redirected to converge into a smaller region. These are intriguing code predictions that 
if proven valid will provide us with a means to investigate a variety of topics in interesting dy- 
namic regimes. In these exploratory experiments, the HE initiation simultaneity and liner integ- 
rity are closely monitored to ensure that the implosion is symmetrical and free from evidence of 
material failure. Radiographs of implosions are compared with those from numerical simula- 
tions. Finally, multiple diagnostics that include an extensive array of time and spatially resolved 
instruments are employed to measure the history and profiles of radiation emission and plasma 
expansion. In this paper we will report primarily results from the stainless steel liner experi- 
ments. It will include samples from code design calculations and a discussion of the device and 
experimental setup, diagnostic instrumentation, data and code comparisons. 

11. SAMPLE CALCULATIONS 

The 2D hydrocode calculation is the tool that provides the critical guidance in the design 
and the execution of the experiments. The calculation also dictates the selection and fielding of 
diagnostics. A few examples from the phased implosion of a stainless steel liner are provided 
here to facilitate the discussion later. Similar calculations have been extended to other materials 
for comparison but will not be presented. Bear in mind that the EOS input plays a critical role in 
the outcome of the calculations. These EOS values are often not totally derived from measure- 
ment, but rather from calculations based on a complicated set of physical models. This is spe- 
cially true when the tables cover the entire domain that ranges from solid state to partially ion- 
ized gas. Zone size is another critical factor that affects the simulation results. An end cap is 
incorporated into the design calculation to ensure that the experimental chamber can be evacu- 
ated to low pressure and tightly sealed from gas leaks under intense dynamic loading. 

Figure 1 shows some snapshots of the implosion from the calculations. The calculation time 
starts at zero when the comer of the HE cylinder is initiated. To count from the firing unit dis- 
charge, an additional 15.2 ps burn time must be added. Figure la  shows the device setup and the 
progression of the HE detonation wave at 2 ps after the corner initiation. Figure 1 b illustrates the 
liner implosion at 10.5 ps, i.e., 0.25 ps after the initial collapse on axis. The maximum com- 
pressed density is calculated to be 19.5 g/cc, while maximum pressure and temperature are 
15 Mbars and 8 eV respectively. At this temperature the generated hot gas will be partially 
ionized. The simulated event at 1 1.5 ps is shown in Fig. IC where the expansion envelope is 



moving at a speed of about 6 c d p s ,  and closer examination reveals a wavy structure that sug- 
gests the presence of plasma instability. The dynamic profile at 12.0 ps is illustrated in Fig. 1 d, 
and it coincides closely with the time of the radiograph. At later times, the calculation shows the 
hot gas to continue expanding and persisting with strong sign of instability at the expansion 
front. The temperature in the expansion envelope remains high but may be a numerical artifact 
since the code does not take into account any heat loss. Eventually, at 17 ps the bulk of the hot 
gas with density in the 10” g/cc regime and higher begins to reach the port glass to generate a 20 
eV temperature at impact. The fastest component, but with very low density, can move at a rate 
exceeding 14 c d p s  and reach the port as early as 13 ps. A cluster of much higher density liner 
debris traveling at a speed of 1.8 c d p s  eventually reaches the port at around 21.5 ps and gener- 
ates a 25 eV temperature on impact. 

111. EXPERIMENTS 

A. Device Description and a Typical Experimental Setup 

The device description and arrangement of a typical experiment are illustrated in Fig. 2. 
The device, which consists of a simple hollow core PBX-9501 high explosives cylinder (13.5 cm 
o.d x 5.08 cm i.d. x 13.5 cm long), is corner initiated to implode a 5.08 cm o.d., 0.081 cm thick, 
seamless 304 SS tubing. The ring initiation is accomplished with a single detonator by means of 
a thin-wall conical structure fabricated from a 0.2 cm thick deta sheet. A 0.48 cm thick stainless 
steel disk is welded at one end of the liner to serve both as a vacuum-tight cap and an explosives 
debris shield. The open end of the liner is glued to an expansion chamber, which is typically 
20 cm diam by 30 cm long, to facilitate diagnostic measurements. The chamber is made either 
from plastic or aluminum and may be evacuated or backfilled to any level of pressure. To avoid 
impeding the plasma expansion and propagation of uv and higher frequency radiation, the cham- 
ber is usually evacuated. A plastic chamber is employed when a vacuum above a few millitom 
is adequate and it enables cameras to view sideways directly through the chamber. A metal 
chamber is chosen when higher vacuum is needed. The end plate generally includes several di- 
agnostic ports even though some are not shown in the figure. 

B. Itemized Diagnostics and Functions 

An extensive array of diagnostic instrumentation is fielded in each of the shots. These diag- 
nostics are designed to assess the shot performance and to reveal temporal and spatial informa- 
tion that can be correlated with the details of code simulations. Some shown in the figure are not 
fielded in every shot. Often, 8 electrical pins are placed around a collar at the left hand corner of 
the HE cylinder to measure the initiation simultaneity. A radiograph is taken to assess the im- 
plosion symmetry and dynamics. A time and spectrally resolved multichannel optical fiber de- 
tector system is employed to record the history of liner implosion dynamics, with the receiving 
end of the fiber bundle being placed near the focal point of a 5.08 cm diam lens for uniform 
tracking along the imploding liner interior. Typically, the detectors are calibrated and arranged 
to cover four orders of magnitude in dynamic range with neutral density filters. Three channels 
are usually allocated for filtered red, green and blue light. Sharing the view along the axis with 
the aid of a beam splitter are usually several time-resolved cameras; they can be a combination 



of a rotating mirror camera, an IMACON framing camera and a set of high dynamic range, fast 
gated cameras. A gated 1024-channel optical spectrometer is sometime fielded to grab an in- 
terval of light emission for absolute spectrum determination, and it provides an in-situ calibra- 
tion for the fiber detectors. An IMACON framing camera viewing sideways through the 
plastic chamber is fielded to record the expansion of plasma and liner debris. Optical pins 
are introduced infrequently to measure the plasma expansion velocity because they are intrusive 
to the experiment. Four bolometer channels are fielded in one experiment to see if they are sen- 
sitive enough to measure the uv, vuv and soft x-ray emissions in the low energy level we are 
anticipating. 

C. Results and Comparisons with Code Predictions 

In all the experiments the electrical pin data have consistently shown that the HE initiation 
around the corner of the cylinder is simultaneous to within t- 0.025 ps and the starting time at 
15.2 ps after the firing discharge agrees well with a simple burn propagation estimate. All the 
experimental times are measured fi-om firing unit signal. A radiograph exposed for 200 ns at 
26.9 ps is shown in Fig. 3, and it provides a wealth of dynamic information after the initial axial 
collapse, which includes the size and shape of the imploding liner over its entire length, shock 
reflection into the expanding HE gas, and behavior of the sealing end cap. The profile fi-om the 
calculation overlaps remarkably well with the observed features, giving us confidence in the 
predictive capability of our hydrocode. 

Figure 4 represents the data fiom a typical fiber optic channel, and in this case fiom a 
2.7 ND-filtered channel. The signal starts at 2 5 . 5 ~ ~ ~  which is exactly the calculated time of ini- 
tial axial collapse. It rises steeply to reach the first peak in about 1 ps as may be explained by 
plasma expansion into the imploding wall. The maximum temperature between 26.25 to 
27.25 ps is estimated to be 8 eV based on an in-situ comparison with the spectrum fkom the 
gated spectrometer. This is in agreement with the code prediction. Interpretation of the continu- 
ous intensity increase before the second peak is less certain. There may be a contribution from 
larger area emission as the plasma fills the liner diameter, or hot spots generated by plasma in- 
stability and continuous phased implosion. The calculation does predict maximum temperature 
to remain between 8-10 eV during the expansion. The location of the second peak at 32 ps with 
more than double the first intensity coincides well with the calculated arrival of plasma at the 
glass port, which can generate very high temperature upon impact. The presence of the third 
peak at 36.6 ps with triple the intensity of the first peak appears to correlate well with the calcu- 
lation which predicts the impact of a cluster of higher density debris with the glass port. The ab- 
sence of light at time earlier than 25.5 1 ps suggests that no hot HE gas has leaked into the vac- 
uum, a conclusion supported, too, by a lack of disturbance in the end cap as shown in the radio- 
graph. 

Two sets of IMACON images viewing sideways through the plastic chamber wall were re- 
corded, each at 0.5 ps intervals. With only a 1 -ND filter the camera clearly records the event 
when the underdense plasma impacts the glass port 32 cm downstream fiom the exit end of the 
liner. From this we estimate the fastest plasma expansion velocity to be between 12-17 c d p s ,  
which is consistent with the calculated 14 cm/p  and supported by the pin measurements in a 
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separate but related experiment. This observation clearly supports the high temperature estimate 
from the visible light measurements. As the expansion density increased the self-luminous gas 
quickly saturated the IMACON and distorted the images. The second set of IMACON photo- 
graphs, shown in Fig. 5, was taken with 2-ND filters to suppress the underdense plasma light. 
We begin to see self-luminous debris entering the plastic chamber at 29.5 ps. This debris ad- 
vances at an estimated 1.9 cdps. This is consistent with the code prediction of a debris cluster 
traveling at about 1.8 c d p s ,  and is the feature responsible for producing the third peak in Fig. 4. 

The usefulness of ultrafist fkaming photography of the imploding liner interior is con- 
strained by its inability to accommodate the rapid variation in the object location and light emis- 
sion intensity. In one setting with an IMACON camera operating at 0.17 ps framing interval, the 
electronic images were saturated because of insufficient intensity attenuation. It renders the data 
useless even though some structures are visible. In another setting, a rotating mirror camera im- 
aging on color film at 0.5-ps intervals for a total of 26 frames was employed, but focused on 
events inside the expansion chamber. As a consequence, the first eleven frames yielded no in- 
formation on the collapsing cavity because of over exposure from the HE light near and around 
the port flange. At 29.5 ps, a cloud-like image appeared and it began to expand for the next sev- 
eral microseconds. The time sequence corresponds closely to the debris cluster observed by the 
sideways viewing IMACON. The expansion soon reaches the glass port and the impact and 
punch-through are all clearly visible. The occurrence corresponds perfectly with the light emis- 
sion signature recorded by the fiber optic detectors and the code modelling. Finally, in order to 
be sure that we get good data inside the cavity, well focused snapshots were taken with two fast- 
gated electronic cameras at 0.6- and 1.1 -ps after the liner collapsed. Appropriate ND filters were 
used to accommodate the emission level corresponding to the calculated temperatures. Although 
both exposures yield data, only the one taken at 1.1 ps is shown in Fig. 6. The appearance of 
structures in the intensity distribution suggests non uniformity in density andor temperature, 
which indicates strongly the presence of turbulence and hot spots. Similar structures are seen in 
the simulated expansion as indicated in Fig. 1 b. These may also have accounted partially for the 
high calculated maximum temperature resulting from the collisions between plasma. Further 
study of this structure may shed light toward understanding the nature of plasma behaviors in a 
phased implosion process. Bolometers have yielded no data because they are not sensitive 
enough to detect the few joules of uv and vuv emitted from a very small area. Unless the hot 
spot is located right on the expanding surface the higher frequency radiation from a few eV 
source is generally not able to transmit through the plasma. 

IV. CONCLUSIONS 

Although the investigation is exploratory the results are very encouraging. We are pleas- 
antly surprised to discover that many of the results from the numerical simulation are found to be 
reasonable, although much remains to be done. 
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Fig. la-ld. Samples of 2-D hydrocode calculations at different time. 
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Fig. 2. Device description and experimental arrangement. 

Fig. 3. Radiograph taken at 26.9 ps from load ring. 
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Fig. 4 
Data from a typical optical fiber channel 
recording the history of light emission 
inside the imploding liner. 

Fig. 5. 
Sideways exposures of expanding 
debris taken with a framing camera. 
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Fig. 6, A snap shot of expanding plasma envelope taken along the imploding axis. 
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