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Overview 

•  Making PDV work at Z 
–  System capabilities 
–  Frequency-shifted measurements 

•  Single- and multi-point measurements of cylindrical implosion 
–  Liner studies 
–  Liquid-filled liners 

•  Planar impact experiments 
–  High speed flyers 
–  Shock front measurements 



  

Making PDV work at Z 



System capabilities 

•  Electrical bandwidth 
–  Eight 20 GHz receivers recorded with 25 GHz digitizers at 80 GS/s 

•  Covers up to 19.4 km/s  

•  Lasers 
–  One amplified laser (space limited) 

•  Tunable seed + EDFA  or 2 W system at fixed wavelength 
–  Several adjustable reference lasers (25-50 mW output) 

•  Fast tuning over 1550-1551 nm 
–  Leapfrog is temporarily disabled in favor of multi-point measurements 

•  Other 
–  Wavelength monitoring to ~0.1 pm  
–  Timing characterization 

•  <<100 ps uncertainty between PDV channels 
•  ~200 ps uncertainty to machine time 



Velocity-frequency mapping 

•  Conventional 
–  No motion, no beating 
–  Not currently used at Z 

•  Frequency shifting 

–  Red reference 
•  Unambiguous mapping 
•  Preferred configuration 

–  Blue reference 
•  Greater coverage 
•  Issues near f=0 
•  May require precise wavelength monitoring 
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Cylindrical implosion 



Cylindrical implosion reaches extreme 
pressure states 
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•  Current pulse shaping creates ramp-wave compression 
•  Quasi-isentropic compression to 20 Mbar 

Diagnostics are challenging 

•  Limited space 
•  Miniature PDV probes 

•  Velocities well beyond 10 km/s  



Multi-point design evaluates symmetry 

•  ≈18.6 MA Load Current 
•  10-20 km/s velocity (heavier liners) 

Liner 

Agiltron OCT fiber 
probes (6) 
.250mm OD 

Carbon steel 
alignment pin 
.250mm OD 

Aluminum housing 

Aluminum conical 
mirror 

Aluminum end cap 

Cathode 
assembly 

Anode 
assembly 

Platinum tubing 

Mid-height 
load current 
VISAR 

Conical mirror 
design 



Measurements every 60 degrees 

Liner 60° 

4.0mm ID 
5.8mm OD Liner 

suppressed for 
clarity 

Pump-
out hole 

Simulated 
beam profile 

Platinum tubing 
transparent to show 
fiber guide and 
probes 

Fiber 
guide 

Probes 

.530mm 

.080mm 



Symmetric results for Ta 
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11.5 km/s

7.3 Mbar peak pressure (Al drive) 



Hollow liner can be filled with a liquid 

•  Eddy series: 
–  Beryllium liner filled with liquid 

deuterium (4 K) 
–  Probe immersed in liquid 

•  Survives condensation 
•  Some fibers damaged during 

freeze/melt cycle 
–  “Chandelier” design 

•  Conical mirror incorporated into 
the probe bundle 

•  X-ray radiography performed 
underneath the PDV 
measurement 



Eddy interpretation 

•  Magnetic drive launches a ramp 
wave in the liner 

•  Ramp wave quickly becomes a 
shock wave in the liquid 
–  Liner reflection 
–  Shock shock (initially weak) 

•  As the shock grows stronger, 
its reflectance increases 
–  Eventually light cannot reach the 

liner 
•  Window corrections are 

complicated 
–  Ambient index unknown 
–  No steady state 

3

sure the velocity of the inner liner surface and
the deuterium shock as a function of time. A
Short Time Fourier Transform is applied to the
raw PDV signals to produce a time-frequency
power spectrum, one of which is shown in Fig.
1(a). At least three signals are clearly visible
in addition to the zero velocity signal at ⇠ 1.5
GHz. The ability to measure multiple velocities
simultaneously is a unique feature of PDV that
is allowed by this type of Fourier analysis. The
brightest of these signals (Labeled “Liner” in
the figure) represents the frequency shift from
the light reflecting o↵ of the inner surface of the
liner. A fainter signal at higher frequencies has
been identified as the second harmonic of the
liner reflection. The signal lying between these
two in the power spectrum (labeled “Shock”)
is a reflection o↵ of the shock front in the deu-
terium.

Comparing measurements from di↵erent
probes across both experiments reveals remark-
able agreement, indicating a high degree of re-
producibility and azimuthal symmetry. This in-
dicates that for at least the first half of the im-
plosion the liner behaves in a very nearly one
dimensional manner. This fact makes this type
of experiment a very promising candidate for
Equation of State (EOS) measurements at high
pressures.

In principle, the simultaneous measurement
of the liner and shock velocities allows the EOS
of deuterium to be unfolded from this one diag-
nostic. Though the analysis is complicated by
the fact that the deuterium is being shocked and
then subjected to a ramp wave. This, makes
naive application of the Rankine-Hugoniot con-
ditions incorrect. The collapse in volume due
to the liner motion must be taken into account
which, if constant density in the shocked deu-
terium is assumed, can be done trivially.

Consulting Figure 2 we see the unshocked
state is characterized by density ⇢1 and the
shocked medium is approximated by h⇢2i. We
know the initial volume and density before the
liner began moving and therefore, with knowl-
edge of rS and rL, we can calculate the density
behind the shock. The shock and liner positions
are related to the measured velocities by their

Liner

j
B

FIG. 2.

integrals

rL,S(t) = r0 +

tZ

0

vL,S(t
0)dt0 (2)

where r0 is the initial inner liner radius and the
velocities are assumed negative in the lab frame.
This allows the post-shock density, h⇢2i to be
related to the shock and liner positions, via the
measured velocities, by the relation

h⇢2i = ⇢1

✓
r20 � r2S
r2L � r2S

◆
(3)

With this, the post-shock pressure can be esti-
mated using the usual jump conditions, giving

P2 = v2S⇢1

✓
1� ⇢1/h⇢2i

◆
(4)

The results of this analysis are shown as the
blue curve in figure 3.

IV. STAGNATION RADIOGRAPHY

The pulse shape was designed, in part, to pro-
duce a large (hundreds of µm) stagnation radius
to provide good diagnostic access. This insures
that two conditions are met: 1) the liner areal
density is low enough to allow enough transmis-
sion through the limb at stagnation so that the
inner surface would be resolvable and 2) that

2

The return current path was constructed from a
solid, 125 µm thick Be can. This ensures min-
imal perturbation to the drive magnetic field
and allows for unobstructed radiographs to be
taken.

The liner can be thought of as a pusher
that supplies hydrodynamic pressure to the deu-
terium fill. The current is the source of mag-
netic pressure that moves the liner, given by
the equation

Pmag =
B2

2µ0
= 105

✓
IMA/26

rmm

◆2

[MBar] (1)

Where IMA is the current expressed in Mega
Amperes and rmm is the current radius ex-
pressed in mm.

In order to ensure that the pressure being
applied to the deuterium is purely hydrody-
namic in nature, the magnetic field must be
excluded from the inside of the liner. This
can be accomplished in a number of ways,
but for this experiment the magnetic pressure
pulse was tailored to keep the inner surface of
the Be liner from melting, i.e. by preventing
the formation of shocks inside the liner. In
practice, this can’t be accomplished for the
entire implosion because the magnetic di↵usion
wave will eventually reach the inner surface.
But this condition can be satisfied for the
majority of the pulse.

Because of the large mismatch in ambient
sound speeds between Be and D2 it is nearly
impossible to prevent shocks from forming
in the D2. Therefore, the pulse shape is
formulated to launch a weak initial shock in
the D2, raising its adiabat, and therefore sound
speed, to a level suitable for ramp compression.
This necessitates solving the coupled Be-D2

system under the constraint that no shocks
form in the Be and the initial shock in the
D2 is minimized taking into account all non
ideal entropy producing e↵ects (e.g. magnetic
di↵usion, shocks, viscosity, etc.).

Though this is challenging, doing this with
current driven liners provides the distinct
advantage that no sources of artificial preheat
exist (e.g. hot electrons, hard x-rays). The
only limitation is the control of the current

waveform, particularly at low current where
the sample is most sensitive to sudden changes
in pressure. The Z-machine has demonstrated
high fidelity, and reproducible control over the
current pulse shape and routinely produces
shock less compression of a wide variety of
material samples? .

III. VELOCIMETRY AND EQUATION OF
STATE
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FIG. 1. (a) STFT from shot z2574 showing the

beat frequency spectrum as a function of time. (b)

Liner (vL) and shock (vS) velocities from both shots

z2574 and z2576 along with the load current from

each shot.

As mentioned above, PDV was used to mea-



Planar impact 



Planar impact measurement 

•  Glow Discharge Polymer (GDP) 
–  NIF ablator material 
–  Very little Hugoniot data 

•  Ideal experiment 
–  Measure flyer velocity 
–  Measure GDP shock velocity 
–  Impedance match GDP to the flyer 

•  Real experiment 
–  Sample sealed between quartz windows to prevent oxygen absorption 
–  Impedance match to the front quartz window 

•  Characteristic velocities 
–  Flyer: 25 km/s 
–  Shock: 20-30 km/s (apparent velocity ~50% higher) 

Bare fiber 
PDV probe 

GDP 

Al flyer 
Quartz 
windows 
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GDP results 

•  Offset frequency 
–  35.148 ± 0.006 GHz 
–  27.257 ± 0.005 km/s 

•  Flyer measurement 
–  2.44 GHz beat 
–  ~25.4 km/s (before bounce) 

•  Quartz measurement 
–  6.7-7.2 GHz beat 
–  32.5-32.9 km/s apparent 

velocity (after bounce) 
•  GDP measurement 

–  13.4 GHz beat 
–  37.6 km/s apparent velocity 

(after bounce) 

flyer 

quartz 

GDP 

~4 Mbar GDP shock 



Future work 

•  Probe development 
–  Specular reflections are common (DT surfaces, shock fronts) 
–  Very little orientation control, almost no optimization possible 
–  Must be very small (ideally <1 mm diameter) 
–  <1 mm to 10-20 mm working distances 
–  Desired return losses: 30-50 dB 

•  Multi-channel leapfrog support  
–  Eight channels with four-way leapfrog coming online later this year 
–  Support velocities up to 81 km/s using only two digitizers (8 detectors) 

•  Improved analysis capabilities 
–  Extended baseline management 
–  Multiple peak capabilities 
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