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The	Sandia	Z	machine	produces	many	things
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§ In	less	than	500	ns:
§ I		>	20	mega	amp
§ P	>	1	million	bar
§ T	>	1000	to	105 K

§ Radiation
§ Photons	(usually)
§ Neutrons	(sometimes)

§ All	sorts	of	plasma
 

How are shock waves generated?

• Alternative acceleration 
methods

– EM launch

– High power lasers (NIF)

• However, guns are hard 
to beat in many ways

– Less ambiguous

– Extremely precise

– High uniformity

– Experiment duration

– Cost

• These are destructive 
measurements!
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PDV has been very successful 
for measuring pressure and in 
inferring current.  Can we build 
on this success?



What	does	PDV	measure?

§ Apparent	velocity:
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§ Apparent	velocity	comes	from:
§ Actual	motion
§ Dynamic	compression	of	optical	windows
§ Other	refractive	index	changes
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Plasma	detection

§ Pass	beam	through	vacuum
§ (a)	to	(b)
§ (a)	to	(b)	to	(a)

§ Free	electrons	cause	n	<	1
§ Nc=4.6x1020 electrons/cc
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Z	Power	Flow	experiments
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the operating wavelength k (1550 nm), and the sample rate
fs.

2 Realistic PDV measurements (fss ¼ 800, 10% noise) can
detect 10"7 index changes over a 20 mm path. Longer paths
are potentially more sensitive to plasma, though the mea-
surement cannot distinguish small index changes over the
entire path from large, localized changes. This discussion
assumes a uniform density to estimate a lower bound for the
most extreme index change along the path.

Figure 3 shows the average refractive index changes
along a chordal path in two experiments: Z3084 used a short
current pulse similar to inertial confinement fusion experi-
ments,7 while Z3022 used a longer pulse shape relevant to
dynamic material experiments.8 For each experiment, two
PDV probes at different heights were placed along a chord
between anode slots. The arrival sequence (bottom to top) in
Z3022 is consistent with plasma originating below the load

traveling upward at velocities of 130–140 km/s. The reverse
sequence (top to bottom) in experiment Z3084 corresponds
to the downward motion of 1800 km/s, but this naive analysis
assumes that the plasma arriving at the bottom probe first
passed through the top probe. A more plausible interpretation
is that the two probes are not seeing the same plasma, i.e.,
plasma passing through the PDV beams originated from dif-
ferent locations.

The plasma density, obtained by the integration of Eq.
(3) [assuming Eq. (2)], reaches 1016–1017 electrons/cc before
PDV measurements cease functioning. There are several
possible explanations for signal loss at less than 0.1% of the
critical density.

• Local density gradients might deflect the collimated beam
away from its original path.15 The retroreflective tape in
bidirectional measurements mitigate beam steering to
some extent, which might explain why the Z3022 meas-
urements reach higher index change than the Z3084 meas-
urements. A quantitative comparison is complicated by
the fact that these experiments have very different current
pulse shapes.

• The calculation could be skewed if the measurement path
contains mostly low plasma density or vacuum. Localized
plasma may be opaque, but the average density could
remain much lower than the critical value.

FIG. 2. (above) Machine current in experiment Z3084. (below) PDV spec-
trogram from the bottom plasma probe of experiment Z3084. Dots indicate
deviations from vacuum (t¼ 3000 ns) observed in the PDV measurement.

FIG. 3. (above) Estimated refractive index for experiment Z3084 with unidi-
rectional probes (4 mm spacing). (below) Estimated refractive for experi-
ment Z3022 with bidirectional probes (5 mm spacing), accounting for the
roundtrip transit.

FIG. 1. Top and side view of a cylindrical load. Plasma detection measure-
ments send light through slots in the anode to probe a 20 mm long, 0.5 mm
diameter path between the anode and the cathode. The unidirectional config-
uration (shown above) passes light from a collimator to a receiver (a ! b);
the bidirectional configuration uses a collimator with a retroreflector (a! b
! a). Radiation detection measurement uses a closed probe with no free
space path (c).
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Several	interpretations

§ Local	density	gradients	may	deflect	the	beam	
§ Less	likely	with	retroreflective	tape

§ Local	density	may	reach/exceed	critical	value
§ We	can	only	measure	path	average

§ Ions	and	neutral	atoms	may	also	play	a	role
§ Precise	materials	and	ionization	states	unknown

§ Fast	density	increases	may	exceed	the	measurement	
bandwidth
In	any	event,	PDV	senses	something	that	should	not	be	

there	(according	to	most	simulations)
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Detecting	radiation

§ Negative	velocity	occurs	
too	soon	to	be	actual	
motion

§ Effect	only	observed	
when	radiation	is	
produced	
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Feature	shows	up	in	shielded/capped	probes
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• Ions and neutral atoms increase the refractive index, in
opposition to free electrons, so n > 1 is possible.16 The
competition between these effects could mean that simple
analysis drastically underestimates electron density.

• Extremely fast density increases might lead to apparent
velocities beyond the !20 km/s range of the PDV system.
The largest measurable index derivative

dn

dt
!

k
2L

Bmax (5)

is 10"3ns"1 for the measurement bandwidth (Bmax

¼ 25 GHz). Index changes in Fig. 3 are below 10"4ns"1, but
the gradual change could be followed by much faster rises.

Distinguishing between these explanations is an ongoing
effort.

III. RADIATION SENSING

Figure 4 shows an example of the PDV-based radiation
sensing. This measurement used a flat-polished, silver-coated
fiber (shielded by a steel housing) in close proximity to a mag-
netized liner inertial fusion target (experiment Z2899). At
stagnation (t! 3115 ns), the radiation generated by the target
produces a negative apparent velocity; since the effective path
length of this radiation is not known, these velocities cannot
be converted to refractive index. Photoconductive diamond
detector (PCD)6 measurements during the experiment confirm
the timing and duration of this radiation burst; a similarity
between these measurements indicate the apparent velocity
scales with radiation flux, not the accumulated dose. The
quantitative flux values can be extracted from the PDV mea-
surement in principle, but a rigorous calibration remains a
challenge. This particular load generated photons and neu-
trons, but the probe was too close for time-of-flight separation,
so the relative sensitivity to radiation type is unclear; there is a
positive correlation between the target yield and the apparent
velocity magnitude. Shielding differences between PDV and
PCD measurements may be responsible for missing back-
ground (3150–3250 ns) in the former.

Positive and negative apparent velocities have been
observed in a variety of Z experiments beyond those
described here. Some experiments, such as Z3084 (Fig. 3),
show both behaviors; the brief period of increasing index
before the subsequent decrease could be attributed to
Bremsstrahlung produced by the Z Machine.17 Such radia-
tion is typically observed when the machine is fired in a
short-pulse mode, but not long-pulse experiments (such as
Z3022).

Figure 5 shows simultaneous radiation sensing measure-
ments with different types of single-mode fiber (experiment
Z3016). Each measurement used SMF-28 fiber terminated
with 1 m jumpers—SMF-28, GF1, or BHP fiber—obtained
from ThorLabs. The bundle of fiber jumpers pointed at an
imploding wire array emitting 57 kJ of x-rays in the 5–16 keV
range over 2–3 ns.18 The fiber bundle was located roughly
830 mm away from the wire array with standard cladding,
buffer, and jacketing; the flat-polished (and uncoated) fiber tip
provided sufficient reflection for bidirectional PDV measure-
ments. The results indicate similar, though not identical,
apparent velocities within a common fiber type. Very little
motion was observed on the SMF-28 fibers, whereas the GF1
and BHP exhibited apparent velocities of 300–500 m/s.
Germanium concentration is the primary distinction between
the three fiber types: over the 0.01 mm mode diameter, GF1
has 40% and BHP has 30% higher germanium content than
SMF-28. Germanium doping is known to affect photosensitiv-
ity19 and participates in radiation-induced refractive index
changes.20

We postulate that refractive index changes result from the
formation of defects (color centers) in germanium-doped sil-
ica.21 Precise comparisons are difficult because radiation sen-
sitivity research generally occurs at much longer time scales,
and most of that focuses on radiation-induced absorption
rather than refractive index modulation. A limited empirical
study of SMF-28 fiber (exposed to 12 MeV electrons) demon-
strated the radiation-induced refractive index changes on 100
ps time scales;22 this may reflect electrical bandwidth limita-
tions rather than the actual material response time. Such
prompt response time is consistent with pulse width similarity
between PDV and PCD signals in Fig. 4.

FIG. 4. Apparent velocity from a closed and shielded PDV probe in experi-
ment Z2899. A PCD measurement of photon flux during that experiment is
shown on the same time scale.

FIG. 5. Apparent velocities for different fibers exposed to a 2–3 ns radiation
pulse (57 kJ of 5–16 keV x-rays) in experiment Z3016.
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MagLIF experiment (photons and neutrons)



Possible	explanations

§ Irradiated	silica	collapses	to	higher	density
§ Index	goes	up,	apparent	velocity	<	0

§ Radiation	creates	color	centers
§ Visible	absorption	accompanied	by	infrared	index	
changes	(Kramers Kronig relations)

§ More	likely	for	Ge-doped	silica	than	pure	material
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Testing	the	role	of	Ge	doping

§ Photo-sensitive	fiber
§ 30-40%	more	Ge	
than	SMF-28

§ Different	doping	
profiles

§ Z	ride	along	test
§ 2-3	ns	pulse
§ 57	kJ
§ 5-16	keV
§ 830	mm	distance
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Summary

§ PDV	can	detect	anything	the	modifies	refractive	index
§ Apparent	direction	is	the	inverse	of	the	dn/dt

§ Plasma	detection	is	easy
§ Density	calculation	relies	on	several	assumptions

§ Radiation	sensing	needs	to	be	calibrated
§ Type/energy	discrimination
§ Material	sensitivity	(Ge	concentration,	…)

§ Potentially	fast	response	(<	1	ns)

Dolan	et	al.,	J.	Appl.	Phys	123,	034502	(2018).
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