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Overview

•Why do we measure velocity?

•Standard methods (widely used, scalable)
•VISAR: 1960ʼs to present
•PDV: 2003 to present 

•aka heterodyne velocimetry (HetV)

•Which diagnostic is better?
•Velocity range
•Uncertainty performance
•Other factors
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Why do we measure velocity?
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Why do we measure velocity?

Because we can!
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Density and pressure are difficult...

ρ

ρ0
=

Us

Us − up

P = ρ0Usup

•...but can be inferred from 
conservation laws
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•Velocimetry also ties well with 
wave propagation codes

•Virtually all dynamic 
compression experiments 
involve velocimetry

Jump conditions
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Basic velocimetry: transit time
•Electrical or optical shock 
breakout measurements
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Shock enters sample

 

Shock traverses sample

Us =
∆x

∆t

•Lots of data extracted from Us

•up inferred from impedance 
matching to standard drive 
plates

•LANL shock tables

Load

Drive plate

Us
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Time-resolved measurements
•Mechanical waves often 
contain a lot of structure
•Inelastic compression
•Phase transitions
•Chemical reactions

•This structure is difficult, 
sometime impossible, to 
extract from transit time 
measurements

•Real-time velocity 
diagnostics are needed
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Optical velocimetry
•Optical methods are relatively simple to implement

•There are several different approaches
•Optical emission
•Reflected amplitude or direction
•Most general techniques are based on optical phase
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Optical phase “wags” the electric field
Frequency is the rate of optical phase change

Wavelength is the reciprocal of frequency (scaled by c0)

E(t) = A(t) cosφ(t) [φ(t) ∼ 2πft]

532 nm: 5.6x1015 Hz (1-2 fs period)
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The Doppler effect

10

moving reflector

light light

moving reflector

Reflected light: λ′

Observer sees: λ
Observer sees: λ0

Reflector sees: λ′

6-7 ppm change at 1 km/s
(0.004 nm at 532 nm)

λ

λ0
≈ 1− 2v

c0
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Interferometry
•Optical phase cannot be measured directly

•Detectors sense average power over many optical 
cycles

•Wavelength changes are small for non-relativistic motion
•Cannot by resolved by simple dispersion (i.e. prism)

•Some form of interferometry is required!
•Two-beam systems:
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(fields add)
I(t) = I1 + I2 + 2

√
I1I2 cos (φ1(t)− φ2(t))︸ ︷︷ ︸

phase difference
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Some terminology
•Fringe shift (F)

•Phase difference scaled by 
2π

•Number of cycles

•Beat/fringe frequency (fB)
•Rate of signal cycles
•Not the same as the optical 
frequency
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One fringe

We measures what goes on inside the 
cosine function of the signal, not the 

electric field
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Method I: VISAR

Making due with limited 
bandwidth
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Laser Interferometry in Shock-wave Research 

Author reviews the various types of interferometer 
that have been applied to shock-wave research and describes 
the present capabilities and limitations 

by L. M. Barker 

ABSTRACT The various laser-interferometer instrumenta- 
tion techniques which have been applied to the study of 

plane-stress-wave propagation in solids are reviewed and 
discussed. The capabilities and limitations of present sys- 
tems are described. 

Introduction 

It is wel l  known that  one can obtain exper imenta l  

information about a solid mater ial ' s  equat ion of state 

by using ei ther  an explosive p l ane -wave  generator  

or a f lat-plate impact  to introduce a planar  shock 

wave into the solid and then measuring the resul t ing 

s t ress-wave-propagat ion  characteristics. It was rec-  

ognized at least as long as 17 years ago I that, in order 

to characterize a mater ia l  proper ly  through shock- 

loading experiments,  it is necessary to measure  not 

only the shock-transi t  time, but  also the profile of the 

t ransmit ted stress wave. There have been two gen-  

eral ly successful approaches to measuring wave  pro-  

files. One has been to measure  the f ree-sur face-  

velocity his tory (done in a var ie ty  of ways) ,  and the 

other has been to use a stress t ransducer  to measure  

the stress history at the interface be tween  the 

shocked specimen and the transducer.  

The advent  of lasers made in te r fe romet ry  appear 

at t ract ive as a f ree-surface  mot ion-measur ing  tech-  

nique. Now, less than six years after  the first pub-  

lication of a working technique, 2 shock-wave  laser 

in te r fe romet ry  is apparent ly  coming of age. Near ly  

everyone within  the shock-wave  communi ty  is, to 

some degree, famil iar  wi th  the applications of in ter -  

ferometry  to measuring a shocked specimen's surface 

motion. Perhaps a dozen different organizations across 

the country now have in te r fe romete r - ins t rumenta -  

tion capabilities, and at least two companies have 

made in te r fe rometer - ins t rumenta t ion  packages avai l -  

able commercial ly.  

It  therefore  seems appropriate,  at this time, to re-  

v iew the various types of in terferometers  which have 

been applied to shock-wave research and to describe 

the present  capabilit ies and limitations. 

The Displacement Interferometers 
Figure 1 shows a schematic of the first shock- 

wave in te r fe rometer - ins t rumenta t ion  system2 in 

L. M. Barker is Staff Member,  Sandia Laboratories, Albuquerque, 
N. M. 87115. 

Original Manuscript received January: 28, 1971. Final version re- 
ceived: July 21, 1971. 

which the specimen surface was polished to a mi r ro r  

finish and used as one of the two mirrors  of a Michel-  

son displacement in terferometer .  The in te r fe romete r  

uses a beam spl i t ter  to divide the laser  beam into two 

equal  parts. The par t  which is reflected f rom the 

s tat ionary mi r ro r  (Fig. 1) is the reference  beam, and 

the part  reflected f rom the surface of the specimen is 

the signal beam. As the polished surface of the 

specimen moves under  the influence of the ar r iv ing  

stress wave, the l ight f requency in the signal beam 

is changed s l ight ly by the Doppler  effect. When the 

reference  beam and the signal beam are r emixed  at 

the beam splitter, the resul tant  beam contains the 

difference f requency  of the two incident  beams. The 

difference f requency  is s imply the Doppler  change in 

the f requency of the signal beam, since there  is no 

shift in the r e fe rence -beam frequency.  The beam in- 

cident onto the photomul t ip l ier  tube is, therefore,  

ampli tude modula ted  at the Doppler  shift f requency,  

i.e., the fr inge frequency,  and the photomul t ip l ie r  

! 

PROJECTILE 
PLATE 

SPECIMEN FREE SURFACE 

POLISHED TO MIRROR FINISH 

BEAM SPLIttER 

11 ~STATIONARY 
MIRRORS 

f 
S PEC I MEN 

LASER 

L2 

[ ]  PHOTCM"~ LTI PLIER 

Lens 1 brings the laser beam to focus at the 
specimen free surface and L2 recollimates the beam. 
The beam splitter, lenses and stationary mirrors are 
mounted onto the specimen for stability of the 
interferometer 

Fig. 1--The displacement interferometer 

Experimental Mechanics [ 20g 

Some history (1960-1970)
•Sandia displacement interferometer
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•Michelson configuration
•1 fringe = 1/2 wavelength 

motion
•L.M. Barker, Experimental 

Mechanics 12, 209 (1972).
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There were problems...
•Mirror finish required for usable 
fringes
•Surface finish often changed 
during shock breakout

•Limited velocity range
•Beat frequency scales with 
velocity

•At 632.8 nm, 1 km/s velocity 
creates a 3.16 GHz signal!

•No detector/digitizer could 
follow such frequencies in the 
1970ʼs

15

dF

dt
= fB =

2u

λ0
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VISAR

Thus VISAR was born

16

•Doppler shifted light mixed with a 
time shifted version of itself

•Avoids large steady-state 
frequencies

•Etalon allows diffuse reflectors 
(“any reflector”)

•Barker and Hollenbach, J. Appl. 
Phys. 43, 4669 (1972).
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The critical difference
•“Displacement” approach

•One output path contains 
target (Doppler)

•Other output path does 
NOT contain the target

•Mixes two different 
frequencies

•“Velocity” approach
•Both output paths contain 
the target (Doppler)

•Mixes two copies of a 
single frequency* 
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Background: PDV 

Photonic Doppler velocimetry 

!! Doppler shifted light from a moving target combined with unshifted light 

•! “Heterodyne velocimetry” 

!! Measured signal: 

!! Beat frequency proportional to velocity: 

! 
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Advantages 

!! Insensitive to intensity variations of 
reflected target light 

!! Readily available components 

•! Infrared fiber-based (!0 = 1550 nm) 
•! Fast detectors; GHz digitizers 

!! Simple assembly and operation 

!! Lack of intrinsic delay time 

O.T. Strand, et al., Rev. Sci. Instrum. 77, 083108 (2006)!

Background: VISAR 

Velocity Interferometer System for Any Reflector 

!! Doppler shifted light from a moving target split along two different paths 

•! i.e. reference leg and delay leg of  interferometer 

!! Measured signal: 

!! Fringe shift directly proportional to target velocity: 

input 

output 

target 

xr!x(t)!

v(t)!

path B 

path A 

! 

s(t) = aI
A
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B
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B
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! 
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i
(t)

2$
%
v

K

Disadvantages 

!! Sensitive to intensity variations of 
reflected target light 

!! Require additional system to fringe 
jump ambiguities 

L.M. Barker and R.E. Hollenbach, J. Appl. Phys. 43, 4669 (1972)!
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*The VISAR approximation

•For constant velocity, both legs of a 
VISAR contain the same optical 
frequency

•IF velocity changes slowly 
compared to the delay time:
•Fringe shift scales with velocity 
when (approximation)

•Exact behavior is more complex
•Differential displacement
•A great deal of pain involved...

•Sensitivity defined by wavelength 
and delay time
•Fringe constant
•Velocity Per Fringe (VPF) 18

F =
2τ

λ0︸︷︷︸
VPF

u

τ ≈ 0.1–10 ns
Smaller is hard to 

characterize, larger is hard 
to build

18
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The need for quadrature

•Inverting a sinusoid is not 
always easy
•Arcsine and arccosine 
defined over 180 degrees

•Steep sections are sensitive
•Peaks/troughs are 
insensitive

•Measuring 2+ quadrature 
signals provides:
•A robust inversion
•Reduces the effect of 
amplitude variations

•Arctangent defined over 360 
degrees
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Ramp example (1 ns delay)
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Shock example (1 ns delay)
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Why does the motion 
look backwards?

100 MHz detectors (simulated)
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Reality sets in
•Quadrature only tracks fringe 
shift within an integer offset
•Detectors that cannot keep 
up with optical signal may 
“jump a fringe”

•Multiple VPFs are 
generally used to resolve 
this ambiguity

22

cos(Φ) = cos(Φ + 2π) = · · ·

u = K1(F1 +N1)

= K2(F2 +N2)

•VISAR is designed to measure fringe shift from a 
single Doppler shift
•Multiple velocities cause confusing interference
•VISAR ellipse will collapse to its center

•Ellipse position and size changes with light level!

22



VISAR evolution
•Refined quadrature measurement 

•Four signal phases (0, 90, 180, and 270 degrees)
•Explicitly remove coherent/incoherent light variation
•Hemsing, Rev. Sci. Instrum. 50, 73 (1979).

•Fiber coupling
•VISAR was originally an open-beam diagnostic

•Faster detectors
•Optical streak-cameras
•Improved photodiodes/photodetectors
•Faster digitizers

•Not much fundamental change over the past two 
decades

23
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Method II: PDV

Using bandwidth when youʼve 
got it

24



Whatʼs the problem with VISAR?
•An intrinsic time scale (interferometer delay)

•Short delay: poor velocity resolution
•Long delay: poor time resolution and tricky analysis

•Multiple velocities confuse the fringe shift calculation
•Dynamic contrast loss

•Detector artifacts (rise time, ringing) become a problem
•Sample time is now usually much shorter than the 
interferometer delay

•System care is labor intensive
•Interferometer alignment
•High power lasers
•VISAR alternatives (Fabry-Perot) even more work

25
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PDV born at LLNL (2002-2003)
•Utilizes advances from the 
telecommunications industry 
(1550 nm)
•Compact fiber lasers

•9 um core size
•Narrow line width

•Three-port circulator (magic!)
•Port 1 input goes to port 2

•Port 2 input goes to port 3
•High speed detectors/
digitizers

26

There are three main components !Fig. 2" developed by
the telecommunications industry that made this technique
easy to implement.

First, the newly developed class of lasers called fiber
lasers has made it very easy to launch high-power light into
the 9 !m cores of single-mode fibers. These lasers are
simple to operate, are compact, and emit cw radiation. Fiber
lasers from IPG Photonics with 2 W output !ELD-2-1550-
SF" are used for the system described here. These lasers have
linewidths as narrow as 50 MHz, which provide usable
fringe contrasts for this application. For recording data from
a single-shot transient event, a cw laser means that no trig-
gers are required for the laser. The lasers are turned on sev-
eral minutes before the experiment and the signal levels are
checked, and then the lasers are turned off a few seconds
after the experiment is over.

Second, the heart of the heterodyne system is a fiber
optic component called a three-port circulator !JDS Uniphase
CIR-230031000". The circulator has the property that light
launched into port 1 will exit from port 2, and light launched
into port 2 will exit from port 3. The circulator has high
efficiency !0.85" for transporting light in these two direc-
tions, and very low efficiency !"10−6" for transporting light
in any other direction. The fiber laser is connected onto port
1, the probe onto port 2, and the detector system onto port 3.
The entire system is fiber coupled, except from the probes to
the surface, which yields quite high overall system efficien-
cies. It is obvious from this assembly how the Doppler-
shifted light is transported from the moving surface to the
detectors, but it may not be obvious where the source of
non-Doppler-shifted light is. The circulator does not allow
enough light from port 1 to port 3 to serve this purpose, so
the probe itself is used to provide the source of non-Doppler-
shifted light. For a given experiment geometry, the expected
collection efficiency of the probe is calculated and then the
fiber endface inside the probe is angle polished to have ap-
proximately the same amount of back reflection to provide
the non-Doppler-shifted source. Commercial vendors can
provide probes with backreflections that may be specified
anywhere from the full 0.04 of a standard glass-air interface
to as low as 10−6.

Third, a new class of digitizers has recently come onto

the market with very high bandwidth, very high sample rate,
and large amounts of memory. The Tektronix digitizers
!TDS6804B" described here have 8 GHz bandwidth, can
record four channels of data simultaneously at a rate of
20 GS/s on each channel, and have enough memory to
record for 1.6 ms at that rate. The Nyquist limit for recording
a wave form such as our beat signals is equal to one-half the
sample rate, which means that a 10 GHz beat wave form
could, in principle, be recorded and the frequency deter-
mined. A beat signal with this frequency corresponds to a
velocity of 7750 m/s. In actuality, the maximum velocity is
limited by the electrical bandwidth of the system. The detec-
tors have 12 GHz bandwidth, which when coupled with the
8 GHz bandwidth of the digitizer yields a total bandwidth of
#6.7 GHz and a maximum velocity of 5160 m/s. Most of
our experiments have velocities less than 3000 m/s, which is
well within the system bandwidth and safely away from the
Nyquist sampling limit. For applications with lower velocity
ranges, these high-speed digitizers and high-bandwidth de-
tectors may not be needed. These are the most expensive
components of the system, so a system with a lower velocity
capability would be considerably less expensive.

The velocimetry system described here was built as a
four-channel package; the four-channel input of the digitizer
made this a natural choice. The output of the laser, then, is
input directly into a 1#4 fiber splitter that feeds four circu-
lators. The maximum cw power rating of the circulators is
500 mW, therefore a 2 W cw laser is used to drive each
system. This assures that the circulators are not inadvertently
damaged with too much laser power. The output of the four
circulators is input to the four probes via fiber optic jumpers,
which may be many tens of meters long. The probes are
usually commercially available products !Oz Optics", al-
though custom probes are sometimes built for special appli-
cations. Our probe efficiencies have ranged from a high of
0.04 to as low as 10−4. With high probe efficiencies or with
unexpectedly high surface reflectivities, it is possible to satu-
rate the detectors, so care must be taken when adjusting the
laser power that the detectors are operating at a comfortable
level. The detectors saturate at 500 !W, so the laser power is
typically set to keep the total optical power to the detectors
around 60 !W. This usually provides sufficient dynamic
range to handle unexpected changes in signal levels returned
from the moving surface during a measurement. An optical
power meter is installed in front of each detector to monitor
the power delivered to each detector as the laser power is
adjusted prior to the experiment. Sometimes the amount of
light returned from the surface varies greatly from probe to
probe, therefore, an optical attenuator is also installed in
front of each power meter to maintain approximately equal
power to all the detectors. A single custom-built chassis con-
tains the 1#4 splitter, the circulators, the attenuators, power
meters, and detectors. This chassis has bulkhead connectors
for access to the input of the 1#4 fiber splitter, to port 2 of
the four circulators, and to the electrical output of the four
detectors. The four optical attenuators can be adjusted from
the front panel of the chassis. A complete four-channel sys-
tem !Fig. 3" consisting of a laser, a fiber/detector chassis, and
a digitizer fits into a portable roll-around box.

FIG. 2. The heterodyne velocimeter is assembled from commercially avail-
able parts.

083108-3 Heterodyne velocimeter Rev. Sci. Instrum. 77, 083108 !2006"

Downloaded 06 Sep 2006 to 134.253.26.10. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp

Strand et al, Rev. Sci. Instrum. 77, 83108 (2006).

Generation 0: reference light 
comes from the probeʼs back 

reflection 
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Ramp example
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Displacement 
interferometer lives again 

(in fiber)!

•Michelson interferometer
•775 nm motion= 1 
fringe

•Signal frequency 
increases with velocity

dF

dt
= fB =

2u

λ0
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Initial modifications
•Generation 1

•Reference path separate 
from the probe (angle 
polished)

•Increases target/reference 
light control

•Quadrature PDV (TDV,PDI)
•3x3 coupler creates 120 
degree phase shifts

•Analysis is similar to 
VISAR, but result is 
displacement

•Better than conventional 
PDV below ~500 m/s

•Direction information

28

PDV configurations 

Standard PDV 

!! Reference light and target light 

initially same frequency 

•! IR laser  
•! Circulator 

•! Fiber couplers 
•! IR detector 
•! GHz digitizer 

Frequency-conversion PDV 

!! Reference light and target light 

always different frequencies 

•! Two tunable lasers 

•! Acousto-optic frequency shifter 

1X2 

detector 

target 
circulator 

fiber 

coupler 

2X1 

reference 

laser  
fiber 

coupler 

digitizer 

detector 

target 
circulator 

2X1 
reference 

laser 2  

laser 1  

fiber 

coupler 

digitizer 

1X2 

detector 

target 

AO 

frequency 

shifter 
2X1 

reference 

laser  

fiber 

coupler 

fiber 

coupler 

circulator 

digitizer 

“Conventional” PDV [SNL,LANL]

Push-pull analysis of photonic Doppler velocimetry measurements
D. H. Dolana! and S. C. Jones
Sandia National Laboratories, Albuquerque, New Mexico 87185

!Received 23 April 2007; accepted 11 June 2007; published online 10 July 2007"

A robust analysis method is presented for multiple-phase heterodyne velocimetry measurements. By
combining information from three phase-shifted signals, it is possible to eliminate coherent intensity
variations and incoherent light from the measurement. The three data signals are reduced to a pair
of quadrature signals, allowing unambiguous calculation of target displacement. The analysis relies
on a minimum number of adjustable parameters, and these parameters can be precisely determined
from simple interferometer characterization. © 2007 American Institute of Physics.
#DOI: 10.1063/1.2754405$

Heterodyne velocimetry is a relatively new diagnostic in
dynamic compression research.1,2 Also known as photonic
Doppler velocimetry !PDV", the technique can be applied in
situations where velocity interferometer system for any
reflector3 !VISAR" diagnostics function poorly, such as low
velocity and multiple simultaneous velocity measurements.
Analysis of PDV data using a short time Fourier transform
can extract the velocity of a moving target, but the process is
limited by the uncertainty principle.4 For greater time reso-
lution, it is necessary to directly convert PDV signals to tar-
get displacement. Fringe ambiguities can be eliminated by
multiple-phase-shifted signals,5 much like the use of quadra-
ture in VISAR.

Although PDV systems are simpler than VISAR systems
and benefit from higher detector bandwidth, several key fea-
tures have not been implemented in the new diagnostic. Sig-
nal modulations caused by coherent intensity variation
and/or incoherent light can be difficult to distinguish from
actual fringe shift. In conventional VISAR,3 these problems
are treated by normalizing quadrature signals with a beam
intensity monitor. However, the optical signals in a PDV
system do not share the same intensity profile, so normaliza-
tion does not work. By considering the difference between
signal pairs in a multiple-phase PDV measurement, it is pos-
sible to eliminate coherent intensity variations, incoherent
light, and interferometer imperfections from the measure-
ment, much like the approach in a push-pull VISAR.6 Al-
though the signal pairs are not 180° out of phase, a push-pull
methodology can be applied to multiple-phase PDV data.

Figure 1 shows a conceptual layout for a multiple-phase
PDV measurement. Coherent laser light !1550 nm wave-
length" is split along two paths, one containing the target and
the other a reference reflector. Fiber circulators direct light to
and from these reflectors, sending the return signals to a
3!3 fiber coupler. A polarization controller !PC" allows
alignment of the target and reference polarizations, while
fiber attenuators provide contrast control by equalizing target
and reference intensities. The coupler yields three optical
signals, roughly 120° out of phase from one another, which
are recorded with fast photodiodes and sampled with a high

speed digitizer. The vector diagram in Fig. 1 indicates how
an orthogonal signal pair can be created from !D1 ,D3−D2".

The essential function of a multiple-phase PDV system
is to unambiguously measure the optical phase difference
"!t" between the reference and target signals.4 Optical phase
difference is correlated to the target position x!t":

"!t" = "!ti" + 4#
x!t" − x!ti"

$0
, !1"

where ti is an initial time where the position and optical
phase difference are known. The convention here is that op-
tical phase difference increases with motion toward the in-
terferometer probe. The interferometer senses one fringe
!%"=2#" every time the target moves one half-wavelength.

The two optical inputs in a PDV measurement—the
reference signal !intensity Ir" and the target signal !intensity
It"—pass through different paths and may have substantially
different contents. The former is entirely coherent and con-
stant in time, whereas the latter may contain coherent and
incoherent components !intensities Ic and Ie= It− Ic, respec-
tively", and each component may vary in time. The ith de-
tector signal !i=1,2 ,3" is given by

Di!t" = aiIr + biIt!t" + 2%aibiIrIc!t" cos#"!t" − &i$ , !2"
where &i is the phase delay for a particular output. The cou-
pling factors ai and bi represent total scaling of input inten-
sity to detector signal, including the 3!3 coupler and indi-
vidual detector sensitivities. Coupling factor ratios can be

a"Electronic mail: dhdolan@sandia.gov FIG. 1. Conceptual PDV layout.

REVIEW OF SCIENTIFIC INSTRUMENTS 78, 076102 !2007"

0034-6748/2007/78"7!/076102/3/$23.00 © 2007 American Institute of Physics78, 076102-1

Downloaded 10 Jul 2007 to 134.253.26.6. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp

Quadrature PDV [SNL]
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Frequency-conversion PDV
•Two wavelengths

•One illuminates target
•One serves a reference

•Up/down conversion
•Frequency may increase or 
decrease with increasing 
velocity, depending on 
configuration

•Can provide direction 
information

•This is my favorite approach
•Works at any velocity
•Utilizes the power of the 
FFT 29

PDV configurations 

Standard PDV 

!! Reference light and target light 

initially same frequency 

•! IR laser  
•! Circulator 

•! Fiber couplers 
•! IR detector 
•! GHz digitizer 

Frequency-conversion PDV 

!! Reference light and target light 

always different frequencies 

•! Two tunable lasers 

•! Acousto-optic frequency shifter 

1X2 

detector 

target 
circulator 

fiber 

coupler 

2X1 

reference 

laser  
fiber 

coupler 

digitizer 

detector 

target 
circulator 

2X1 
reference 

laser 2  

laser 1  

fiber 

coupler 

digitizer 

1X2 

detector 

target 

AO 

frequency 

shifter 
2X1 

reference 

laser  

fiber 

coupler 

fiber 

coupler 

circulator 

digitizer 
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A simple example
•Consider a velocity step

•Conventional PDV
•Constant signal at rest

•Frequency-conversion PDV

30

Typical PDV signals 

Standard PDV 

!! No target   =   no beat  

      motion         frequency 

Frequency-conversion PDV 

!! Underlying beat frequency 

even with no target motion 

E.g. velocity step 
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PDV approximation

31

Suppose velocity changes slowly over some small duration.

The optical signal in this duration would be harmonic:

x(t) ≈ x(t̄) + v̄ × (t− t̄)

with a beat frequency proportional to velocity.
This frequency can be determined with a short-time 

Fourier transform (STFT).

Window w(t) selects regions in signal s(t).

S(f, t̄) =

∫ ∞

−∞
s(t)w(t− t̄) e−2πift dt

I(t) = I1 + I2 + 2
√

I1I2 cos

[
Φ̄ + 2π

(
2v̄

λ0

)
t

]
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Analysis overview

32

Analysis of PDV data  

crop 
signal 

PDV signal 

power 
spectrum 

experiment signal window function 

STFT 

peak 
finding 

velocity history 

spectral peak 

w(t)!s(t)!

S(!, t)!

S(!)!

v(t)!
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An important detail...
•Real signals contain 
positive and negative 
frequency components

•These components have 
considerable overlap at low 
velocity

•Separating peaks prevents 
overlap
•Locating the positive 
peak is more accurate/
precise

•Occurs with large 
velocities and/or 
frequency conversion
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Things to be aware of

•Frequency response is king with PDV
•Use the fastest detectors possible

•Step response not particularly important
•One fast digitizer is better than several slow 
digitizers

•Beware of Nyquist requirement (aliasing)!

•Angle polished (8o) connections are crucial
•This is common, but not universal

•All windows should be anti-reflection coated
•PDV can detect very weak reflections
•These reflections can effect primary signal, 
particularly for short analysis durations

•AR coating to the 0.05% level is recommended
34
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VISAR versus PDV

What diagnostic should I use?

35
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General comments
•Each diagnostic has merits in certain areas

•Ejecta (reflector comes apart)
•PDV works
•VISAR does not

•Extreme velocities (>20 km/s, often open beam)
•VISAR works
•PDV does not (yet)

•What about continuous velocity measurements below 
~15 km/s?
•Structured wave profiles: shocks, ramps, and 
everything in between

36



Obvious differences
•VISAR:

•Is established and trusted
•Can use low bandwidth equipment (digitizers) to 
cover any velocity region

•Requires careful system characterization
•May require frequent maintenance

•PDV:
•Is simple to build and operate (fiber)
•Can be made very compact
•Has very few hardware adjustments (delay, etc.)
•Is robust to multiple velocities, extreme light 
variations (40-60 dB), and digitizer clipping

•Often requires high bandwidth equipment
37
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Size comparison

38

VISAR

PDV

Not shown:
   Laser
   Digitizers
   VISAR detectors
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PDV myths

•PDV is ill-suited for modest velocities (<1 km/s)
•Example: 100 m/s 

•Beat frequency: 129 MHz (7.75 ns period)
•Limiting time resolution is no less than 8 ns
•Things are even worse at lower velocities
•PDV is not good for low-velocity transients (QED)

•Frequency shifting avoids this problem
•The uncertainty principle severely limits PDV resolution

•Min. velocity-time width product is constant
•Peak position can be determined better than the width

•PDV is less sensitive than VISAR because it operates at a 
longer wavelength
•This is true but frequency can be measured very 
accurately

39
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The uncertainty principle
•Displacement measurements trade time 
and velocity resolution

•VISAR
•Ideal fringe resolution is ~2%
•Delay time sets an intrinsic resolution 
limit
•1 ns delay >> 2-3 m/s resolution 

•PDV
•Product of time-velocity widths:

•1 ns >> 62 m/s!!
•You can do much better:

40

σv × τ =

√
6

fsτ

λ0 σ

2π

σv × τ ≥ λ0

8π
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Theoretical comparison
•Consider

•532 nm VISAR, 2% fringe 
resolution

•1550 nm PDV, 10% signal 
noise (two sample rates)

•PDV matches VISAR 
resolution at τ=
•5.2 ns (25 GS/s)
•2.6 ns (50 GS/s)
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Calculated performance
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Experimental test
•Symmetric impact with 
velocimetry at the free 
surface

•Compared PDV with air-
delay VISAR (14 m/s VPF) 
and shorting pins

•PDV precision trends 
consistent with analytic limit
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Diagnostic Time scale 
(ns)

Velocity 
change (m/s)

Pins >1000 206.6 (1.1)
VISAR 19 206.11 (0.28)
PDV 19 205.95 (0.32)

PDV 10 205.93 (0.64)
PDV 1 206 (21)
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Which is better?
•VISAR beats PDV performance on short time scales.  
However:
•VISAR: 4-8 signals, PDV: 1 signal
•PDV rise time (10-90%) is <1/2 of VISAR for a given τ
•VISAR fringe resolution is often much worse than 2%

•PDV requires faster digitizers, but fewer channels/probe
•Cost per probe is fairly similar

•Itʼs probably not worthwhile building VISAR systems: 
•With delay times larger than 3-5 ns
•At 1550 nm (loses the wavelength advantage)

•Starting from scratch, PDV is generally better than VISAR 
below 10 km/s (some caveats)
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Summary

•Velocimetry is the most common diagnostic in dynamic 
compression research
•Straightforward to measure and interpret

•Optical interferometry encodes reflector displacement 
into a measurable electric signal
•VISAR: signal changes when velocity changes
•PDV:  signal changes when position changes

•Each diagnostic has its merits
•VISAR measures any velocity with modest 
bandwidth

•PDV requires higher bandwidth, but has many 
compelling advantages

44
44



Handout summary

•“Foundations of VISAR analysis”, SAND2006-1950
•Everything you ever wanted to know (and perhaps 
more) about VISAR

•Some relevance beyond VISAR (window 
corrections, 2D motion, etc.)

•“SIRHEN: a data reduction program for photonic 
Doppler velocimetry measurements”, SAND2010-3628
•PDV theory (with frequency conversion)
•Analysis implemented by SIRHEN (copyright 
pending)

•“Velocimetry signal synthesis with fringen”, 
SAND2011-0582
•VISAR/PDV measurement details
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