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Why are we here? 

We study extreme states of matter, and require ultrafast measurements to 
tell us what those states are. 

 
 
 
Often there are a multitude of states present, caused by inhomogeneities 

operating over a wide range of length scales (components, grains, 
crystals, voids, dislocations, etc.) 

 
 
The next generation of multiscale materials models require information 

about the distribution of states. In some cases to better define error, in 
others to directly assign these variances to specific mechanisms. 



How do we usually measure behaviour? 



How do we usually measure behaviour? 

•  Moving surface acts as both the 
receiver and source 
 probe light is double doppler shifted 

 
 
 
 
•  Example: 1000 m/s, 532 nm is 

shifted by 0.004 nm. 
•  Frequency is 564 THz, or one cycle 

per 1.8 fs 
 
Very complicated to measure directly. 
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We use light – convenient, non-invasive, and fast 

Consider the motion of a target surface 
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Interference can be helpful 

Iptq “ I1 ` I2 ` 2

a
pI1I2qcos p�1ptq ´ �2ptqq

VISAR uses a time-delayed version of the doppler-shifted signal 

Mix our signal with an appropriate reference to detect intensity 
changes in the cosine envelope: 

τ	



Self-referencing, signal intensity 
•  remains steady at constant velocity 
•  changes during accelerations 



How do we recover velocity? 

Approximation: 
Total fringe shift related to 
change in velocity through 
the velocity per fringe 
constant: 

v “ F
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VPF “ �0
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vpt ´ ⌧{2q “ �0

2⌧ p1 ` �v{v0q p1 ` �qF ptq

VPF inversely proportional to τ	


	



	

Longer τ à higher velocity sensitivity 
 Approximation breaks down near τ 

window dispersion 



Some limitations of point velocimetry 

•  Integrates heterogeneous response in area of collection à VISAR has 
difficulty dealing with multiple velocities, interference gets complicated. 

•  Spatial response usually from multiple probes, practical limit to number 
of distinct measurement points. Cost scales. How closely should 
probes be spaced? 

[32] 
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How then to study heterogeneous behaviour? 



Imaging is the key  

•  Relay the target image through the interferometer to maintain spatial 
registry between target, diag. arms, and recording instrument. 

•  Produce a carrier phase modulation in space (fringe comb): 
 Eliminates direction ambiguity, coarse spatial resolution 

[1], [29] 

Acceleration of the target results in an apparent vertical shift in the fringe comb, 
directly proportional to the velocity (VPF). 



Method of analysis, Line VISAR 

Extract Δφ(t) from the fringe comb, apply VPF 
 

Coarsening methods 
•  Global analysis 
•  Thinning 
 

FFT + Phase unwrapping 
 
 

Pseudo-quadrature analysis 
 
Wavelet analysis 
 

Spx, tq “ Bpx, tq ` Apx, tqcos r�px, tq ` 2⇡f0x ` �0s

[2], [17], [24] 



A brief history in (1-D space x) time 

1983  Bloomquist and Sheffield 

  ORVIS developed 

1990  Hemsing et al. 

  Fibre-relay, push-pull line VISAR 

1996  Baumung et al. 

  Fast collection optics, low power req. 

1998  Trott et al. 

  Line-imaging mode, improved spatial res. 

 
2005  Robinson 

  Optically-relayed push pull line VISAR 

2007  Ao et al. 

  ORVIS comes to Veloce 

1990-  Warnes, Mathews et al. 
  1991  Fabry-Pérot (area, line) 

1998  Celliers et al. 
  Mach-Zehnder (MZ) design 

 

2004  Malone et al., Celliers et al. 

  MZ comes to NIF and Omega 

2013  Bolme and Ramos 
  MZ used on gas gun 

[1], [4-9], [15-17], [20], [25], [33] 



Components of a line-imaging VISAR 

Laser Delivery 
Optics Target 

Collection 
Optics 

Interferometer Streak 
camera 

Image 
Relay 



Components of a line-imaging VISAR 
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The Wide-Angle Michelson Interferometer (WAMI) 

•  Original line velocimeter, ORVIS 
•  Single beamsplitter 

[1], [9], [20], [26] 
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FIG.!. The optical setup for an ORVIS interferometer is shown. The diag-
nostic laser is focused and illuminates the diffuse surface. The reflected hght 
is collimated, reduced in size, sent through the interferometer, and finally 
superimposed on the streak camera slit. 

(etalon), and the resulting dependence of K on that length is 
shown in Fig. 2 for a. typical apparatus. As the temporal 
response is made better by reducing the delay, the velocity 
resolution is degraded K increases. Especially for 
small values of 7, it is necegsary to detennine accurately the 
position of the fringes as a function of time in order to have 
acceptable velocity resolution. 

Figure 3 presents typical ORVIS data obtained using a 
laser to drive aluminum foil targets.4.5 Three records collect-
ed using an Imacon Mode1675 electronic streak camera and 
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FIG. 2. Dependence of velocity per fringe constant K on length of the fused-
silica glass optical delay cylinder (etalon) for a typical ORVIS setup. 
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FIG. 3. Representative streak camera records oflaser driven foils taken at 2 
ns/mm dispersion. (a) and (b) are records from aluminum foils different 
thicknesses suspended in air, and (c) is a record for an aluminum foil sus-
pended in water. 

Polaroid Type 47 film are shown. Time increases from left to 
right, and target velocity increases from top to bottom. The 
"etalon" length used was 30.8 cm producing a fringe param-
eter of K = 0.164 km s -I fringe - 1. The straight section of 
the fringe pattern at the beginning of each record corre-
sponds to times before the driving shock reached the diffuse 
target being measured. Figures 3 (a) and 3 (b) show records 
for foils suspended in air; the short-time-scale structure 
arises from longitudinal elastic waves propagating back and 
forth in the foils. Figure 3 (c) shows the response of a foil 
confined by water on both sides. The acceleration and peak 
velocity are much greater than those for foils suspended in 
air. In all cases, the fringes are well defined, but broad. In 
Fig. 3 (c) there are hints of irregularities due to breakup of 
the foil at long times. Broad fringes are characteristic of OR-
VIS experiments and complicate finding the fringe centers 
with high accuracy. It is particularly difficult to follow the 
center of a fringe when the acceleration is large or where 
there is fine scale structure in the fringe records (which we 
refer to as "noise") caused by the diffuse surface, as in case 
(c), or when it is desired to determine a displacement that is 
small with respect to a fringe width, as in cases (a) and (b). 
The challenges inherent in analyzing ORVIS data let us de-
velop the image processing techniques described below. The 
low repetition rate of, for example, experiments involving 
high explosives, makes it desirable to extract as much infor-
mation from a single record as possible. 

III. DIGITAL IMAGE PROCESSING 
Two completely different techniques were developed to 

reduce the ORVIS records. One is referred to as the "global" 
technique and the other as the "thinning" technique. 8 They 
were developed as complementary methods to insure that 
the data were being reduced correcdy and also to make sure 
that an types of data could be reduced. The global technique 
uses all the data available on a record, is relatively fast (a few 
minutes), and produces a single velocity-time profile. The 
thinning technique is well suited for noisy data and rapid 
accelerations which the global technique cannot foHow due 
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Predominant approach for gun-based studies 



Fibre-relay systems (Hemsing et al.) 

•  Target illuminated by line focus 
•  Spherical lens images target 

through WAMI 
•  PBS at both outputs 

 quadrature images of target 
•  Relayed by 4 fibre bundles, 

combined at camera slit. 

[4], [6] 



The Mach-Zehnder Design 

•  Introduced by P. Celliers in 1998 
•  Split beamsplitters separate fringe contrast and alignment 

Accurate measurement of laser-driven shock trajectories with velocity
interferometry

P. M. Celliers,a) G. W. Collins, L. B. Da Silva, D. M. Gold, and R. Cauble
Lawrence Livermore National Laboratory, Livermore, California, 94551

~Received 29 April 1998; accepted for publication 9 July 1998!

We describe a velocity interferometer used to measure the velocity and trajectory of laser driven
shocks in liquid deuterium accurately and continuously. This demonstration of velocity
interferometry to measure shock velocity and shock trajectory in condensed matter shows strong
potential for future studies of laser-driven shocks in transparent media. Accuracy of this technique
can be better than 1% in velocity and 60.2 mm in position during a 10 ns interval. © 1998
American Institute of Physics. @S0003-6951~98!02236-0#

The potential application of laser-driven shocks as a
means to determine high pressure equation of state ~EOS!
has been known for many years.1–3 EOS experiments require
accurate measurement of shock velocity. Methods for deter-
mining shock velocity have included transit time
measurements4,5 or streaked radiographic measurements.6
Achieving high precision with these techniques is challeng-
ing, and requires accurate target metrology, detector charac-
terization, and high quality data. Velocity interferometry,
and in particular the velocity interferometer system for any
reflector ~VISAR! design of Barker and Hollenbach,7 is a
high precision technique that has become a standard tool in
shock wave research. It has been applied primarily to mea-
sure wave profiles at interfaces8 and free surfaces,7,9,10 and
thus is generally used to measure a particle or interface ve-
locity, while other means are used to detect wave propaga-
tion. The possibility of applying velocity interferometry to
measure a shock propagation in transparent materials directly
has always existed but has never been applied because the
reflectivity of the shock interface is generally small, arising
from a small refractive index difference.11

If the shock amplitude is high enough to metallize a
transparent material such that it reflects light efficiently, then
the use of velocity interferometry to measure shock velocity
becomes viable. This is realistic in laser-driven shock re-
search where the upper limit of shock amplitudes can reach
as high as 75 TPa.12 In the face of the current challenges
facing researchers to improve the accuracy of laser-driven
shock measurements, the development of a high precision
velocity diagnostic represents an important new capability.
In this letter we demonstrate a high precision measurement
of shock velocity and shock trajectory using a variation of
the VISAR technique. The technique has strong potential for
improving our understanding of high pressure shock trans-
formations in transparent materials.

In our experiments we generated a high pressure shock
wave in an Al pusher using the Nova laser and transmitted it
into a liquid deuterium sample.6 The propagating shock was
transversely illuminated with an x-ray beam and imaged ra-
diographically onto a streak camera slit such that its trajec-

tory ~position versus time! was tracked. We performed ve-
locity measurements independently by reflecting an optical
laser beam at normal incidence from the shock front. The
technique depends on high reflectivity at the shock front. We
have measured reflectivities in the shocked deuterium around
65% for shock amplitudes greater than 50 GPa, which is
more than adequate for performing velocity interferometry.
The shock transformation of liquid deuterium into a metallic
state is the subject of another report.13

The probe beam, a 1064 nm 15 ns full width at half
maximum ~FWHM! laser pulse from an injection-seeded Q-
switched Nd:yttrium–aluminum–garnet ~YAG! laser, illumi-
nated the pusher rear surface through a sapphire window
tilted to steer its reflections out of the optical system. As
shown in Fig. 1, the light from the laser was brought into the
target chamber through a 1 mm core diameter fused silica
multimode fiber, with numerical aperture of 0.16. The light
emerging from the fiber was collimated with a 150-mm-focal
length, 50-mm-diam lens, passed through a beam splitter,
and then refocused onto the target rear surface through a

a!Electronic mail: celliers1@llnl.gov

FIG. 1. ~a! Arrangement for target illumination and image transport through
the velocity interferometer to the streak camera detector. ~b! Detail of the
velocity interferometer. The beam splitters, labeled BS1 and BS2, are di-
electric coated optics with 50% reflectivity on one surface and antireflection
coatings on the other surface. The etalon is antireflection coated on both
surfaces.
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[8], [17], [34] 

Implemented at JLF, NIF, Omega 

Stepped C target 



Multiaxis (1.5 D) systems 
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Along thickness gradient 

V
is

ib
le

 r
an

ge
 ~

1.
5 

m
m

 

Time (ns) 

D
is

ta
nc

e 

Time (ns) 

Elastic wave 
reaches surface 

inelastic wave 
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•  Uniform areal illumination of target 
•  Dove prism inserted before one of two interferometers: 

•  Rotates image 90 degrees 
•  SC slits sample orthogonal directions 

Wedged 
diamond 
target 

Methods extend measurements to 
multiple axes (JLF) 



Need for a portable system 

Ongoing experiments at multiple locations/environments 
•  L54 to gun lab 
•  L54 to H147 
•  Diamond 
•  ESRF 
 

These target areas have many users, permanent installations 
are impractical 
 

Local lasers available 
 

Multiple streak cameras, 8 mm – 35 mm photocathode 

Robust, portable, flexible line-imaging VISAR system 



Design Overview 

•  1.2 m wide, standard optical table width 
•  28 kg total mass 
•  Laser absorptive covers 



Under the hood 



Ray diagram 

interferometer 

•  Near collimation to and from target 
Flexible placement in exp. hutch 

•  Internal magnification x4-10, L3 

•  External collection optics 
Easily change magnification, L1 

•  Near collimation to streak camera 



Remote control 

External ports 
•  USB-hub (LTS, Cameras, 

Agilis hub) 
•  Agilis final optic translation 

mount 
•  Power input, LTS and 

USB-hub 



LabVIEW control system - ALignVISAR 



First experiments – Al/SS Interface 

Al 

SS 

Line VISAR 

~300 m/s Probing breakout at multi-component interfaces 



First experiments – Al 7068 / 316 SS Interface 

Multi-material – Al 7068 / 316 SS 

Al 

SS 
VPF = 330 m/s/F 

ß v = 325 m/s 

Single material – 316 SS 

v = 293.7 m/s à 



Future Directions 

Cheap objective lenses result in poor imaging 
•  Aplanatic doublet + meniscus lens pair at f/3.3 
Self compensating lenses to minimize wavefront error 

 

Implement routine alignment aids 
•  Inspection telescope 
•  Beamsplitter reticles 

 

Complete remote capability 
•  Flip-down reticle and interferometer beam block 

 

Engineering controls 
•  Ext. interlock, beam shutters 

 

Continue study of material interfaces, examining role of angle, component strength. 



Summary 

•  Line-imaging VISAR, demonstrated technique for measuring spatial 
variations in dynamic material response. 

•  Design evolved over past few decades, but seen limited take-up 
outside US National Laboratories. 

•  We have constructed a portable line imaging VISAR for integration into 
multiple on- and off-site experiments. 

•  Initial studies conducted on metal friction pairs – revealed spatial 
variation in velocity in accordance to acoustic properties, release 
wavelets originating at boundary. 

•  Will feature in future experiments at the Diamond and ESRF. 



References 

[1]  D. D. Bloomquist and S. A. Sheffield, Journal of Applied Physics 54, 1717 (1983). 
[2]  G. A. Fisk, G. A. Mastin, and S. A. Sheffield, Journal of Applied Physics 60, 2266 (1986). 
[3]  S. Gidon and G. Behar, Appl. Opt., AO 25, 1429 (1986). 
[4]  W. F. Hemsing, A. R. Mathews, G. R. Whittemore, and R. H. Warnes, in Proceedings of SPIE (San Diego, CA, 1990). 
[5]  A. R. Mathews, R. M. Boat, W. F. Hemsing, R. H. Warnes, and G. R. Whittemore, in Shock Compression of Condensed Matter - 1991 (Los Alamos National 

Lab., NM (USA), 1991). 
[6]  W. F. Hemsing, Los Alamos Science 60 (1993). 
[7]  K. Baumung, J. Singer, S. V. Razorenov, and A. V. Utkin, in Sccm - 1995 (AIP, 1996), pp. 1015–1018. 
[8]  P. M. Celliers, G. W. Collins, L. B. Da Silva, D. M. Gold, and R. Cauble, Applied Physics Letters 73, 1320 (1998). 
[9]  W. M. Trott and J. R. Asay, in The Tenth American Physical Society Topical Conference on Shock Compression of Condensed Matter (AIP, 1998), pp. 837–840. 
[10]  D. M. Gold, P. M. Celliers, G. W. Collins, L. B. DaSilva, R. C. Cauble, D. H. Kalantar, S. V. Weber, and B. A. Remington, 505, 1007 (2000). 
[11]  W. M. Trott, M. D. Knudson, L. C. Chhabildas, and J. R. Asay, in Shock Compression of Condensed Matter - 1999 (2000), pp. 993–998. 
[12]  M. R. Baer, Thermochimica Acta 384, 351 (2002). 
[13]  D. Kalantar, J. Belak, E. Bringa, K. Budil, M. Caturla, J. Colvin, M. Kumar, K. T. Lorenz, R. E. Rudd, S. J, A. M. Allen, K. Rosolankova, J. S. Wark, M. A. Meyers, 

and M. Schneider, Physics of Plasmas 10, 1569 (2003). 
[14]  M. D. Furnish, W. M. Trott, J. Mason, J. Podsednik, W. D. Reinhart, and C. A. Hall, Assessing Mesoscale Material Response Under Shock & Isentropic 

Compression via High-Resolution Line-Imaging VISAR (Sandia National Laboratories, 2003), pp. 1–37. 
[15]  R. M. Malone, J. R. Bower, D. K. Bradley, G. A. Capelle, J. R. Celeste, P. M. Celliers, G. W. Collins, M. J. Eckart, J. H. Eggert, B. C. Frogget, R. L. Guyton, D. 

G. Hicks, B. J. Kaufman, S. Montelongo, E. W. Ng, R. B. Robinson, T. W. Tunnell, P. W. Watts, and P. G. Zapata, in SPIE High-Speed Photography and 
Photonics Conference (Alexandria, VA, 2004). 

[16]  R. M. Malone, J. R. Bower, G. A. Capelle, J. R. Celeste, P. M. Celliers, B. C. Frogget, R. L. Guyton, M. I. Kaufman, G. A. Lare, T. L. Lee, B. J. MacGowan, S. 
Montelongo, E. W. Ng, T. L. Thomas, T. W. Tunnell, and P. W. Watts, in 49th Annual Meeting SPIE (Lawrence Livermore National Laboratory, Denver, CO, 
2004), pp. 1–12. 

[17]  P. Celliers, D. Bradley, G. Collins, D. G. Hicks, T. R. Boehly, and W. J. Armstrong, Review of Scientific Instruments 75, 4916 (2004). 
[18]  D. Hicks, T. Boehly, P. Celliers, J. H. Eggert, E. Vianello, D. D. Meyerhofer, and G. W. Collins, Physics of Plasmas 12, 082702 (2005). 
[19]  D. C. Swift, J. G. Niemczura, D. L. Paisley, R. P. Johnson, S.-N. Luo, and T. E. Tierney IV, Review of Scientific Instruments 76, 093907 (2005). 
[20]  D. J. Robinson, Optically Relayed Push-Pull Velocity Interferometry Resolved in Time and Positon, Washington State University, 2005. 
[21]  M. D. Furnish, W. D. Reinhart, W. M. Trott, L. C. Chhabildas, and T. J. Vogler, in Sccm - 2005 (2006), pp. 615–618. 



References 

[22]  S. Brygoo, E. Henry, P. Loubeyre, J. H. Eggert, M. Koenig, B. Loupias, and A. Benuzzi-Mounaix, Nature Materials 6, 274 (2007). 
[23]  R. M. Malone, J. R. Celeste, P. M. Celliers, B. C. Frogget, R. L. Guyton, M. I. Kaufman, T. L. Lee, B. J. MacGowan, E. W. Ng, and I. P. Reinbachs, in 

Proceedings of SPIE, edited by J. M. Sasian and M. C. Ruda (International Society for Optics and Photonics, 2007). 
[24]  W. M. Trott, M. R. Baer, J. N. Castañeda, L. C. Chhabildas, and J. R. Asay, Journal of Applied Physics 101, 024917 (2007). 
[25]  T. Ao, J. R. Asay, S. Chantrenne, R. J. Hickman, M. D. Willis, A. W. Shay, S. A. Grine-Jones, C. A. Hall, and M. R. Baer, The Veloce Pulsed Power Generator 

for Isentropic Compression (Sandia National Laboratories, 2007), pp. 1–82. 
[26]  T. J. Vogler, W. M. Trott, W. D. Reinhart, C. S. Alexander, M. D. Furnish, M. D. Knudson, and L. C. Chhabildas, International Journal of Impact Engineering 35, 

1844 (2008). 
[27]  T. Ao, R. J. Hickman, S. L. Payne, and W. M. Trott, in Sccm - 2009 (AIP, 2009), pp. 619–622. 
[28]  D. Bradley, J. H. Eggert, R. Smith, S. Prisbrey, D. G. Hicks, D. G. Braun, J. Biener, A. V. Hamza, R. E. Rudd, and G. W. Collins, Physical Review Letters 102, 

075503 (2009). 
[29]  T. Ao, in 2009 SEM Annual Conference (Albuquerque, NM, 2009). 
[30]  J. H. Eggert, D. G. Hicks, P. M. Celliers, D. K. Bradley, R. S. Mcwilliams, R. Jeanloz, J. E. Miller, T. R. Boehly, and G. W. Collins, Nature Physics 6, 40 (2009). 
[31]  R. McWilliams, J. H. Eggert, and D. Hicks, Phys Rev B 81, 014111 (2010). 
[32]  L. M. Barker, in Shock Compression of Condensed Matter - 1999 (2000), pp. 999–1002. 
[33]  C. A. Bolme and K. J. Ramos, Review of Scientific Instruments 84, 083903 (2013). 
[34]  D. Bradley, J. H. Eggert, R. Smith, S. Prisbrey, D. G. Hicks, D. G. Braun, J. Biener, A. V. Hamza, R. E. Rudd, and G. W. Collins, Physical Review Letters 102, 

075503 (2009). 


