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Monochromatic x-ray backlighting of wire-array z-pinch plasmas
using spherically bent quartz crystals

D. B. Sinars,a) M. E. Cuneo, G. R. Bennett,b) D. F. Wenger, L. E. Ruggles, M. F. Vargas,
J. L. Porter, R. G. Adams, D. W. Johnson, K. L. Keller, P. K. Rambo, D. C. Rovang,
H. Seamen,b) W. W. Simpson, I. C. Smith,c) and S. C. Speas
Sandia National Laboratories, P. O. Box 5800, Albuquerque, New Mexico 87185-1193

~Presented on 11 July 2002!

X-ray backlighting systems are being developed to diagnosez-pinch, inertial confinement fusion
capsule, and complex hydrodynamics experiments on the 20 MA SandiaZ machine. The x-ray
backlighter source is a laser-produced plasma created using theZ-Beamlet laser, a 2 TW, 2 kJ
Nd:glass laser recently constructed at Sandia. As an alternative to point-projection radiography, we
are investigating a different geometry@S. A. Pikuzet al., Rev. Sci. Instrum.68, 740~1997!# that uses
spherically bent crystal mirrors to simultaneously obtain high spatial resolution and a narrow
spectral bandwidth. Backlighting systems using the Si Hea line ~1.865 keV! and the Mn Hea line
~6.15 keV! are discussed. These systems are capable of spatial resolutions in the 5–10mm range, a
field of view as large as 5 mm by 20 mm, and a spectral bandwidth comparable to the width of the
emission line used for backlighting. ©2003 American Institute of Physics.
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I. INTRODUCTION

The Z machine at Sandia National Laboratorie
Albuquerque,1 is a 20 MA, 100 ns rise-time, pulsed-pow
driver for z-pinch plasma radiation sources. The current fro
the driver is passed through a cylindrical array of wire
which vaporize and form plasma, and the magnetic for
compress the plasma to the axis of the system. This te
nique has successfully been used to generate a 200 TW,
plasma radiation source with a near-blackbody spec
shape.2 This radiation source can be used as a driver
fusion experiments,3–7 radiation effects testing, or comple
hydrodynamics experiments similar to those in Ref. 8.

Z-Beamlet,9 a 2 TW, 2 kJ Nd:glass laser, became ope
tional in 2001 and was used to diagnose high-yield-fus
capsule implosions in a hohlraum driven on two sides bz
pinches.6,10 In these tests, the laser beam was focused ont
or Fe targets to produce 4.5 or 6.7 keV x rays, respectiv
which were used to backlight the capsules in a po
projection geometry. For the point-projection geometry
succeed, the x-ray background produced by thez pinches
had to be eliminated. The soft (,1 keV) x rays were elimi-
nated using filters and hard (.10 keV) x rays were reduce
by carefully collimating the detector to a 3 mmfield of view
centered on a capsule located no closer than 6.5 mm from
ends of either pinch.6 Collimating out the hard x rays whe
directly imaging thez-pinch implosion is difficult, though it
is possible to obtain a one-dimensional image using a
mm slit at large radius.

To eliminate the hard x-ray background, we used sph

a!Electronic mail: dbsinar@sandia.gov
b!Also at: Ktech Corp., 2201 Buena Vista SE, Suite 400, Albuquerq

NM 87106-4625.
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cally bent crystals in an x-ray backlighting geometry orig
nally proposed by Pikuzet al.11,12 Only x rays satisfying the
Bragg condition,

nl52d sinu, ~1!

reflect constructively from the surface of the crystal, wherel
is the incident photon wavelength,d is the spacing of planes
in the crystal,u is the ‘‘grazing’’ angle~the angle with re-
spect to the crystal plane!, andn is an integer correspondin
to the crystal reflection order. In this way, both the soft a
hard x-ray background from sources within the field of vie
of the backlighter can be eliminated, and the backlighter s
tem can readily be considered ‘‘monochromatic.’’

A second advantage of this backlighting geometry is t
it can be used to obtain images with,10mm spatial reso-
lution. For example, a monochromatic backlighting syst
based on the Si Hea line recently demonstrated 3–5mm
spatial resolution.13,14 This system was used to measure t
ablative Richtmyer–Meshkov instability for the firs
time.15,16 A third advantage is that the spatial resolution
only weakly dependent on the size of the x-ray source17

which means that relatively large sources (>100mm) can be
used. By contrast, to obtain;10mm resolution with a point-
projection system, the system must either use a small so
at low magnification or use a pinhole to reduce the size
the source~at a cost of x-ray flux!.

The design of monochromatic backlighting systems w
parameters relevant to theZ machine was considered in
separate publication.17 On the basis of these estimates, sy
tems using Si Hea line at 1.865 keV and the Mn Hea line at
6.15 keV were built. We present the results of calibrati
tests of both of these systems carried out using
Z-Beamlet laser. Results from the first wire-array backlig

,
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ing experiment using the 1.865 keV system are also bri
discussed.

II. MONOCHROMATIC X-RAY BACKLIGHTING
TECHNIQUE

A generic x-ray backlighting system using a spherica
bent crystal is shown in Fig. 1. The behavior of this optic
system is governed by two general principles: The Bra
condition in Eq.~1! and the concept of the Rowland circl
The Rowland circle has a radiusR/2, whereR is the bending
radius of the crystal. Rays from a point located on the Ro
land circle are focused to a corresponding point on the o
side of the circle~across the line of normal incidence!, as
seen in Fig. 1~b!. Because of the Bragg reflection properti
of the crystal, however, only rays from the source satisfy
the Bragg condition are focused back onto the Rowla
circle. If an object is placed along the path of these ray
distancep from the crystal, wherep satisfies

Rm sinu.p.
Rm

2
sinu, ~2!

a detector can be placed at the focal point of the objec
that a monochromatic image of the object is obtained.11

The focal points for the horizontal~meridional! and ver-
tical ~sagittal! planes of the crystal are

1

p
1

1

qm
5

2

Rm sinu
, ~3!

1

p
1

1

qs
5

2 sinu

Rs
, ~4!

respectively. IfRs5Rm sin2 u ~i.e., a toroidally bent crystal is
used!, then qs5qm and astigmatism is reduced to a min
mum. Alternatively,qs5qm also occurs ifu590°. If u is in
the range from 80° to 90°, however, then a spherical cry
(Rs5Rm) can be used with a relatively small amount
astigmatism sufficient to obtain mm-scale spatial
resolution.11 Thus, in this range, there is little difference
the performance of spherically and toroidally bent crysta
For Bragg angles,80°, toroidally bent crystals are pre
ferred in principle, but in practice higher-order aberratio
and x-ray diffraction effects often negate the advantage
such crystals are difficult to work with.

FIG. 1. Schematic diagrams illustrating the monochromatic backligh
concept, emphasizing~a! the effect of the source size on the collection ang
of the system and~b! the effect of the crystal size in determining the ava
able field of view.~c! If the x-ray source is on the Rowland circle, its widt
Dx determines the spectral bandpass used for imaging (Dl1), which is
usually less than the width of the spectral emission line. Moving the so
off the Rowland circle can effectively increase the spectral bandpass o
system as shown toDl2 , thereby increasing the efficiency of the system
Downloaded 06 Mar 2003 to 134.253.26.6. Redistribution subject to A
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The magnifications in the meridional and sagittal plan
are

Mm5
q2R sinu

R sinu2p
, ~5!

Ms5
q

p
, ~6!

respectively. For a toroidally bent crystal,q5qm5qs , so
Ms5Mm . For a spherically bent crystal,Ms5Mm only if
the detector distanceq5qm in Eq. ~3!, which is what we
used to determine the detector position in these experime
From Eqs.~3! and ~6!, one can also derive the following
relationship to determine the object position for a given cr
tal and desired magnification:

p5
~R sinu!~M11!

2M
. ~7!

As noted elsewhere,13,14 it is not necessary for the back
lighting source to lie on the Rowland circle. If the x-ra
source is moved inside of Rowland circle the spectral ba
width and collection solid angle both increase, as illustra
in Fig. 1~c!, making the system more efficient. The penalty
a reduced field of view and worse spatial resolution. Cal
lations illustrating this are presented elsewhere.17 This was
done with the Mn Hea system to increase the flux at th
detector by 17 times.

The field of view~FOV! of the backlighting system can
be estimated by

FOV5LcrystalH y

p1yJ , ~8!

whereLcrystal is the width of the crystal in the meridional o
sagittal direction andy is the distance from the source to th
object. This equation holds for sources both on and inside
Rowland circle.

III. Z-BEAMLET CALIBRATION TESTS

Tests of 1.865 and 6.15 keV monochromatic backlig
ing systems were carried out in a calibration chamber for
Z-Beamlet laser. The parameters of these test systems,
marized in Table I, were chosen with the backlighting r
quirements for experiments on theZ machine in mind. Ad-
ditional details of these designs can be found in Ref.
Note that in the Mn Hea system the source was located 6
mm inside the Rowland circle to increase the flux reach
the detector by 17 times.

The object in these experiments was an electroformed
mesh with 33.5mm rectangular wires~5 mm thick! spaced
every 318mm. Sample images from these tests, along wit
sample lineout through one wire, are shown in Fig. 2. The
Hea system was designed for a spatial resolution of abou
mm, and the Mn Hea system for a spatial resolution of abo
6 mm.17 The experimentally measured spatial resolution v
ied from 9 to 13mm for the Si Hea system~center to edge!,
and from 10 to 12mm for the Mn Hea system~center to
edge!.
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IV. Z-MACHINE EXPERIMENTS

The backlighter systems were designed as diagnos
for wire-array implosions. The narrow spectral range pas
by these systems is important when diagnosing intense x
sources such as a 200 TWz-pinch blackbody. However
though the spectral bandwidth for the Si Hea system is
,1 mÅ, the radiation in this range reaching the crystal fro
such az pinch is comparable to that produced by the ba
lighter. By contrast, the intensity of the 6.15 keV backligh
source in the Mn Hea system exceeds that produced by az
pinch. Thus, the Si Hea system is appropriate for looking a
large radii, while the Mn Hea system could potentially be
used to look directly at thez pinch itself.

The first Si Hea tests studied the implosion of cylindrica
tungsten wire arrays that were 20 or 12 mm in diame
Recent work suggests that not all of the mass accelerate
the axis during the implosion, but that some of the mas
‘‘left behind’’ near the original location of the wire
arrays.18,19One goal of the Si Hea backlighter was to directly
measure the presence of any mass left behind. The wire-a
hardware for these tests was designed to allow a field of v
suitable for such measurements, as discussed in Fig
Though the field of view shown in Fig. 3 extends all the w
to the axis of the system, during the experiments a 75mm
thick Au foil was placed over the inner 2 mm of the ex
aperture to prevent x rays from thez pinch from reaching the
detector. The detector~film! was placed inside a collimate
tungsten/stainless-steel housing as shown in Fig. 4. In a
tion, two tungsten blocks were placed in the direct line
sight between the film and thez-pinch source. X rays re
flected from the crystal pass through a 2 mmaperture in one

FIG. 2. Test images of a 33.5mm Ni mesh obtained using~a! the Si Hea
and ~b! the Mn Hea backlighting systems.~c! A sample lineout through a
portion of the Ni mesh image in~a!.

TABLE I. A summary of the parameters of the Si Hea and Mn Hea back-
lighting systems tested using theZ-Beamlet laser. The bending radius of th
crystals was 250 mm.

Emission line Si Hea Mn Hea

Source wavelength~Å! 6.65 2.016
Crystal Quartz 101I 1 Quartz 224I 3
Reflection order 1 1
Integrated reflectivity~mrad! ;1 0.078
Bragg angle (°) 83.9 84.9
Crystal size~mm! 48311 23 ~diameter!
Object to crystal distance~mm! 145 145
Source to object distance~mm! 104 40
Field of view ~mm! 2035 5 ~diameter!
Detector film~Kodak! RAR 2497 DEF
Laser pulse width~ns! 0.6 1.0
Laser energy~J! 400–600 1000
Laser spot size~mm! 0.8 0.15
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of the tungsten blocks, and the line of sight between t
aperture and the return-current can was blocked using
second tungsten piece.

On July 5, 2002, the Si Hea system was fielded on a
Z-machine shot for the first time. The load on this test wa
12 mm diameter, 10 mm tall, 180 W wire array, so only t
center image of the object~from r 56 mm tor 52 mm) was
expected to contain data. The film from this test is shown

FIG. 3. ~a! Schematic diagram of the wire-array hardware. In these tests
center of the wire array is 17.5 mm above the horizontal plane to acco
date the existing detector hardware. There are nine slots in the return-cu
canister for diagnostic access. Using the ZEMAX ray-tracing program~see
Ref. 20! to simulate the Si Hea geometry, the width of the slots was adjuste
to obtain the desired field of view of the 20 and 12 mm wire arrays be
tested. The circles inside the canister in~b! indicate the positions of these
arrays.

FIG. 4. A diagram of theZ-machine hardware for the Si Hea backlighting
system. A charge coupled device camera is used to align the focal spot o
laser beam on a target foil~not shown! mounted on the sloped face of th
tungsten shielding block. The crystal focuses the source x rays through
mm aperture in one of two tungsten shielding blocks. The second bloc
used to eliminate the direct line of sight between the return-current can
the aperture. A fast-closing shutter mounted in the detector housing prev
debris from reaching the film.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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Fig. 5. The image, taken about 36 ns before peak x-ray em
sion, shows a nonuniform axial and radial mass distribut
in the imploding pinch. A detailed analysis of the image
pending.
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