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Introduction
The unique capabilities of a crystal imaging system using 
spherically bent Bragg crystals are a narrow spectral width [m/
Dm >1000, (Ref. 1)], a high throughput (up to 100-fold improve-
ment over pinhole imaging because of the larger solid angle), 
and a potentially high spatial resolution [<2 nm, (Ref. 2)]. 
Unlike a pinhole imager, a crystal imaging setup used in back-
lighting mode is insensitive to spatial nonuniformities in the 
backlighter intensity distribution because of its limited depth 
of field.3 The major drawback of crystal imaging is the cost 
of the crystals and the complexity of the alignment. Crystal 
imaging has been frequently used on small- to medium-scale 
facilities, where the target chamber is vented between shots 
and direct operator access to the target chamber makes the 
alignment relatively easy.1,2,4-7 On larger-scale facilities such 
as OMEGA EP,8,9 where the target chamber stays at vacuum 
between shots, fully remote alignment of the crystal imager is 
required; consequently, only a very limited number of setups 
can be found in the literature.3,10

Experimental Setup
A crystal imaging system that can be remotely aligned and 

operated has been implemented on OMEGA EP (Fig. 129.39). 
In the first set of experiments this spherical crystal imaging 
(SCI) system used a quartz crystal, cut along the 2131 (211) 
planes for a 2d spacing of 0.3082 nm, to image the Cu Ka 
lines at +8 keV. The Bragg angle of the quartz crystal for the 
Cu Ka is 88.7°, very close to normal incidence. The 25-mm-
diam, +150-nm-thick crystal was mounted by means of optical 
contact on a spherically shaped fused-silica substrate with a 
curvature radius of R = 500 mm. This curvature corresponds to 
a focal length of f = R/2 = 250 mm. The spherically bent crystal 
was fabricated by the Photonics Products Group, Inc. (PPGI).11 
The crystal is placed at a distance of 276 mm from the target, 
and the image is recorded on an image plate12 located +2.4 m 
from the target, resulting in a total magnification of +10.

The SCI system uses two opposing ten-inch manipulators 
(TIM’s) in its shot configuration, one housing the crystal and 
the other the image-plate detector. The TIM on OMEGA EP 
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is a fully remote controllable three-axis diagnostic insertion 
system with an air lock, which allows the insertion of diagnostic 
modules of up to 25 cm in diameter and 50 kg of weight into 
the target chamber, without breaking vacuum.

The crystal is mounted on a motorized tip–tilt stage (New 
Focus 8817-V with PICO motor drive13) that sits on a TIM-
mounted frame [Fig. 129.40(a)] and is inserted close to the 
target. A removable blast shield is placed in front of the crystal 
to protect it from debris. Because of the relatively high energy 
of the Cu Ka, the material and thickness of the blast shield are 
not critical even though the x rays must pass it twice. A blast 
shield of 10 to 20 nm of Al foil or 25 nm of Mylar coated with 
>100 nm of Al to prevent the scattered laser light from hitting 
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Figure 129.39
Schematic of the spherical crystal imager hardware in shot mode. One ten-
inch manipulator (TIM) houses the crystal holder and another houses the 
image-plate detector. Both TIM’s are on a common centerline indicated by 
the dashed line. A blast shield is placed in front of the spherically bent crystal, 
which images the target onto the detector. A direct line-of-sight tungsten block 
is placed opposite the crystal mount beyond the target to protect the detector 
from x-ray background emitted by the target. 
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the crystal was sufficient for all experimental conditions. The 
blast-shield holder also accepts 1-mm-thick stainless-steel 
apertures to limit the active area of the crystal and to control 
the signal level on the detector. A 7.5-mm-thick, 7-mm-diam 
tungsten block protects the detector from x rays along the 
direct line of sight. The line-of-sight block is mounted on an 
arm attached to the crystal holder. 

A CAD model of the image-plate detector’s housing is 
shown in Fig. 129.40(b). A well-shielded, tungsten-clad box 
is mounted in the TIM opposing the crystal holder. An access 
door affords the operator easy access to insert the image-plate 
before the shot and remove it after the shot. A tungsten col-
limator reduces the field of view of the detector to suppress 
background from Compton scattering and fluorescence from 
structures in the target chamber. A Cu foil mounted in front of 

the collimator acts as a K-edge filter14 to further improve the 
signal-to-background ratio. This filter is also used to optimize 
the signal level on the image-plate detector to prevent satura-
tion. Typical filter thicknesses used in experiments range from 
10 to 50 nm.

Alignment
The alignment procedure for the SCI system requires a 

number of steps. A pointer is first attached to the crystal holder 
hardware, and both the line-of-sight block and the blast shield 
are removed (Fig. 129.41). The tip of the pointer is optically 
aligned to target chamber center (TCC). The pointer is designed 
to set the distance from the crystal to the target to 276 mm, 
when the target is aligned to TCC. Mechanical alignment fea-
tures in the pointer mount make a highly repeatable mounting 
of the pointer relative to the crystal mount possible. The pointer 
mount was designed not to block the two orthogonal lines of 
sight of the OMEGA EP Target Viewing and Alignment Sys-
tem. A precision of better than 100 nm can be achieved with 
this procedure. 

TC9538JR

Motorized
tip–tilt stage

Pointer

TCC

Crystal

Figure 129.41
CAD design of the crystal holder in its pre-alignment configuration. A pointer 
is attached to the crystal holder hardware and optically aligned at target 
chamber center (TCC). The long, thin cylinders indicate the optical paths of 
the Target Viewing System.

In the next step the TIM coordinates are recorded, the 
TIM is retracted, and the pointer is removed from the crystal 
holder. The TIM is inserted again to its prerecorded position. 
Extensive tests have shown that this retract-and-insert cycle 
places the crystal back to the prerecorded position to within 
better than 100-nm accuracy. The tip of a single-mode fiber 
mounted in a third TIM is placed at TCC using the Target 
Viewing and Alignment System (Fig. 129.42). Light from an 
infrared (1053‑nm) laser source is injected into the fiber. This 
light exits the fiber tip in an +f/2 cone toward the spherically 
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Figure 129.40
(a) CAD design of the crystal holder. The crystal is mounted on a motorized 
tip–tilt stage. A blast shield protects the crystal from target debris and can 
be removed for alignment. (b) CAD design of the image-plate holder. A 
tungsten-clad box houses the image plate, which records the image formed 
by the spherically bent crystal. An additional collimator is installed to further 
reduce the background from direct and Compton-scattered x rays. A filter 
foil is mounted in front of the collimator to optimize the signal level on the 
image-plate detector. 
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bent crystal. A fraction of the infrared light is reflected off 
the crystal surface and sent toward the opposing TIM. The 
image-plate detector box in the opposing TIM is replaced by a 
semi-transparent screen, which is placed at the same distance 
from TCC as the image plate. This screen is viewed by an 
infrared-sensitive video camera. The motorized tip–tilt stages 
of the crystal mount are used to position the image formed by 
the spherical crystal at the center of the screen. Small correc-
tions of the TIM insertion axis are used to optimize the focus 
of the crystal imager. The wavelength of the alignment source 
is not crucial. Off-line tests with a 680-nm-wavelength red 
laser have shown similar results. It is critical to use a single-
mode fiber to generate a well-defined object, so that the crystal 
produces a clean image that can be used to optimize the focus. 

Finally, the fiber is removed from its TIM, and the semi-
transparent screen is replaced with the image-plate detector 
box. The crystal holder is retracted, and the blast shield and 
line-of-sight block are re-installed. The crystal holder is 
inserted again and the SCI system is ready for shots. 

Experimental Data
Figure 129.43 shows one of the first images recorded with 

the SCI system. A 500 # 500 # 20-nm3 Cu foil was irradiated 
by an +1-kJ, 10-ps OMEGA EP laser pulse. The SCI views the 
target from an angle of 63° relative to the target normal, which 

leads to a foreshortening of the image in the vertical direc-
tion by a factor of +2. Even though the laser focal spot is only 
+40 nm in diameter, the image shows that the Ka radiation 
is emitted from the whole target area with an +100-nm-diam 
bright spot located roughly where the laser hits the target. This 
image is consistent with other observations that show that most 
of the electrons generated in the laser–plasma interactions are 
confined to the target by strong electric fields set up when the 
first high-energy electrons leave the target and charge it to a 
multi-MeV potential.15-17 The confined electrons flood the tar-
get and generate a quasi-uniform emission. The slightly darker 
area on the top-right corner of the target is due to the fact that 
the target is attached to a stalk at this corner, which allows the 
electrons to escape, thereby reducing the Ka emission.

The signal-to-background ratio is evaluated by measuring 
the average value of the signal on the image plate outside the 
object and comparing it to the signal measured at the edge of 
the image and the peak in the center of the image. With a typi-
cal background signal of 0.01 photostimulated luminescence 
(PSL) outside the image, +1 PSL at the edge, and +6 PSL at the 
peak, signal-to-background levels of 100 to 600 are observed. 

To assess the spatial resolution of the SCI, lineouts are 
taken across the edge of the image at different locations (see 
Fig. 129.44). The rise of the signal from 10% to 90% of its 

TC9537JR

TCC

Illumination
�ber

Semi-transparent
screen

Video
camera

TIM crystal
holder

Crystal

Figure 129.42
Schematic of the spherical crystal imager hardware in alignment mode. An 
illumination fiber is placed at TCC. Light from the fiber is reflected from the 
crystal to the semi-transparent screen. A video camera is used to optimize 
the focal spot on the screen.

Figure 129.43
Ka image of a 500 # 500 # 20-nm3 Cu foil, irradiated by an +1-kJ, 10-ps, 
+40-nm-diam OMEGA EP laser pulse. The spatial coordinates are scaled 
to the object plane.
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Figure 129.45
Edge rise from 10% to 90% of the peak as a function of defocus in the spheri-
cal crystal imager. Zero displacements are defined as the locations of the 
pre-shot optical alignment.
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Figure 129.44
Edge lineouts of an image from the SCI at different locations. The signal 
rises from 10% to 90% of the peak in +10 nm for the locations where the 
imager is in best focus.

peak value is taken as a figure of merit for the resolution of the 
imaging system. This 10% to 90% criterion is a more-stringent 
measure of resolution, compared to a measurement of the 
modulation transfer function, where the resolution is usually 
defined at either a 50% or 10% contrast value. Since the imager 
has a limited depth of focus and views the object from a steep 
angle of 63° relative to the target normal, the resolution changes 
across the edge from +10 nm, where the object is in best focus, 
to +15 nm outside best focus.

A series of experiments were performed to measure the 
depth of focus of the imaging system by intentionally chang-
ing the crystal’s distance from the target from the optimal 
position as determined by the pre-shot optical alignment (see 
Fig. 129.45). The best resolution of the SCI is observed in these 
experiments for displacements of <100 nm from the pre-shot 
alignment. At larger displacements the resolution deteriorates 
to values of the order of 20 nm at 300-nm displacement. 

Summary and Conclusions
A crystal imaging system that can be fully remotely aligned 

has been implemented on OMEGA EP. A spherically bent 
quartz crystal is used to image the Cu Ka emission of targets 
irradiated with up to 1 kJ of laser energy at a 10-ps pulse dura-
tion. Experiments performed to map out the depth of focus of 
the crystal imager showed that the pre-shot optical alignment 
sets the SCI to its optimum focus condition. A best-focus resolu-
tion of +10 nm, measured as the 10% to 90% rise on the edge 
of the image, has been achieved. The images show a very high 
signal-to-background ratio of >100, which indicates that the 

shielding concepts used in the setup of the SCI are effective 
and will provide adequate shielding even at the highest planned 
energies of 2.6 kJ at 10 ps on OMEGA EP. A similar crystal 
imaging system has been implemented on the OMEGA Laser 
System. Only minor adjustments to the mechanical layout of 
this system are required to adapt it to other spectral lines using 
different crystals and Bragg angles. Designs to modify the 
SCI to image the Si Hea spectral line are currently underway. 
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