REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 3 MARCH 2003

4.5- and 8-keV emission and absorption x-ray imaging using spherically
bent quartz 203 and 211 crystals (invited )

J. A. Koch?

University of California, Lawrence Livermore National Laboratory, Livermore, California 94551
Y. Aglitskiy

Science Applications International Corporation, McLean, Virginia 22102

C. Brown

Naval Research Laboratory, Washington, DC 20375

T. Cowan

General Atomics Corporation, San Diego, California 92186

R. Freeman

University of California/Davis, Davis, California 95616

S. Hatchett

University of California, Lawrence Livermore National Laboratory, Livermore, California 94551
G. Holland

Naval Research Laboratory, Washington, DC 20375

M. Key and A. MacKinnon
University of California, Lawrence Livermore National Laboratory, Livermore, California 94551

J. Seely
Naval Research Laboratory, Washington, DC 20375

R. Snavely
University of California/Davis, Davis, California 95616

R. Stephens
General Atomics Corporation, San Diego, California 92186

(Presented on 11 July 2002

We have used spherically-bent quartz 203 and 211 crystals to image 4.5- and 8-keV sources in both
emission and absorption geometries. These imaging systems are straightforward to align, provide
high throughput, and can provide high spatial resolution over large fields of view. We discuss the
imaging geometry and alignment strategies, and we present experimental results we have obtained
from a 1-ns-duration, multikilojoule laser facility and from sub-ps-duration, ultrahigh-intensity laser
facilities. Our successful applications suggest that high-quality, spherically-bent quartz crystals may
be used to image at many different x-ray energies due to the numerous diffraction planes available
from quartz. This range of usable x-ray energies increases the number of applications that might
benefit from high-resolution, high-brightness, monochromatic x-ray imaging using bent crystals.
© 2003 American Institute of Physic§DOI: 10.1063/1.1537448

I. INTRODUCTION short-wavelength side of =2d; this is because the Bragg
equationA=2d sind must be satisfied. Very high-quality
Two-dimensionally bent Bragg imaging crystals are be-convex spherical mandrels can be used to produce excellent
coming routine tools for multi-keV x-ray imaging of concave-spherical surface figures on bent crystals using
plasmas:~**The imaging properties of spherically-bent crys- gptical-contact fabrication techniquiallowing high-quality
tals, analogous to spherical mirrors, can be understood on theray images to be obtained when the crystal structure itself
basis of simple geometrical optics, and they can provide highy nearly perfect. X-ray images have been obtained using
spatial resolution over large fields of view provided the a“9|eBragg reflections of various bent crystals, including quartz
of incidence is within several degrees of normal; this is nec- 1 quartz 1025 mica®~® thallium acid phthalatd, Si
essary in order to minimize astigmatism. The restriction 03111011 gnd Ge 317011 Quartz 101 has been shown to al-
the angle of incidence, along with the fixed interplanar |, ~2-um-resolution imaging at 1.8 keV.
spacing(d) of the crystal itself, restricts the operating wave- g principle restriction on the utility of spherically-bent
length (\) for a particular crystal to a narrow range to the grystals is the geometrical-optics-based requirement that the
angle of incidence must be very close to normal. This restric-
¥Electronic mail: koch1@lInl.gov tion, coupled with the limited number of suitably high-
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quality x-ray crystals and their fixed interplanar spacings, - Spherical .
leads to a limited number of suitable x-ray imaging wave- ~ Crystal PRE
lengths. One approach to broadening the range of suitable

imaging wavelengths is to use toroidally-bent crystals, which Y
use different sagittal and meridional radii of curvature to
eliminate astigmatism for incident angles far from
normall®~** However, high-quality toroidal surfaces are “<
much more complex to fabricate, and the resulting imaging
optic is difficult to align due to constraints on all six degrees

of positioning freedom. A second approach to broadening the

WV \\v‘ N
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Point

range of suitable imaging wavelengths is to broaden the Backlight e
range of suitably high-quality x-ray crystals, by developing Meridional <
the capability to manufacture and bend different crystals and Image Plane - "X

crystal cuts This second approach has provided the motiva- Film Plane e

tion for the present work. Sagittal ~

Due to the structural properties of framework silicates, Image Plane

quartz crystals contain numerous planes with different interg;g 1. Geometry of the point-backiight tests. An x-ray source back-
planar spacings suitable for Bragg diffraction. Quartz is alsalluminated the grid, which was imaged by the crystal onto Kodak direct-
a high-quality, naturally-occurring crystal that has been use@xposure x-ray film. For area-backlight tests, the x-ray source was moved
extensively for x-ray imaging. Previous Wﬁrlsuggested inside the Rowland circle to just behind the grid.
several other planes of quartz that might be suitable for x-ray
imaging, including 203 (8=2.749A) and 211 (@ angle (due to astigmatisin and second by the local crystal
=3.082 A). In this article, we describe experimental resultsquality. The latter consideration results because each point at
we have obtained utilizing spherically-bent quartz 203 andhe object is imaged by a small region of the crystal, with the
211 crystals to image at 4.5 and 8 keV. These results densize of the crystal determining the field of view rather than
onstrate the general utility of quartz as an x-ray imagingthe spatial resolution. The x-ray source size was restricted so
crystal at a variety of wavelengths, using various cuts ands to have minimal impact on the spatial resolution obtained
diffraction orders, and demonstrate how these imaging crysh the images, and the images therefore provide a map of
tals can be simply positioned and aligned for application tdocal crystal quality. This Rowland-circle backlight geometry
laser-produced plasma experiments. [Fig. 2(@)] contrasts with the emitting-object and area-

backlight geometriefFig. 2(b)], where the spatial resolution

is determined first by the area of the crystal and the Bragg
Il. SPHERICAL CRYSTAL FABRICATION AND angle, and second by the crystal quality averaged over the
TESTING full aperture of the crystal.

We used three different quartz crystals for our experi- _1he Crismatec crystal was tested with a grid consisting
ments. The first quartz 203 crystal was obtained fromPf 6-#m Au wires on a 25.4:m period. The grid was im-
Crismated? and was 40 mm in diameter with a 356-mm 29€d by the crystal atZ-magnification, producing the map
radius of curvature. The second quartz 203 crystal and th&0Wn in Fig. 3. The overall quality of the crystal is good,

quartz 211 crystal were obtained from Extaand were 35 and in localized regions it achieves spatial resolutions better
mm in diameter with 380-mm radii of curvature. The Extar than 7#m, assuming that simple quadrature addition of the

crystals were fabricated by optical contact techniquaad vyire yvidth anq the Iine—spread.function wich determines the
proved to be of superior quality compared with the final image width. However,_ different regions of the crysta}l
Crismatec crystal. appear to suffer from localized deformations that result in

Tests were performed on both quartz 203 crystals with £0°r focusing, and this limits the useful aperture of the crys-
Manson-type x-ray source emitting 4.5-keVKTj, x rays. In tal. This, in turn, limits either the useful field of view obtain-
the first of these testaising the Crismatec crysjathe x-ray

source was placed on the Rowland circle at an object dis- (a) 1 Field of View
tanceps=R, whereR is the crystal radiugsee Fig. 1 The | (optic-limited)
source back-illuminated a grid at an object distapcend %)— ggggﬁ:tion
the grid was imaged by the crystal onto Kodak Délect (backlight-
exposure x-ray filmat an image distancg=pR/(2p—R). | limited)
Astigmatism results in different meridional and sagittal focus (b) | Field of View
planesq,, and qs, with g,=pRsind/(2p—Rsin6) and g (backlight-limited)
=pR/(2psin#—R), where ¢ is the Bragg angle measured _ggggﬁ:ﬁon
from the crystal surface. We place the film plane cat | (optic-limited)

=pR/(2p—R), approximately midway betweey,, andqs, p Mp
so as to produce a round point-spread funcfion. :

In Fhis geom_etry, the local spatial reso'!ﬂion at the objecf g, . Comparison between the point-backlight geoméirand the area-
plane is determined first by the source size and the Bragpacklight/emission geometrp).
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FIG. 5. Geometry of the Nova Sc |ybacklight experiment. The Sc foil
FIG. 3. Point-backlit test image of a Au grid with 25.4n period and 6zm back-illuminated a grid in the area backlight geometry of Fidp)2and the
wires, obtained at 4.5 keV using the Crismatec quartz 203 crystal. Localizedrid was imaged onto a microchannel-plate intensified gated framing camera
regions of the crystal are of sufficient quality to producer@-wide images  on the opposite side of the target chamber.
of the 6.um wires, implying that the width of the point-spread function is
better than 7um. The images and lineouts are in scaled units of film optical

density, and h t b ted t .
enstty, and have not been converted fo exposure the central~700 um of the front surface of a 2-mm-square,

) . . _ 25-um-thick Sc foil placed 5.1 mm behind a 63.8n-period
able with the crystal in the Rowland-circle backlight geom- 5, griq. The Crismatec quartz 203 crystal was used to image
_etry, (_)r_llmlts _the useful Ilght-C(_)IIectlon num_encal aperture ihe Ay grid onto a gated microchannel-plate intensified fram-
in emitting-object or area-backlight geometries. ing camer#® at a magnification oM =17. The magnified

Fprtestmg the Extar quartz 203 crystal, we used the areﬁ'nage overlapped two separately-timed strips of the four-
backlight geometry of Fig. ®). In these tests, the X-ray qyin camera, which was configured to provide 0.5-ns inter-
source was moved close t_o the grid, so that each point on t!?rip time delays. The crystal was approximately 190 mm
grid was imaged by a region of the crystal that was approXitom the grid, and the image plane was approximately 3 m

mately 7. mm across. For these tests, we used a grid consigtyy, the grid on the opposite side of the target chamber.
ing of 8-um Au wires on a 62.5:m period. The grid was The backlight foil produced line emission from highly

imaged by the crystal at>¥-magnification, producing the jqi;6q Sc and we tuned the crystal to image in the light of
map shown in Fig. 4. The quality of the crystal is excellent,SC Ly, at 2.736 A by using a first-order Bragg angle of
and spatial resolutions better thanudn were obtained de- 84.433?7 The crystal was apertured B=2 mm using an Al

spite the large averaging surface area of the crystal. shield, providing a predicted astigmatism-limited object spa-
tial resolution o=(M+1)(1—sin#)D/M of 10 um2? The
1. BACKLIT IMAGING EXPERIMENT framing camera was shielded by a a&-thick Ta foil from

Our backlit imaging experiment was performed on the2 direct view of the backlight foil, and all target components
Nova Laser Facility at Lawrence Livermore National Labo- (the grid, shielding foil, and backlight foilwere mounted
ratory, and utilized a laser-irradiated scandium foil as arPnto a cylindrical Au hohlraum of the type used for indirect-
x-ray source to backlight a gold grid in the area-backlightdrive, inertial-confinement fusiofiCF) experiment¥® (Fig.
geometry of Fig. B). The geometry of this experiment is ) This target packaging was utilized in order to allow stan-
shown in Fig. 5. Two beams of the Nova laser delivered glard ICF target fabrication and target alignment procedures

total of 3.6 kJ of 0.351«m laser light in a 1-ns pulse onto {0 be used; no laser beams irradiated the hohlraum.
The crystal was positioned at the end of a manipulator

arm that provided three degrees of alignment freedom; tip,
tilt, and axial position. The tip and tilt motions were pivoted
approximately 2.5 m away from the target, behind the crys-
tal, and for practical purposes these motions become lateral
R andy. The crystal was housed on a goniometer stage with an
11 pm angular adjustment that was used to set the Bragg angle.
Alignment was accomplished using the following
method. First, a rigid mechanical pointer was bench-aligned
700 720 740 760 780 800 .
Object Distance (um) to the crystal housing and served to locate the center of the
crystal at the proper spherical coordinates relative to the grid
FIG. 4. Area-backlit test image of a Au grid with 62:6n period and §m location a_nd _the axis of the mampulator arm. A pencﬂ-bgam
wires, obtained at 4.5 keV using the Extar quartz 203 crystal. The area of thkaser, projecting from the detector location, was then pointed
crystal used to obtain this image was approximately 7 mm across, and thigt the crystal, and the crystal was adjusted using the goniom-
region produced 1}:m-wide images of the &m wires, implying that the - oter stage and lateralandy until the reflection of the pencil
width of the point-spread function is better thanun. The images and .
lineouts are in scaled units of film optical density, and have not been conl@S€r beam returned to the deteCth- This procedure_ set the
verted to exposure. zero angle for later Bragg angle adjustments, and defined the

Scaled Optical Density (arb. units)
b o d N e © o
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Solid target with Ti
or Cu tracer

Imaging crystal
CCD detector

FIG. 7. Geometry of the LULI and RAL TK, and CuK, emission imag-
ing experiments. The direct line of sight from the target to the CCD detector
was blocked by a thick Ta shield.

imaging system for subsequent experiments described in the
next section, and the experiment demonstrated that crystal
imaging was feasible using opposed manipulator arms to
hold the crystal and the detector.

FIG. 6. Data from the Nova Sc lLybacklight experiment, obtained from

one strip of the microchannel-plate intensified gated framing camera. A low V- EMISSION IMAGING
signal-to-noise ratigapproximately 1.bresulted from the very weak emis- - . . .
sion of the 4.53-keV Sc Lyline. The broad light horizontal band towards Our emission imaging experiments were performed at

the bottom of the image is an artifact of the framing camera. Spatial resothe Laboratoire pour I'Utilisation des Lasers IntenfadLl)

lution is estimated to be approximately 14n at the object. at Ecole Polytechnique, France, and at the Rutherford Apple-
ton Laboratory(RAL) laser facility, United Kingdom. In
axis from the detector to the center of the crystal. these experiments we irradiated sandwich targets, consisting

The Bragg angle was then set using a pre-calculated armf a Ti or Cu tracer layer embedded within solid aluminum
gular offset, and a second, line-projection laser was used tor plastic, with ultrahigh-intensity laser light. Laser—plasma
verify that the correct Bragg geometry had been obtainednteractions produce strong currents of relativistic electrons
This laser reflected off an annular mirror that had been prethat propagate through the target and exkitefluorescence
aligned to the proper angle with respect to the crystal axiswithin the tracer layer, and this,, fluorescence was used as
and back-reflected to the detector location when the propea diagnostic of relativistic electron transport within the
Bragg angle had been achieved. The focus of the pencikarget?®?! The physical results from these experiments will
beam laser was observed at the location of the object withe published elsewhere, and we concentrate here on the di-
high-magnification cameras, and fine-tuning of the crystahgnostic configuration.
location and angle was performed until the focus was at the In the LULI experiments, we irradiated the targets with a
desired location with the correct Bragg angle. Finally, the20-J, 1.054um, 0.4-ps laser light focused to peak intensities
known angular offset between the crystal planes and tha excess of 18 W/cn?. The laser was focused onto the
crystal surface was corrected by a final angular adjustmeritont surface of the target, and we used the Extar quartz 203
that was verified by the line-projection laser beam reflectiorcrystal to image TK , emission from buried Ti tracer layers
moving by a pre-calculated amount at the detector locationonto a CCD detector at a magnificationMf=8 (Fig. 7). As

We note that this alignment procedure relies uponin the backlit-imaging experiments described in Sec. Ill, we
knowledge of the target chamber laydatg., from mechani- placed the camera at a distargge pR/(2p—R) in order to
cal drawings, requires that the crystal radius be known in produce a round point-spread function. The first-order Bragg
advance, and requires that any angular offset between trangle for TiK , is 88.9°, but we used a central Bragg angle of
crystal surface and the x-ray diffracting planes be known in88.1° in order to increase the spectral range contained within
advance. No final check was made to verify that optimumthe image and to provide greater tolerance for alignment er-
imaging conditions had been obtained, and while this provedors. We utilized a 16-mm-diameter aperture at the crystal,
adequate for these experiments, we did make such a checkand this provided a predicted astigmatism-limited object spa-
later experiments described in Sec. IV. tial resolutiono= (M + 1) (1— sin §)D/M of 10 um.2 The de-

The data we obtained in this experiment is shown in Figtector pixels were 23sm-square in a 10241024 array, pro-

6. The signal-to-noise ratio for this experiment was poor beviding a ~25-mm field of view at the target with a pixel-
cause of the very low brightness of the Sc,Lgmission limited object spatial resolution of3 um. The pixel-limited
line 1 Nevertheless, the spatial resolution we obtained wasbject resolution is much less than the astigmatism-limited
in good agreement with pre-shot predictions based on thebject resolution of~10 wm, indicating that the detector
Bragg angle and the crystal aperture, and the image brighbversamples the object and that the primary limitation to
ness we obtained was within a factor-eB of pre-shot pre- object resolution is the crystal itself. Finally, the relatively
dictions based on comparisons with the pinhole camera datéarge (~0.04 numerical aperture subtended by the crystal
Experience from this experiment allowed us to improve therestricted the depth of field te-50 um, over which the spa-
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tial resolution was essentially constant. Because many of the
targets were thicker than this, we always kept the crystal
focused on the same plane and moved the target and last
beam focus as necessary in order to ensure that the fluc
layer remained within the depth of field of the crystal imager.

In order to align the imager for these experiments, we
first positioned the crystal at approximately the correct dis- (a)
tance from the target, behind the target along the detector

target axis. We used a pencil laser be@ncident through a FG. 8. Tupical data f - _ LULKa) and f o

: : : . 8. Typical data from the K, experiments at a) and from the
glass port at .the detethr pOSIt)O!fD I”.ummate. a mquer CuK, experiments at RALDb). In (a), the target is 1Qsm Al/100-um CH/
placed at the intended object locatiatefined by fixed view-  20.,m Ti/10.um Al, while in (b) the target is 100sm Al/20-um Cu/
ing cameral and manipulated the crystal idy/tip/tilt until 100-um Al, ordered from the frontlaser-irradiatefisurface. The small spot
the back-reflection returned through the glass port. in (a) is 4.5-keV bremsstrahlung emitted from the laser/target interaction

et . ) ._plasma on the front surface of the target, viewed through the Ti tracer layer.
We next placed a laser Ilght emitting, smgle mode opti The front surface plasma is offset from tKe, image because the crystal

cal fiber at the intended object position, with the divergingviewed the rear surface from approximately 45° off the surface normal, and
beam pointed roughly at the expected final crystal positionis slightly out of focus because of the fairly sméat50 um) depth of field

and we replaced the glass port at the detector with the CCPtained with the crystal imager.
camera. We then made a pre-calculated angular offset of the
crystal in the horizontal plane to account for the desired . ) _
Bragg angle, and we moved the crystal within the horizontaPr?d'Ct'onsz* but the Cu images from RAL were, in fact,
plane usingx/y/z motion only until the best-focus image of brighter than the T' images from _LULI' in d|§agreeme_nt with
the point source fell at the center of the CCD camera. We'€-shot calculations that predicted the image brightness
then installed Be and Ti x-ray filters in front of the CCD would be weaker desplte_ the increase in on-target laser en-
camera, and we inserted a Be blast shield in front of thé'9Y from 20 to 100 J. This fortunate result was unexpected,
crystal to protect it from target debris. ! ut we are unaware of any experimental measurements of the
Like the procedure described in Sec. Ill, this alignmemlntegrated reflectivity of either quartz 203 or quartz 211, and

procedure relies upon knowledge of the target chamber Iay§O for image brightness pred|ctlon§ we were forcgd to' use
out (e.g., from mechanical drawingsand requires that the calculated flat-crystal values derived from an idealized

crystal radius be known in advance. Unlike the proceduré:)arv\”n_Prlns modef” While th's_ model work§ reasonably
well for quartz 203 at 4.5 keV, it is apparently inadequate for

described in Sec. Ill, this procedure does provide a final veri- ) .
fication that best focus has been achieved. We note that uartz 211 at 8 kev. The x-ray image d_ata obtained from_ the
LI and RAL experiments have provided a wealth of in-

did not make a pre-calculated angular adjustment to comper)-

sate for the angular offset between the crystal surface and t 8rmat|or) about electron transport in SO“.d targets _that IS cur-
ently being analyzed, and the results will be published else-

x-ray diffraction planes, since in these experiments the angJ—
lar offset was small enough that the x-ray spot fell on theWhere'
CCD chip when the optical spot was centered. Once the
X-ray spot was observed, it was adjusted to be at the center of
the CCD chip using tip/tilt angular adjustments alone.

In the RAL experiments, we irradiated the targets with ay. SUMMARY AND CONCLUSIONS
100-J, 0.527um, 1-ps laser light focused to intensities in
excess of 18 Wicn?, and used the Extar quartz 211 crystal In summary, we have demonstrated that quartz is a good
to image CWK, emission onto a thinned, back-illuminated choice for use in spherically-bent crystal imagers at a variety
CCD detector at a magnification ™ =8 using the second of x-ray energies, in the first or the second Bragg diffraction
Bragg diffraction order. The configuration of these experi-order, due to the numerous diffraction planes available in
ments, and the alignment strategy, was identical to the LULQuartz and to the high perfection obtainable from carefully
experiments described earlier. The Bragg angle in this casselected quartz crystals. We have described alignment proce-
was also 88.1°, and we again utilized a 16-mm-diam aperturdures that are sufficiently precise and reproducible to allow
at the crystal. The predicted astigmatism-limited object spasub-10um object resolution to be obtained routinely, with
tial resolution was agair=10um. and the same CCD higher resolution clearly achievable from sufficiently high-
camera was used in both the RAL experiments and the LULfuality crystals with surface areas small enough to minimize
experiments. the effects of crystal imperfections and astigmatisitve

Typical data from these experiments is shown in Fig. 8 have performed several experiments using spherically-bent
The crystal imager worked well with both Ti and Cu tracer quartz 203 and quartz 211 crystals to obtain quasimonochro-
layers, providing well-exposed images onto the CCD. Pealknatic x-ray images at 4.5 and 8 keV, in a 1-ns-duration mul-
signal levels were 3—10 times the background noise leveikilojoule laser facility and in two sub-ps-duration ultrahigh-
due to a variety of sources, including fluorescence from théntensity laser facilities. The data are of high quality, and the
chamber walls and high-energy x rays penetrating the shieldsltrahigh-intensity laser data have provided a wealth of in-
ing between the detector and the target. The Ti image brightormation about electron transport in solid targets that cannot
ness was roughly in agreement with pre-shot analyticabe obtained through other techniques.

(b)
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