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A high brightness crystal spectrograph was designed and successfully used to study théax-ray
spectrum of aluminum as a diagnostic for target heating due to suprathermal electrons in
subpicosecond laser—solid interaction experiments. Conical geometry was chosen in order to
enhance spatial focusing, since an extremely low signal-to-noise ratio was expected for the photon
flux, and to have a reasonable spectral range while occupying only a small solid angle within the
target chamber. Very high image brightness is obtained through strong spatial focusing, as well as
good spectral resolution. A simple analytical model and three-dimensional numerical simulation are
presented to describe the crystal characteristics. The performance of the spectrograph was tested
both on an optical bench and with a ray-tracing code. The experimental spectra allowed us to
estimate the target temperature and characterize the fast electron transport. The spectrograph is
considered to be particularly useful, in the configuration described here, for high power laser
experiments where the solid angle accessible to the spectrograph is small and blast and debris
damage from the laser produced plasma is significant2004 American Institute of Physics.
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I. INTRODUCTION validating numerical simulations of electron transport, can be
estimated from the relative intensities of the shifted lines
A conically bent crystal spectrograph has been designedsing nonequilibrium codes. Since the integrated reflectivity
and implemented in recent experiments in order to measuref the crystal was absolutely calibrated using an x-ray source
the aluminumKea line emission produced by suprathermal (a tantalum cathodethe absolutK « yield could be mea-
electrons. Within the context of inertial confinement fusion, asured, leading to an estimate of the total energy of incident
new approach has been proposed as an alternative to thgactrons.
classical scheme. In this new scheme, fhst ignitor,'~ Since the intensity of the these lines is usually weak for
nuclear fuel is heated to ignition by relativistic suprathermakhe expected range of temperature10-50 e\f and the
electron$™’ generated by a subpicosecond laser pulse. Theremsstrahlung noise level can be high, the design of an
key issue is therefore the amount of energy which can b@ppropriate spectrograph requires good brightrig®ton
carried and deposited through the target by the electrons. @ojlection efficiency and good spectral resolution over the
few experiments have been performed in order to study enentire K-shell spectral rangé~7-8.5 A). Contrary to tradi-
ergy transport and heating by fast electrons in solid targetsjonal flat crystals, the conically bent crystal provides strong
This can be done by means of both opfical and x-ray  photon focalization over a long spectral rarf§e'é More-
diagnostics:~** However, only the latter can give a direct gyer, for small Bragg angles, it disperses the spectrum over a
insight into heating in the target bulk. shorter and therefore brighter focus line than the Von Hamos
In our experimentK« line spectroscopy has been suc- crystaf® and can be bent as easily as a conventional Von
cessfully used to determine the stage of ionization of an alugames crystal. A property of the conical crystal spectrograph
minum fluorescent layer, from which the temperature cannat makes it attractive in laser produced plasma experiments
then be inferred. As the emitting atoms are ionized by colli-is that the plane to be detected is perpendicular to the axis of
sion with fast electrons, th&« line is shifted towards he spectrograph. This is particularly important when the de-
shorter wavelengths by several tens of mA due to lowekection system is large, such as a streak carfresaiin fact
screening of the nucleus by bound electr&tishe ionization used in these experimeptsn the design described here, this
stage and associated temperature, which are an important fgfiripute is used to good advantage by using the crystal at
small Bragg angles thereby reducing the solid angle sub-
dElectronic mail: michel.koenig@polytechnique.fr tended by the instrument at the target. In addition, the design
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FIG. 1. Experimental setup. The suprathermal electron produced by the

laser travels through the target and heats the fluoresced layers, which emit

Ka radiation collected by the spectrograph. FIG. 2. Schematic of the conical spectrograph. The source is at the origin of
the axes. The spectrum focuses on a narrow line in the vertical image plane.
allows the crystal to be situated a reasonable distance from

the target making it easier tq protect it from blast and debrlsaxis and the sourdeA simple analytical model, based on
damage from the target during a laser shot.

paraxial ray approximation, can be used to explain this fea-

ture, which makes the conical crystal particularly well suited

for being coupled to a streak camera for time-resolved spec-
A short pulse lasef100 TW at the Laboratoire pour troscopy. The conical spectrograph can be considered locally

I'Utilisation des Lasers Intenses, Palaiseau, France, and Vukn off-axis cylindrical one, in which the radius decreases as

can at the Rutherford Appleton Laboratory, Chilton, JUK it nears the image plane. By using the cylindrical mirror

focused by an off axis parabolic mirror onto a multilayer formula,

target, shown in Fig. 1. The small focal sget10 um) pro- 1 1 2sing

duces high irradiancéa few 13°Wcm?) on the target. 4= c 1)

About 10%-30% of the laser energy is transferred to P r

electrons}™ which are accelerated to several 100 keV. Thereferring to Fig. 3, we obtain

spectrograph looks at the rear side of the target at an angle of

40° from the laser axis, at a distane®0 cm from the target. r(X,)=—2 &(L —X,), )

The target is typically composed of three layers. The front L

propagation layer is made of aluminum of varying thicknessynherer (x,) is the local radius of curvature of the crystal. We
(2-100um). We do not detect the x rays coming from this 35sume an optimum incidence Bragg anglg(x.=L/2).
Iayer._ Two ﬂu_oresced Iayer_s were also buried in the ﬁarget,:rom Eq.(2) we find thatr =y, and that the cone half angle
The first one is coppera line at 1.5 A, detectable in fifth , is exactly equal td, , as shown in Fig. 3. This implies that
ordep. The second is aluminum and it emits the shifted  or 5 given angle of incidence there is a best focus condition
lines (at ~8 A). The ratio of the coppeKa line to the  \yhich determines the position of the source, the position, and
aluminum one allows one to estimate the temperature of thgye half angle of the cone. This corresponds to the ray falling
fast electron beam, as shown in previous wWBrkising an  on the center in Fig. 3. However, this description is oversim-

electron transport simulation, we estimated the order of magplified, because the VH radiusis not exactly local cone
nitude of the expecteKa photon flux from the target yadiusR. This has two consequences, mainly on the behavior
(~109 ;radl). Thls. can be taken as the lower limit. Assum- of the oblique raysstriking the crystal az+0): (a) they

ing typical crystal size and reflectivity, one can see that onlyyroduce spherical aberrations, which broaden the transversal
~10°-10" photons will reach the detector. To collect such aimage size and affect spatial focalization; abiirays corre-
weak signal, very strong focus is required. In addition, thésponding to the same wavelength do not focus exactly at the
physical constraints of the target chamber are such that thgyme pointy; ,z) on the image plane, thus also affecting the

spectrograph can occupy only a relatively small solid anglespectral resolution. We will show that these effects can be
at the target.

Il. EXPERIMENTAL SETUP

IIl. SPECTROMETER CONFIGURATION y

2’| Spectrum
line

Cone axis
A | focus

In Fig. 2 a schematic of the conical spectrograph is Source
shown. As first proposed by Haff,the conical geometry is
based on modification of the Van Ham@#&H) spectrograph.
In the VH, a cylindrical crystal images a polychromatic point o
source onto a focus segment, both of which lay on the cyl-
inder axis. If the crystal surface is bent on a cone instead ofIG. 3. Schematic diagranxy plang of the focalization mechanism of the
a cylinder, this brings the focused segment onto a verticagonical spectrograph. The source is at the origin of the dxisthe distance

; ; ; i between the source and the image plang, Y. ,z.) is the point of inci-
axis (parallel toy in Fig. 2 containing the apex of the cone dence on the crystah andq are incident and reflected rays, aR@ndr are

and perpendicular to the n(_)dal lite line drawn _from the  the local real and approximated crystal radii. Two sets of rays are shown: the
apex on the cone surface in the plane containing the coneenter one is the better focused one.

X
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neglected for a given spectral range, provided that the crystal
is not too wide. Since an analytical description is quite com-
plicated, we developed a three-dimensiof&D) ray-tracing
code to study the spatial and spectral behavior of the spec-
trograph and choose the actual parameters, taking into ac-
count the following constraints. We intended to measure in
the spectral range of 7—8.5 A. Because of the weak photon
flux expected, we needed at the same time good integrated
reflectivity of the crystal, a large surface, and a close position
with respect to the target in order to maximize photon col-
lection. This, in turn, required a small radius, not obtainable Vi (mm)
for many type of crystals, because of the bad response of the
lattice to mechanical strain. As the best choice we adopted a
7X4 cnf potassium acid phthalatéK AP) crystal, whose
double lattice spacing isd®=26.64 A2° The choice of crys-
tal width is discussed below. We fixed the source—crystal
distance(310 mm and best focuga=8 A), which deter-
mines all the other parameters, with respect of the condition
seen above. The cone half angletts 17.48° (Bragg angle
for 8 A), the source—detector distancds 620 mm(limited
by the vacuum chamber sizehe upper and lower radii of -
curvature are 93.12 and 78.34 mm, respectively. The 8 mm T e
thick conical surface support of the crystal is made of alumi- ¥i (mm) ’ 2i (mm)
num and was micromachined with1% linear precision and o i )
+15 angular precisioli<100 um). The conical surface was IFIG. 4._ 3D ray-tracing S|r_nu|at|on of the_ KAP co_nlcal crystal: the wave-

" g ' . ] . ength is plotted as a function of the focalization grid, at best f¢tns and
polished to obtain optical quality roughness using differentat the highest ray collection position, in which the focus surface is folded
optical metrology techniques. The KAP layer was progres-{bottom.
sively bent downward to the final radii onto a “negative”
support blockcrystal bending fixtureat very low speed and
under controlled temperature and moisture conditions. Th
crystal is then a fixed to the support. With the help of the 3D
ray-tracing code, several features of our spectrograph hav@ The intrinsic spectral resolution, essentially determined
been investigated: the focusing power, the dispersion curve, by the imperfection of the latticeN{AN);, is in the
the spectral resolution, and the sensitivity to alignment. In range of 1000—2000 for a flat KAP crystal. Strong
Fig. 4, we show two focus patterns obtained by first dividing bending like that in our case breaks some atomic
the crystal surface into small rectangular cells, in which each bonds, because of stretching/compression of the lattice,
node corresponds to the locally reflected ray. This in turn especially on the edges, where strong gradients of in-
corresponds to a point on the image plane and to a wave-  ternal strain are present. This typically degrades the
length. The locus of these points with the corresponding resolution and focalization as much as the radius of
wavelength is represented in the surfaces in Fig. 4. The code  curvature is reduced. This point has been checked ex-
predicts that reflected rays from the center of the crystal are
focused into a narrow peak on the spatial a¥ig. 4, top.
Those coming from the edges fall into two lateral bands 210°
outside this peak, causing less efficient photon collection.
However, small adjustment in the crystal tilt angle about the
z direction allows one to fold the focal surface, thus broad- 1510° ’
ening the peak but collecting the oblique rays betfeg. 4, ’
bottom). The spectrograph operated close to the second con- _El ol /
dition. In this case, the predicted spatial size &xis) of the I ’
focus line is~500 um (=~250 usm for the brighter center ’
region. The crystal width also affects focusing: since both 510%| s
the image size and solid angle collected increase with the pd
crystal width (Z.), we chose an optimum conditiorz.(/L __,/'
=0.03 which gives width 2,=4 cm). As shown in Fig. 5, 010° el

o . . 0,01 0,02 0,03 0,04

for z./L<0.03 the spatial image sizez; /L remains below seiL
10 3. The spectral image size remains almost constant and

— 4 ~ ; .~ FIG. 5. Spatial image size as a function of the crystal width for a mono-
<10" up to ZC/L 0.05. The average value of dlsperS|on chromatic source point8 A) in best focus(solid line) and in a folded

(Fig. 6) is Ax/AN=26.6 mm/A, WhiCh gives 40 mm for OUr  configuration(dashed ling The sizes are normalized over source—detector
spectral range. The corresponding Von Hamos would disedistanceL.

zi (mm}

perse the same range over more than 100 mm. The spectral
resolution is given by the following three contributions.
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i (mm) FIG. 8. 3D drawing(without the sidewalls of the conical crystal spec-
trograph. On the left, the alignment pin indicates the position of the target.
At the center, the crystal is protected from noise by a closed box, which
contains also the film holdeishown on the right Incident and reflected

. . beams are also shown.
perimentally (see Sec. IY. A value in the range of

500—-1000 seems to be more appropriate.
(b)  The spectral resolution due to the detectondak DEF calibration source(a tantalum cathodeand was 0.1-0.2

x-ray film read by a 25um/px 16 bit densi_tome@en’s mrad at 1.709 keMfirst ordey and 0.004—0.01 mrad at
(N AN) 4ee>5000, because of the small pixel size and8.146 keV/(fifth orden.

the good dispersion. . .
L - A two-step alignment procedure has been also designed.
(¢c) The limiting contribution, one for all spectrally flat W b alg b . '9

tals. is due to the finite si f1h | (a) First, a 10um diam fiber optic was used as a point source
crystas, Is due to the finite size of the source. in oury, 5 separate optical bench. The fiber emits visible laser rays
experiment the emission region can be as large

AR hich th flected by th tal and f d ont
~200 pum in diameter. That givesA(AN)sources 500, Ich are then reneced by fe crystal and focusea onto a

: A \ charge coupled devicgCCD) camera. The relative positions
which corresponds te-15 mA. This is a s'atilsfactory and angles are adjusted to obtain the best focus, i.e., the
value for our purpose, well below the minimum dis-

. : narrowest possible line focus over the whole range of disper-
Eﬁn::e betwe;:rtl the tWIO shifted Kk lines (50-70 mA sion, as predicted by the ray-tracing code. We used this setup
at we need (o resolve. to also validate the results of the codb) The spectrograph

The image brightness depends on the focusing power dts @ wholei; then placed_intp the vacuum chamber and the
the crystal, i.e., on both the spatial and the spectral imagghgnment pin(source point is brought onto the chamber

size. For the same source emittance and crystal surface, t nter %y tgrge(tj ?I'gnmept vule_wers. Atspzc;al hou%ﬁ@. ffi
ray-tracing code predicts that on the focus line the photo was designed to simplify alignment and to provide suffi-

flux is up to 1000 times greater than an equivalent flat Crys_c:ient screening from x-ray noise and incoming fastparticles.

tal. Figure 7 corresponds to a calibration shot on a thin 16I'he effect of misalignment .Of the source was mvestlgated
um aluminum target. In this image, we can clearly see théNI'[h both the code and the fiber source. Displacement in the
expected good focu.sing:ig 4 Mo’st of the photons are z direction produces an inverted image in the detector plane

focused into a narrow line of focys=500 xm) but some fall b:ﬂ no S|gtn_|f|c§mt Tctredai,e tlr? sgecg}al ]?; slpc)iatl?lthsme. Dis-
into lateral curved “wings,” especially near the brightest pacemﬁn |r:jx IS rehae (t) N ¢ epth o Ieth of the spec-
spectral lines. As we checked by screening the most ob”qugograp and 1S shown 10 not Increase the image size,

rays, defects located mostly at lateral edges of the crystaY}’he.reas a significant incregse i.n image size res_u!ts from dis-
produce some irregular lines, superposed on the center fOCI]%aCIng the source on _thedwecuon axis a few millimeters.
(~300 um) n any case, a finite size sourcerandy produces loss of

: ﬁpectral resolution, as previously discussed. The most crucial
gdjustment for both the spectral and the spatial resolution

seems to be by far the crystal tilt angle about thexis.

FIG. 6. Dispersion curve obtained with the ray-tracing code.

The image shows Stark-broadened thermal emissio
lines from the hot laser-side plasma, weakly absorbed in th

target. The measured average dispersion As/A\ Rotai 10 i the | e b th
=26.9mm/A, close to the expected value of 26.6. ¢ ota 'O?g 4 Thmcreatsgst e.;ma.ge size by motre gntha
The integrated reflectivity was measured with an x-ray actor of 5=4. These strict posilioning requirements and the
fact that,for a given source position relative to the crystal

the conical crystal works well foonly one fixed image po-

<Width>: 500 microns 3 sition are the main constraint of this kind of spectrograph.
‘T‘—_%'—_"”' This is true in the particular geometry we chose which cor-
AlKa (8339 ) responds to what Phillion and Hamrhelefered to as “equi-

\ distant nontilted.” This geometry gives the best spectral reso-

Focalisation «ings» lution, but is not the only possible one. Other configurations

FIG. 7. Focus test shot on an Al Jam target. The average width is 500 &€ possible for the same C_rySt_al: for a given source position
um, with a 250um center peak. with respect to the crystal, it will always be possible to find
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