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In inertial confinement experiments, diagnostics will need to be protected against the effects of the harsh
radiation environment. Either some heavy shielding must be included, or distance to the target must be
increased suitably.
To effect the latter, polycapillary lenses can be used to focus divergent broadband x-ray radiation coming
from a target into a collimated beam in order to transport x-rays a few meters up to the entrance of a
spectrometer. An x-ray spectrometer has been built including a polycapillary lens, a curved crystal and a
streaked camera. 
This  paper  describes  this  diagnostic  and  will  provide  some  preliminary  results  obtained  in  recent
experiments at the LULI facility.
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1. Introduction

In  inertial  confinement  experiments,  diagnostics  will  need  to  be  protected  against  the
effects of the harsh radiation environment. Either some heavy shielding must be included, or
distance from the target must be increased suitably. Since in x-ray spectroscopic measurements
signal level on the detector is often low, simply increasing distance is not an option.

For a few years now, broad band polycapillary lenses which transmit x-rays with a good
efficiency  in  the  1-10 keV energy  range have  been  available  commercially  [1,2].  They  are
mainly  used  in  x-ray  fluorescence  and  spectrometry  on  small  samples.  They  are  used  in
astronomy to focus parallel beam broad band x-ray radiation and direct it to a diagnostic [3].

They could also be used in laser plasma diagnostics to focus divergent broadband x-ray
radiation coming from a target into a collimated beam. As an example reference [4] shows an x-
rays transport line composed of two polycapillary lens. They were used to separate the laser-
produced x-ray source from the probe plasma sample by a distance of 0.9 meter, in order to
greatly simplify the target holders. 

These X-ray optics could be used to transport x-rays a few meters up to the entrance of a
spectrometer.  To  prove  the  feasibility  of  this  concept  and  explore  the  trade-off,  an  x-ray
spectrometer has been built including a polycapillary lens, a curved crystal and a CCD camera
or a streak camera. 

This paper describes this diagnostic and will provide some preliminary results obtained in
recent experiments at the LULI facility.

2. Spectrometer design

This spectrometer consists of two blocks:
1. Collimation block: a polycapillary lens, close to the target, transforms divergent x-rays

coming from the target to a collimated x-ray beam. The front of the polycapillary is
protected against the target sputtering by a thin film.

2. Spectrometer: a filter, a crystal and a detector (IP, x-ray CCD camera or x-ray streak
camera).

Two crystals were designed to record either an aluminium spectrum (1500-2100 eV) or a
titanium spectrum (4500-6300 eV) with a on-axis streak camera. The experiment was performed
on the PICO2000 facility at LULI. The experimental conditions will be described in the results
section. Figure 1 shows a schematic of the final design.

Fig. 1: Schematic of the design of this spectrometer
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2.1 The polycapillary lens

In future  inertial  confinement  experiments,  distance of  the  tip  of  a  diagnostic  must  be
bigger than 500 mm in order to be able to protect efficiently the first optic with consumable
filters against the effects of the harsh radiation environment and the transport distance of x-rays
would  be  5  to  10  meters.  In  smaller  facilities  such  as  LULI,  conditions  are  not  as  harsh,
experimental area are smaller and such large distances cannot easily be accommodated. So, to
test the concept of this hardened spectrometer at LULI, smaller distances had to be chosen.
Distance of the front of the polycapillary lens to the target has been chosen to be 200 mm and
distance of the exit of the polycapillary lens to the crystal is 780 mm. 

Figure 2 shows a diagram of the collimating polycapillary lens. It has been produced by
IFG [5], and it is composed of a bundle of 35 µm hollow capillaries. The wall material is made
of borosilicate glass. The transmission of this lens, Ktr, is high in the 1 to 10 keV energy range
and its value is 66% for cupper K radiation.

Fig. 2: Characteristics of the polycapillary lens produced by IFG [5]

2.2 The spectrometer

The aim of the experiment at LULI was to record an aluminium spectrum (1500-2100 eV)
and  a  titanium  spectrum  (4500-6300 eV)  with  a  streak  camera  with  a  15 mm  length
photocathode. To record these two ranges, a CsAP crystal was designed for aluminium and a
PET crystal for titanium. 

The incoming x-ray beam from the polycapillary is non-perfectly collimated, and a flat
crystal does not provide sufficient dispersion. A concave crystal should be used. In order to have
a good spectral resolution, it is well known that a concave crystal of radius RC in the Johann

geometry focuses monochromatic radiation on the Rowland circle of radius  [6].
When the detector is off the Rowland circle, the height of the monochromatic spot, hm, is:
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where hc is the height of the x-ray source (~ 20 mm), d1 is the distance from the x-ray source to a
point on the crystal (~ 800 mm), d2 is the distance from this point to the detector (~ 135 mm),
B is the Bragg angle. The local Rowland circle of radius RR is tangent to the crystal at this
point. Figure 3a shows a scheme of this geometry. 

If the distance from the Rowland circle to the detector is d2 - Rc  sin(B) = 10 mm,
the height of the spot is hm = 0.25 mm. A large spectral range needs to be recorded with
a small detector length (15 mm) and it was only possible to put the detector on axis. So
the spectral range related to a distance from the Rowland circle to the detector smaller
than 10 mm  would be quite small and outside this range the spectral resolution would
be quite poor.
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In order to improve this rather poor spectral resolution, the local curvature R has been
chosen to have the local Rowland circle intersecting the detector at the Bragg angle  for each
x-ray energy. This allows all x-rays coming from the polycapillary lens to be focused on the
detector. The shape of the crystal has been deduced progressively, starting from one end of the
crystal. The final shape is approximated by a 5th order polynomial curve:

Fig. 3: Focusing of monochromatic radiation on the Rowland Circle for a) spherically bent
crystal or b) polynomial bent crystal.

Figure 3b presents a ray trace of the spectrometer with the Rowland circles in the middle of
the crystal and at both ends. The main geometric characteristic of the spectrometer are in table 1.

high energy end middle low energy end
(X, Y)crystal [mm] (-35, -9.6) (0, -1) (35, 10.1)
Rcrystal [mm] 784 505 301
(X, Y)detector [mm] (115, 57.8) (115, 67.4) (115, 81)
EcsAP [eV] 2300 eV 1815 eV 1360 eV
EPET [eV] 6775 eV 5344 eV 4000 eV

Table 1: Geometric characteristics of the spectrometer

The crystals were produced by Saint Gobain Crystals [7]. The dispersion curves on the 
detector are displayed in figure 4.

Fig. 4: Dispersion of the 2 crystals: a) CsAP crystal for aluminium range, b) PET crystal for
titanium range. The grey shade shows the size of the photocathode.

3. Experimental results

4

CsAP PET



P
o
S
(
E
C
P
D
2
0
1
5
)
0
4
2

Hardened x-ray crystal spectrometer Author(s)

Because the number of shots on LULI experiments is limited, an experiment to pre-align
the lens and to check its divergence was performed on a small laser facility, EQUINOX [8]. A
copper target has been irradiated with the EQUINOX laser, producing about 1 keV radiation.
The polycapillary lens has been put at the nominal distance from the target and orientation was
optimized in order to have a high luminosity circular x-ray image on the CCD detector. The
final orientation was referenced to be used as is on the LULI experiment.

Fig. 5: Radius of the spot versus distance from the polycapillary lens. The blue and green
markets are the data obtained at EQUINOX, and the red square is the result obtained during the

LULI experiment.

During  this  experiment,  we  also  recorded  the  size  of  the  spot  versus  distance  from
polycapillary lens (figure 5). Images have been recorded with different distances from the exit
of the lens to the detector. An unanticipated focusing about 580 mm from the exit of this lens
was found. This focusing is due to a manufacturing issue. The FWHM at focus was measured to
3.5 mm. The inset presents the raw image of the spot in front of the crystal’s location during the
LULI experiment, 750 mm from the pollycapillary lens.

For the LULI experiment, the x-ray beam was focused about 200 mm from the crystal and
the  FWHM of  the  x-rays  was  measured  at  4.2 mm,  5 cm from the  front  of  the  crystal  in
agreement  with  EQUINOX measurements  (red  square  in  figure 5). So  the  crystal  was  not
homogeneously illuminated.

Aluminium foils and titanium foils were irradiated with 5 J at 2 in 1 ps. Recorded spectra
are shown in figure 6. FWHM of Lylines of aluminium has been found to be 8 eV. The main
effect of this unforeseen focusing is a shorter energy range and a hgher sensitivity in the middle
of this energy range than at its edges, making measurement of ratio of lines unreliable.

Fig. 6: Time-integrated spectra of a) aluminium and b) titanium.
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Time-resolved measurements were also performed. An example is shown in figure 7: a) the
raw image was corrected to take into account difference of length between rays at low energy
and rays at high energy, b) several line-out at three different times. The time resolution of such
camera  is  estimated  about  1 ps.  Note  that  the  dispersion  is  different  than  previously:  the
spectrometer was set here to record the four aluminium lines: Heα, Lyα, Heβ, and Lyβ.

Fig. 7: Time-resolved spectrum of aluminium plasma: a) raw data and b) 3 different lines out.

4. Conclusion

We have shown experimentally that it is possible to couple a polycapillary lens with an
x-ray spectrometer at a distance of 1 m from the target.  Although the polycapillary lens we
bought was refocusing and so the intensity at the entrance of the spectrometer block was not
homogeneous,  this set-up allows to record a relatively wide spectral range (> 500 eV) on a
streak camera slit (< 15 mm). Such design could be updated to even increase the distance from
the target in case of hardened spectrometer for very large facilities such as NIF or LMJ. 
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