Scientific report on

SILMI - Short Visit Grant #5387
“Absolute reflectivity measurement of spherically bent crystals”
Grantee: Dr. Sergey A. Pikuz, JIHT RAS, 13-2 Izhorskaya st. Moscow 125412, Russia
spikuz@gmail.com
1. Purpose of the visit
The visit was devoted to the experiment at CELIA laboratory of Bordeaux University at Eclipse femtosecond terawatt laser facility providing peak laser intensity on target of the order of 1018 W/cm2. The experimental studies were focused on absolute reflectivity properties of crystal components widely used by our collaboration as well as by other groups for diagnostics in various High Energy Density Physics research. Several spherically bent crystal components were produced and delivered by visitor as well as provided by host colleagues to the experiment. The experiments with use of laser-plasma-based X-ray source were done during the visit to quantitatively measure the reflectivity of several spherically bent crystals by comparing the integrated K-alpha signal reflected by each crystal with that one collected directly by calibrated CCD-matrix operating in a single-photon counting mode. The visit was also aimed for discussion of further experimental program of our collaboration at powerful laser facilities such as Phelix (GSI), PETAL (Bordeaux), LULI (Ecole Polytechnique), Vulcan (RAL), TIFR (Tata Institute).
. 
2. The scientific point and description of the work carried out
The knowledge of absolute crystal reflectivity is important for many laser-plasma interaction experiments. Particularly, such crystals are widely used in backlighting and self-emission radiography diagnostics in laboratory astrophysics, inertial confinement fusion studies, warm dense matter investigations etc. Also, the absolute reflectivity of the crystals is mandatory for the experiments in which the physics of relativistic electron generation and transport is investigated. The value of the laser-to-electrons conversion efficiency represents important information which can be estimated by the K-alpha fluorescence induced by the fast electrons when crossing the target or dedicated tracer layers. 
Spherically bent crystals are commonly used to image the fluorescence signal, getting spatial information about the fast electron beam. It is also interesting to quantify the absolute number of photons imaged to deduce the number of electrons. Fast electrons interact with the atoms in the material emitting a distinctive x-ray radiation: this radiation can be selected by using spherically designed crystals and collected by detectors (usually CCD cameras or Image Plates) to give spectral or spatial information on the fast electron beam. Such information doesn't depend on the calibration of the diagnostic. Instead, other quantities, such as laser-to-electrons conversion efficiency and total number of photons emitted by the target, require the calibration of the system in order to be estimated. In particular, the value of the crystal reflectivity is needed. Theoretical and numerical studies have been performed in order to predict the crystal reflectivity; however, these cannot replace experimental measurements due to the uniqueness of each crystal and the geometrical dependence of the integrated reflectivity on the geometrical settings. 

Therefore, crystal reflectivity needs to be measured directly for each used crystal. In this context it was proposed to measure the reflectivity of several spherically-bent x-ray crystals which are often used in laser-plasma experiments. 
Indeed not the whole crystal surface gives the same contribution to the reflected signal: for geometrical reason, the angle of incidence of x-rays does not always exactly correspond to the nominal Bragg angle but it slightly changes. Thus, different sections of the spherically bent crystal reflect slightly different wavelengths corresponding to different part of the rocking curve of the crystal (which is characteristic for every crystal and depends on its quality, curvature, defects etc...). In order to overcome such difficulty in the present experiment, we intended to measure the integrated reflectivity using two or three different geometrical configurations (i.e. different crystal-source distances or close but different observation (Bragg) angles) with the same crystal sample. The obtained experimental results are expected to distinguish the value of peak reflectivity. Coupled with X-ray tracing codes and known rocking curves, it will allow to recover the integrated reflectivity for all possible geometrical configurations.

The experiment was arranged at femtosecond multi-terawatt laser facility Eclipse 3 of CELIA laboratory in Bordeaux (FR) – the host institution of the SILMI travel grant. A set of crystals with different crystal axis orientations (and corresponding different interplanar distances, see Table 1) was scheduled to be tested by comparing the integrated flux of the photons reflected by a crystal with the integrated photon flux measured with calibrated CCD camera operating in single photon counting mode. Using spherically bent crystals in the Bragg configuration is a well consolidated imaging technique for emitting extended sources. The crystal selects only a well defined wavelength, depending on the value of its lattice plane distance, and the reflected radiation reproduces the spatial distribution of the interacting source, in the plane conjugated from the source by the spherically bent surface of the crystal. By knowing the cross section of K-shell ionization of the tracer material as a function of the incident electron energy, as well as the probability of de-excitation by emission of K-alpha photon, this technique is in particular used to study the spatial properties and the spectrum of relativistic electrons propagating in solid or partially ionized targets. Fast electrons interact with bound electrons of the target producing K-alpha radiation, whose energy is specific of the emitting material. This radiation is collected by a detector (an image plate or a CCD camera) as a 2D image, which can be used to obtain two types of quantitative information: i) the electron beam spot size, ii) the total K-alpha signal on the detector. 
Table 1.
List of the crystals to be tested during the experiment 
	Crystal description
	Curvature radius, mm
	2d, angstorms
	Target used
	Bragg angle, deg.

	Quartz 2131, a new sample,

made by JIHT RAS 
	380
	3.082
	Copper foil
	88.68

	Quartz 2131, used sample

made by JIHT RAS
	380
	3.082
	Copper foil
	88.68

	Quartz 2131, a new sample,

made by Saint-Gobain 
	380
	3.082 
	Copper foil 
	88.68 

	Quartz 2023 
	380
	2.749 
	Titanium foil 
	88.96 

	Quartz 1120 
	380
	4.912
	Chlorinated CH
	74.3

	Quartz 3140 
	250
	2.3604 
	Zirconium foil 
	87.3

	Quartz 1010 
	380
	8.512
	Manganese foil 
	81.7


Eclipse can generate 40 fs pulses delivering up to 100 mJ per shot on target, with a peak power of ~ 2.5 TW. Using a deformable mirror it is possible to focus the laser in a circular region down to a diameter of 5 microns to reach a maximum intensity on target of the order ~ 1018 W/cm2. The energy per shot (100mJ) is too low to have a sufficient number of photons on the detectors (CCD cameras) for a good signal to noise ratio in a single shot. It was estimated that the minimum energy required is about 3 J, which corresponds to no less than 30 shots per acquisition (the motorized target holder allows multiple shot operation in a cumulative mode within a sufficiently short time acquisition window). Dedicated target holders have been designed in order to satisfy the particular experimental constraints and their technical feasibility has been checked with the CELIA workshop. 
As shown in Fig.1, the Eclipse laser pulse is focused on the front side of the target at 45 deg incidence with respect to the target plane, producing a flow of relativistic electrons to the target. The propagation of these electrons into the target generates K-alpha and Bremsstrahlung radiation, which is collected by two independent diagnostics: 1) An imaging system made of spherically bent crystal in the Bragg configuration coupled with CCD camera; 2) Calibrated CCD camera operated in single photon counting mode, coupling with spatial and absorption filters in order to reduce X-rays flux. Both diagnostics are positioned in such a way to collect radiation coming from rear side of the target. 
Since we are interested in estimating only the total number of emitted photons we used simple layer targets of given material in such a way to match the characteristic K-alpha line with the interspace distance of the crystal. The thickness of the target was not thicker than 10 mm in order to increase the K-alpha signal minimizing the X-ray absorption and allowing electron refluxing Experimental set-up and target design have been prepared in such a way that crystal-interaction point distance can be varied up to 20 %. This freedom allows testing the reflectivity dependence on the geometrical setting.
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Figure 1:  
The scheme of experimental setup of the Eclipse 3 interaction chamber. 40 fs pulses are focused at 45 degree with respect to the target surface normal in a 10 m focal spot circular area delivering up to 100 mJ on target. The target holder is motorized and can be moved

along its plane in vertical (5 cm range) and horizontal (10 cm range) directions. X-ray radiation from the rear surface of solid target is measured directly by calibrated X-ray CCD (Matrix) and irradiates the surface of spherically bent crystal as well. The radiation reflected by the crystal according to the geometry and Bragg conditions are imaged at another X-ray CCD.  For one acquisition the radiation are accumulated from several tens of laser shots.  
3. The main results obtained: 
- 
The proposed experiment was successfully set up at Eclipse 3 laser facility at host institution.
- 
Integral intensity of X-rays in the narrow spectral range of K-alpha characteristic line reflected from different spherically bent crystal samples was measured by Andor X-ray CCD camera. 

- 
The total yield of X-rays at rear side of the solid target was measured for every experiment by means of absolutely calibrated Princeton Instruments X-ray CCD operated in single-photon counting mode. 
- 
The method was developed and applied to confirm that during the measurement a crystal is properly aligned to reflect characteristic K-alpha radiation of plasma media.

- 
Relative contribution of both K-alpha components and Bremstrahlung radiation to the reflected and registered X-rays is analyzed with use of experimental data fitting, ray-tracing and FLYCHK simulations. 

- 
The reflectivity of crystals with the same crystallographic orientation (quartz 20(-2)3) and curvature radius (380 mm) but of two different manufactures was compared. 

- 
The effect of spherically-bent crystal ageing was studied when the reflectivity data of a new crystal sample was compared to that one of the sample widely used recently in experiments with high-intensity lasers. It was found the ageing effects sufficiently the spatial quality of the reflected X-ray beam, however the reflection efficiency remains on the same level. 
- 
Cross-calibration of Andor and Princeton Instruments X-ray CCD cameras applying in the experiment was done.
- 
The algorithm to calculate absolute reflectivity values of a crystal based on obtained experimental data is developed and now is under realization as software application. 
- 
The algorithm to quantitatively determine the accuracy of the measurement is described for the particular conditions of the experiment.

- 
The topics of a several possible mutual experiments for HEDP research at powerful laser facilities were proposed and discussed with host colleagues. 

4. Future collaboration with host institution
My laboratory at JIHT RAS has continuing long term collaboration with CELIA group. 
Particularly, together with French colleagues we have submitted the proposal for the experiment to be done in second half of 2013 at PHELix laser facility at GSI (Germany). The proposal is devoted to the development of X-ray radiography technique for High Energy Density experiments at international FAIR ion accelerator facility. We also intend to participate in development of X-ray diagnostics equipment and methods for  PETAL petawatt laser facility which is now under construction in Bordeaux, and where CELIA group play a key role. 

Our mutual experimental program is managed in the frame of LaserLab-Europe Collaboration, EFTLA consortium for laboratory astrophysics and European XFEL User consortium.  Also, my laboratory is in charge for the development and production of spherically bent crystals regarding specific demands of experiments on Warm Dense Matter and High Energy Density Physics investigations of our collaborators at European powerful laser and heavy ion beam facilities. 

5. Projected publications / articles resulting or to result from the grant (ESF must be acknowledged in publications resulting from the grantee’s work in relation with the grant)
The results regarding spherically bent crystal reflectivity obtained in the experiment during the visit are valuable for peer-review publications. Within 3 months it is expected to finalize the data processing and prepare the paper for Review of Scientific Instruments or Applied Optics journal. 
The measured reflectivity values together with the description of the experiment will be introduced at, at least, two presentations on international scientific conferences focused on High Energy Density Physics and/or Instrumentation.  Furthermore, the obtained results are needed to be applied in a several HEDP research forthcoming in 2013-2014. In turn, it is intended to publish results of that research, including the reference on the calibration measurements and corresponding SILMI grant support. 
