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INTRODUCTION 

The OMEGA laser facility1 at the University of Rochester's Laboratory for Laser 

Energetics is used to explore the conditions needed for sustaining thermonuclear fusion 

reactions2. X rays emitted by the laser-generated plasma can be imaged, providing information 

about the state of the plasma, i.e. temperature and density. Framing cameras allow the x-ray 

emission to be resolved in time and, when used in combination with mirrors and filters, to image 

the emission in narrow energy bands3 

In this work, two WB4C (tungsten boron carbide) multilayers4 are characterized at several 

x-ray energies by finding the efficiency (reflectivity) of each one as a function of angle. A 

Gaussian analysis of this data yields values of the peak reflectivity and the energy resolution [full 

width at half maximum (FWHM)]. Analysis of multiple energies allows for inference of the 

atomic layer spacing d. The multilayers which have nominal layer spacings of 26 A and 3721 are 

found to have reflectivities of -40 to -70 % and -32 to -89 % respectively and narrow energy 

resolutions of 1.5 to 2.1 % and 1.8 to 3.7 % respectively. Both are functions of energy. When 

used in conjunction with framing cameras on the OMEGA laser, they will provide time-resolved, 

narrow energy band (monochromatic) images of the laser-plasma x-ray emission. 



EXPERIMENTS 

This project entails the calibration of two such WB4C multilayer diffractors with 

approximate 2d atomic layer spacings of 26 and 37 A to be used in the study of laser fusion 

plasmas. There are three properties of each multilayer that must be determined. The first is the 

layer spacing d, the second is the reflectivity as a function of energy, and the third is the energy 

resolution. This is accomplished by measuring x rays diffracted from the multilayer as a 

function of angle for three emission lines using a Si PIN detector5. By finding the angle of 

maximum reflectivity, or Bragg angle, these characteristics can be determined by using the 

following derivation6: 

B 
Path difference = AB + BC = d sin0 + d sin8 

If the path difference is an integral number of wavelengths the outgoing waves interfere 

constructively, hence 

ni2 = 2d sine, 

where 1 is the wavelength, d is the layer spacing, and 8 is the angle the ray makes with the 

tangent to the surface. 



(a) BEAM COLLIMATION AND ALIGNMENT 

The x-ray source must be collimated to observe the desired diffraction. The collimator 

consists of two slits, aligned optically using a telescope, restricting the x-ray emission to a 

narrow beam. The entrance aperture (dimensions 0.175 mm x lmm) is positioned 1650 mm 

away from the exit aperture (dimensions 0.1 mm x 1.2 mm). The detector is positioned an 

additional 263 mm away from the exit aperture. Figure 1 below illustrates the final calculations 

of the beam size. The distance x is found using Eq. (2), Y3 is then found using Eq. (3), and then 

the angle a from Eq. (4). 
F 

Fig. 1. Diagram of the Collimator setup followed by the calculations for the spatial and 
angular width of the beam 

When solved using the known dimensions for the slits, the beam size is found to be 0.144 

mm x 1.55 mm, making the angular width along the narrower dimension equal to 0.0096'. 

Optimum beam alignment consists of the diffractor being positioned parallel to the line of 

sight and midway through the x-ray beam with respect to the horizontal plane. The observed 



beam flux (count rate) is determined with respect to the following four values: the vertical (z) 

position of the detector, the horizontal (y) position of the detector, the angular orientation of the 

diffractor, and the horizontal (y) position of the diffractor. The adjustments are done using two 

concentric stepper-motor driven rotary stages mounted on a linear stage. Each step of the rotary 

motors equals O.OlO, and each step of the linear motor equals 2.54pm. Figure 2(a-e) below 

illustrate the steps of the alignment process. 

Figure 2. X-ray detector alignment. 
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Fig. 2(a). Alignment goal is to have diffractor parallel to beam and in its center. 
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Fig. 2(b). Count rate as a function of detector vertical position. 
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Fig. 2(c). Count rate as a function of detector horizontal position. 

Position of the Diffractor (degrees) 

Fig. 2(d). Count rate as a function of diffractor angular position. A maximum rate 
indicates that diffractor is parallel to the beam 



Position of the Diffractor (urn) 

Fig. 2(e). Count rate as a function of diffractor horizontal position. 

(b) THE X-RAY SOURCE 

The source generates x rays by focusing an electron beam on a metal target7. By choosing 

the target material, different output spectra can be produced. An initial measurement of the 

undiffracted spectrum is taken for each target as well as subsequent readings periodically 

throughout the experiment. This allows for the determination of the x-ray photon flux to serve as 

a reference for measuring the reflectivity. Sample spectra readings for Ti, Cu and Si targets are 

shown in Figs. 3(a-c). 



Fig 3 (a-c): Plots of undiffracted x-ray source spectra as measured by the Si PIN 
detector. 
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(c) DIFFRACTION MEASUREMENTS 

In order to measure the x-ray diffraction properties of the multilayer, a scan about the 

Bragg angle is performed. The stepper motors are used to rotate both the multilayer and the Si 

PIN detector in order to locate the optimum angle of diffraction as defined by Bragg's law. The 

first multilayer has a nominal d spacing of 25.9 A and is tested using the Ti Ka, Ti KP, and Cu 

Ka line emission. The second multilayer has a nominal d spacing of 37.3 A and is tested using Si 

Ka, Ti Ka, and Cu Ka line emission. Figure 4 illustrates this procedure, and Figs. 5(a,b) show 

the diffracted peaks for each line of the first and second multilayer. 

Diffractor 

X ray -\\\\ -\ - 
\ \ '  \\\\'\ 

radiation .,\;\ \.\.'\, 
-\ \:\\'\\ 

Diffracted \.'\ '\ 
\:\_ '\ 

x rays 

Silicon PIN 
Detector 

Fig. 4. Diagram of x-ray diffraction apparatus. The diffractor is positioned at an angle 0, 
and the detector at an angle 20, both of which are changed in fixed increments in order to 
complete the scan. Spectral data readings to check for beam fluctuations are also taken 

periodically throughout the procedure. 



Fig. 5. Plots of each diffracted line (shown combined in this figure) at the specified 
angle as taken using the Si PIN detector while using both the first multilayer (a) and the 
second multilayer (b). The number of counts is plotted as a function of energy, but is not 
proportional to the reflectivity since each line measurement is taken under different 
conditions relative to the source. 
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Fig. 5(a) 
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Fig. 5 (b) 

RESULTS 

The line and spectral readings of figs. 3 and 5 taken by the detector displayed the results 

in terms of counts per bin where each bin corresponds to a mean photon energy. The energy axis 

scaling factor is calibrated using an ~e~~ source8 and fitted to a Gaussian distribution as follows9: 



where x is the angular position, and x, is the position of the peak, and o is the standard deviation 

in degrees. The optimization is done using the CURVEFIT program in PV ~ a v e ' ~ . ' ' .  

The reflectivity at a given x-ray line energy is determined by dividing the diffracted x-ray 

count rate by the undiffracted count rate from the same line. The x-ray source rate is monitored 

periodically to establish its rate as a function of time. The reflectivity is then plotted as a function 

of angle, and another Gaussian fit is applied in order to determine the angle at which there is a 

maximum reflectivity. 

The integrated reflectivity Rint is taken to be the area under the fitted Gaussian and is 

given by: 

R,,, =~,a&, (6)  

where Rin, is in units of degrees, Rp is the peak reflectivity, and <r is the standard deviation. The 

FWHM of each Gaussian is equal to 2.350. Table 1 and Fig. 6 summarize the results gathered 

when plotting this final result to obtain the maximum angle and reflectivity. 
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Fig 6: Measured diffraction efficiency (reflectivity). WB4C multilayer # 1 (a-c), 
and WB4C multilayer # 2 (d-f). 
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Fig. 6(a) 
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Fig. 6(b) 



1.4 1.6 

Angle (degrees) 

Fig. 6(c) 
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Fig. 6(d) 
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Fig. 6(e) 
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Fig. 6(f) 



To solve for the d spacing of each multilayer, the diffraction from more than one x ray 

line must be measured in order to eliminate error in the zero position. This is accomplished by 

solving the following equation for two or more diffracted lines: 

= 2d sin (ei + eo) (7) 

where hi is the corresponding wavelength for each trial, ei is the measured angle of peak 

reflectivity, and e0 is the zero offset. The solution to equation 7 is obtained implicitly through 

graphical analysis. Equation 7 can be rewritten as follows: 

The error on the best-fit value of the angle of peak reflectivity has been determined by the 

following prescription given in Lampton et all2. It is as follows: Normalize X2 to be equal to 1 per 

degree of freedom v, 

where f(ai) is a Gaussian fit to the observed values of reflectivity yi, and w is chosen to make 

- " = 1. Then select a value of the peak angle that increases 2 by 4.7 (appropriate for fitting four 
v 

important parameters). The difference in peak angle from X2 minimum is an estimate of the 

uncertainty. Including the standard deviation fails to yield an intersection point for all three lines 

of each trial, indicating that there may have been additional, unaccounted errors. Alternatively, 

the positioning error should be no less than one step of the rotary motors (0.01"). Estimates of the 

error are shown in Fig 7. 



Fig 7 (a-b): Implicit graphical solution to solve for the d spacing and angle offset of 
the first (a) and second (b) multilayer while incorporating an error of + 0.01". 

d spacing (A) 

Fig. 7(a). Angle offset as a function of d spacing for the first multilayer 



d spacing (A) 

Fig. 7(b). Angle offset as a function of d spacing for the second multilayer 

In Fig. 7(a), the intersection of the error bands for the three lines indicates the range of 

values for the d spacing and angle offset. Statistical analysis of the data yields a value of 

24.95 k 0.3 A for the value of the d spacing for multilayer 1 (the midpoint of the banded region 

plus or minus half the length of the region). Figure 7(b) fails to yield an intersection for the three 

lines. Statistical analysis of the three intersections yield a value for the d spacing of 36 .3 f  0.74 

A for multilayer 2 (the average of the intersections plus or minus half the range of values within 

all three intersections). 

The peak reflectivity of the multilayer diffractors is found to depend upon the energy of 

the diffracted line. This can be seen in Fig. 8 below. 
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Energy (keV) 

Fig. 8. Peak reflectivity as a function of energy for each multilayer 

AEi 
The energy response of the multilayer is defined to be -. Differentiating Eq. (I), and 

E 

using the identity E = hcA, where h is Planck's constant and c is the speed of light, yields the 

equation 

where 8 is the Bragg angle and A8 is equal to the full width at half maximum. Applying the 

equation to the results is shown in Fig. 9. 



Energy (keV) 

Fig 9. Energy Resolution as a function of energy for each multilayer 

CONCLUSIONS 

The WB4C multilayer diffractors have been characterized as a function of x-ray energy 

by measuring their reflectivity as a function of angle using a Si PIN detector. Optimization using 

Gaussian curve fitting allows determination of the peak reflectivity as well as the energy 

resolution [full width at half maximum (FWHM)]. The multilayer spacing d is determined using 

Bragg's Law and the simultaneous analysis of multiple diffracted lines. 

The first multilayer (d = 24.95 f 0.3 A) had a reflectivity of 40 to 70 % and an energy 

resolution of 1.5 to 2.1 %. The second multilayer (d = 36.3 f 0.74 A) had a reflectivity of 32 to 

89 % and an energy resolution of 1.8 to 3.7 %. The observed and calculated data can accurately 

be used as a foundation for further work with x-ray imaging using these multilayer diffractors. 
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