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Abstract 27 

 28 

X-ray standing wave fluorescence yield depth profiling was used to determine the 29 

solar wind implanted Fe and Ni fluences in a silicon-on-sapphire (SoS) Genesis collector 30 

(60326).  An internal reference standardization method was developed based on 31 

fluorescence from Si and Al in the collector materials.  Measured Fe fluence agreed well 32 

with that measured previously by us on a sapphire collector (50722) as well as SIMS 33 

results by Jurewicz et al.  Measured Ni fluence was higher than expected by a factor of 34 

two; neither instrumental errors nor solar wind fractionation effects are considered 35 

significant perturbations to this value.  Impurity Ni within the epitaxial Si layer, if 36 

present, could explain the high Ni fluences and therefore needs further investigation.  As 37 

they stand, these results are consistent with minor temporally-variable Fe and Ni 38 

fractionation on the timescale of a year.   39 

 40 

 41 

 42 
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Introduction 46 

The Genesis spacecraft, launched by NASA in 2001, spent 850 days orbiting the 47 

Earth-Sun L1 Lagrange point collecting solar wind by implantation into a variety of pure 48 

collector materials, including sapphire, gold, silicon and diamond-like carbon.  The 49 

mission science goal was to improve the accuracy of chemical and isotopic abundances 50 

for the solar photosphere by making solar wind samples available for analysis by 51 

sophisticated laboratory instruments.  Such improved accuracy is crucial in further 52 

developing models of solar evolution and processes.    53 

Although the spacecraft’s transport to L1, the solar wind collection activities and 54 

its 2004 transit to Earth were highly successful, the reentry vehicle containing the sample 55 

return capsule failed to deploy its parachute resulting in a high velocity impact in the 56 

Utah desert, fragmentation of the collector wafers and severe contamination of the 57 

surfaces of the ultra-pure materials with terrestrial matter.  The subsequent challenge has 58 

been to nonetheless realize the scientific promise of the Genesis mission by developing 59 

analytical techniques designed to allow discrimination between terrestrial surface 60 

contamination and implanted solar wind.  These efforts have involved development and 61 

testing of surface cleaning methodologies followed by application of surface sensitive 62 

analytical techniques, such as secondary ion mass spectrometry (SIMS) and resonance 63 

ionization mass spectrometry (RIMS).  A formidable challenge for the surface cleaning 64 

applications is to remove the contamination from the surfaces without affecting the 65 

implanted solar wind ions residing at depths on the order of 100 nm, 66 
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For quantification of implanted solar wind, SIMS and RIMS are the two surface 67 

sensitive techniques that have been applied successfully (e.g., Burnett 2011 and 2013; 68 

Heber et al. 2014; Veryovkin et al. 2011).  Although these techniques are destructive in 69 

that the implanted species plus the collector substrate are sputtered away with the 70 

energetic primary ions, the analysis footprint (sputtered crater) is relatively small (~ 71 

hundreds of microns) compared to the available area of the collector fragments (~a few 72 

mm) thus permitting many independent analyses on the same collectors at different 73 

locations.  Much of the recent SIMS and RIMS effort has focused on improving 74 

analytical reproducibility and accuracy by minimizing sputter depth profiling artifacts 75 

originating from ion mixing phenomena (e.g., Sigmund and Gras-Marti 1980).    76 

 The purpose of this paper is to describe the application of the x-ray standing 77 

wave phenomenon to the non-destructive quantification of solar wind implanted fluences.  78 

The x-ray standing wave (XSW) technique at grazing incident angles has been a valuable 79 

tool in characterizing the trace element distribution in thin film samples (e.g., Becker et 80 

al. 1983, Bloch et al. 1985, Wang et al. 1992, Dev et al. 2000, Templeton et al. 2001, Lee 81 

et al. 2006, Gupta et al. 2007, Tiwari et al. 2008, Ghose et al. 2001, Kitts et al. 2009).  82 

XSW makes use of the interference between incoming and outgoing grazing x-rays 83 

resulting in a nodal pattern of electric field intensity localized perpendicular and near to 84 

the surface (Becker et al. 1983; Bloch et al. 1985).  By measuring the angular dependence 85 

of the fluorescence of the implanted elements and taking advantage of the localized 86 

electric field enhancement due to this interference, depth profiles and subsequently 87 

quantitative elemental abundance of implanted ions can be determined.  An advantage of 88 

this method compared to SIMS and RIMS is that depth information extracted from x-ray 89 
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reflectivity curves allows the positions of buried structural interfaces to be determined 90 

and, therefore, surface contamination to be distinguished from implanted species.  A 91 

novel aspect of this work is the use of the fluorescence data for a major substrate element 92 

as an internal reference for quantification of the other detectible elements.  93 

1 Methodology 94 

1.1 Samples   95 

The flight samples studied in this work were (1) sapphire (Al2O3) labeled S50722 96 

and (2) silicon-on-sapphire (SoS) fragment labeled SoS60326, kindly provided by the 97 

Genesis Solar Wind Sample Curator (J. Allton) at Johnson Space Center, Houston, TX.  98 

The results for the sapphire sample were described by Kitts et al. (2009).  This paper will 99 

focus on the SoS sample.  SoS samples are particularly advantageous for these 100 

measurements because the air-silicon and silicon-sapphire interfaces can be readily 101 

identified in x-ray reflectivity profiles and therefore provide valuable depth markers for 102 

data interpretation (see below). 103 

60326 is a silicon-coated, single sapphire crystal 9.3 mm in length by 22.7 mm 104 

wide by 0.7 mm thick, a total solar wind exposed area of 138 mm2.  The silicon coating, 105 

~2000 Å thick, was epitaxially grown on a pre-formed, polished, crystal (Jurewicz et al. 106 

2003).  Prior to analysis, 60326 was flushed with ultra-pure water to remove large surface 107 

particulates and cleaned in a UV/ozone instrument to remove organic contamination 108 

without disturbing the bulk substrate (Calaway et al. 2007); both procedures were 109 

performed at the curatorial facility.  110 
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In addition to the flight sample, the analysis methodology was applied to two 111 

laboratory implantation standards: (1) sapphire (Al2O3) flight spare implanted with 112 

2x1013 56Fe+/cm2 (courtesy of B. Rout, University of North Texas, Denton, TX), (2) SOS 113 

flight spare implanted with 3x1013 ions/cm2 of both 55Mn+ and 60Ni+ at 55 and 60 keV, 114 

respectively (Leonard Kroko, Inc, Tustin Ca).  The quoted implant fluences for these 115 

standards are considered nominal values and significant uncertainties (up to 50%) may 116 

exist (Burnett et al. 2015).  117 

1.2 Reflectivity, X-ray Standing Wave, and Fluorescence Yield Measurements 118 

The flight samples and laboratory-implanted spare were analyzed using the 119 

Newport General Purpose Diffractometer (Trainor et al. 2006) at the GSECARS sector 120 

13 at the Advanced Photon Source (APS; Argonne National Laboratory).  The x-ray 121 

beam was derived from an APS undulator with the gap set to supply 11.5 keV photons at 122 

the undulator fundamental. A cryogenic Si (111) double-crystal monochromator was used 123 

to narrow the energy bandwidth of the beam.  A combination of focusing mirrors in a 124 

Kirkpatrick-Baez geometry and slits resulted in a 20 x 500 μm (H x V) x-ray beam 125 

containing ~ 1012 photons/sec.  At the grazing incident angles used, the actual footprint of 126 

the beam on the sample exceeds 8 mm, representing ~8 x 0.5 mm area over which the 127 

XSW measurements average.  128 

The samples and spares were mounted on the diffractometer with the surface 129 

normal horizontal and enclosed in a helium-flow sample chamber containing a thin (5 130 

μm) Kapton window.  A downstream ionization detector was used to measure the 131 

intensity of the reflected x-ray beam.  A Vortex ME-4, silicon-drift, energy-dispersive 132 
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array detector (SII NanoTechnology Inc., now Hitachi High-Technologies Science 133 

America, Inc.), mounted with its detector elements parallel to the sample surface, was 134 

used to collect XRF spectra as a function of incident angles of the x-ray beam on the 135 

sample surface, adjusted using the diffractometer.  Silver foil shielding and a custom 136 

detector collimator – in direct contact with the Kapton window – were used to limit the 137 

detector’s view to a restricted area of the sample surface.  138 

The critical angle of reflection (C), the maximum angle at which x-rays are 139 

reflected from an interface, provides a valuable depth marker.  C for both air-silicon and 140 

silicon-sapphire interfaces were determined from x-ray reflectivity curves obtained using 141 

specular reflection (θ-2θ) trajectory scans with an angular sampling interval of 4 142 

millidegrees (θ).  Full XRF spectra, collected at each of these angles, form the basis for 143 

the quantification of implant fluences. 144 

The individual XRF spectra were processed via a peak-fitting routine.  The XRF 145 

spectra from the four detector elements were averaged and corrected for dead time. The 146 

total areas of fluorescence peaks were fit using Gaussian line shapes after subtracting the 147 

background.  The resulting net fluorescence peak areas were then plotted against incident 148 

angle to produce a fluorescence yield profile for each detected element between 1 and 8.8 149 

keV.  The element responsible for each XRF peak was identified using tabulated energies 150 

of electron transitions (Krause and Oliver 1979).   For Al and Si, the Kα plus K peaks 151 

were used while the K peaks were used for all others. 152 
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1.3 X-ray Standing Wave Theory 153 

The grazing incidence XSW technique is a combined approach between grazing 154 

incidence reflectivity and fluorescence measurements.  Specular x-ray reflectivity, with 155 

the same incident and reflecting angles, is sensitive to the electron density profile in the 156 

sample depth direction.  The specular reflectivity can be analyzed using Parratt's (1954) 157 

recursive formalism with a depth profile of refractive index n.  For a fixed incident x-ray 158 

wavelength , the refractive index at a certain depth position can be written as, 159 
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Grazing incidence XSW makes use of the interference between incident and 166 

reflected grazing x rays.  Near the critical angle of total external reflection [C=(20.5], 167 

the interference results in enhanced electric field intensity variation localized near the 168 

surface. Using parameters obtained from the reflectivity analysis, the corresponding 169 

electric field intensity variation can be calculated as a function of x-ray incident angle  170 

and depth z (Parratt 1954, de Boer 1991).  X-ray fluorescence intensity modulation 171 

depends on the local electric field intensity |E(, z)|2=IEF(, z) and depth profile of 172 
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fluorescing element concentration N(z). The fluorescence yield Y, normalized to the 173 

incident x-ray beam flux, can be written as (Bedzyk et al. 1988, 1989),  174 

 
max

min

)()(),()( /
z

z

lz
EF dzGezNzIConstY a       (2) 175 

where la (=) is the attenuation length of emitted fluorescence.  Const is an x-ray 176 

energy-, element-, and setup-dependent constant, and G() is a footprint correction factor 177 

to account for the x-ray beam footprint change with angle on the sample surface.  As seen 178 

in the equations above, the fluorescence and reflectivity analysis is based on one 179 

dimensional modeling (as a function of z only), thus providing laterally averaged 180 

information.  181 

1.4 Substrate Reference Fluorescence 182 

The x-ray fluorescence intensity measured from the major substrate element is 183 

used to calibrate the signals from the other trace (implanted) elements.  This approach 184 

relies on the fact that the substrates are single crystals with well-defined structures and 185 

stoichiometries.  The number of Al atoms per unit volume in the sapphire substrate, for 186 

example, can be readily calculated to be 4.6901022 Al/cm3.  This value is nat,Al in Eq. 1a.   187 

The same set of structural parameters from the reflectivity analysis can be applied to the 188 

XSW fluorescence analysis.  The variable zmax in Eq. 2 is the entire substrate thickness, 189 

however, for computational simplicity, an appropriate maximum depth zmax is chosen, 190 

taking advantage of the fact that the incident x-rays fail to penetrate completely through 191 

substrate at the small grazing incident angles of interest here.  192 
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1.5 Elemental Dependence of Measured Fluorescence Intensities 193 

In order to use the substrate fluorescence for absolute quantification, there are 194 

additional factors related to the fluorescence emission and detection processes that need 195 

to be added to Eq. 2.  Figure 1 summarizes these processes which depend on the incident 196 

x-ray energy and element.  The detected fluorescence intensities [for example, I(Al-K) 197 

and I(Fe-K) from the Fe:Al2O3 sample] are proportional to the incident x-ray intensity 198 

 

Figure 1:  Schematics summarizing the element and energy dependent factors 
included in the Fe:Al2O3 data analysis.  I(E0), I(Al-K), and I(Fe-K) represent the 
incident x-ray and measured Al and Fe fluorescence intensities, respectively.   and 
 represent photoelectric cross section at the incident x-ray energy E0 and 
fluorescence yield for K fluorescence, respectively.  For each fluorescence, Trans 
represents the transmission ratio from the sample surface to the detector, including 
the detector efficiency at the fluorescence energy.  G and CGeo represent geometrical 
factors that are common for the simultaneously measured Al and Fe fluorescence.  G 
depends on the sample size, the incident x-ray beam size, and incident angle.  CGeo 
depends on the detector setup.   
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I(E0), element-dependent photoelectric cross-section photo-e( E0), fluorescence yield K, 199 

and transmission ratios between the sample surface and the detector.  The absorption of 200 

an x-ray by the sample depends on the atom and the incident x-ray energy E0. This 201 

dependence is expressed as the photoelectric cross-section photo-e(E0)=2ref”, neglecting 202 

small coherent and incoherent scattering cross-section contributions for moderate x-ray 203 

energies. Once an atom absorbs an incident x-ray creating an electron hole in the process, 204 

the excited atom can relax either by the non-radiative Auger electron process or by the 205 

fluorescence emission process.  Each element has characteristic fluorescence yields (K) 206 

for K-, L-, and M-shells.  For example, for K-shell, K quantifies the relative probability 207 

for a K fluorescence versus Auger electron emission. Overall, photo-e(E0) (in Barns/atom) 208 

and K (unitless) increase as atomic number Z increases, and thus these two factors favor 209 

fluorescence emission from high Z elements.  These two factors are well tabulated for 210 

non-resonant energies (Chantler 1995, 2000; Elam et al. 2002; Krause 1979; McMaster et 211 

al. 1969), allowing comparative analysis between fluorescence intensities from trace and 212 

substrate elements.  The product of these two intrinsic factors is expressed as CInt in the  213 

calculations (Table 1).  Since each fluorescence yield value describes all the fluorescence 214 

lines from a given shell, all the fluorescence lines need to be considered (e.g., K includes 215 

K, K and K     However, in practice, only the most intense lines are measured (e.g., 216 

K and K) in which case a correction factor for the transition probability is necessary.      217 

Each fluorescence emission has a characteristic energy dependent on the electron 218 

energy levels involved, and thus the fluorescence emissions from different elements 219 

undergo different degrees of attenuation between the emission point in the sample and the 220 
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detector.  As mentioned above, the attenuation within the sample is included in Eq. 2.  221 

The additional attenuation to the fluorescence detector can be readily determined if the 222 

distance and materials between the sample surface and the fluorescence detector are 223 

known.  The net transmission factor for each K fluorescence radiation is expressed as 224 

CExt.  In addition, the fluorescence detector efficiency, which depends on fluorescence 225 

energy, is included in CExt.  As an example, CInt and CExt values in the measurements are 226 

summarized in Table 1. Taking into account the intrinsic and extrinsic factors mentioned 227 

above, Const in Eq. 2 now consists of Const=CIntCExtCGeo, where CInt and CExt 228 

represent intrinsic and extrinsic elemental dependence, respectively. The constant CGeo is 229 

an energy-independent geometrical factor accounting for the solid angle of fluorescence 230 

detection. 231 

1.6 Depth Profile Modeling 232 

In order to extract the total number of implanted atoms, e.g., determine the solar 233 

wind fluence, the measured fluorescence yield profile is fit to equation (2) to obtain N(z) 234 

and then N(z) is integrated over depth.  The fitting of N(z) is accomplished by assuming a 235 

model depth profile and optimizing its magnitude, depth and width.  Various depth 236 

profiles were attempted and it was found that the total fluence results (proportional to the 237 

area under the profile) were quite insensitive to the precise shape of the profile used - 238 

indicating that the method is better at determining total fluences than precise implant 239 
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240 
depth distributions.  241 

The principal depth profile used in this work to define the distribution of an 242 

implant was that derived from SIMS analysis of solar wind Cr from Genesis flight sample 243 

SoS 01863.  This asymmetric profile, consisting of 40 discrete measurement points 244 

distributed over 200 nm (50 Å/pt), was approximated by an analytical expression 245 

produced by two separate Gaussian functions of different widths using the left half of the 246 

narrow Gaussian and the right half of the wider one.  The approximating function is given 247 

by: 248 

     2
0 awzzsezI        (3) 249 

where s is a scaling factor, z is depth, z0 = 720 nm, w is 550 nm and a is an asymmetry 250 

factor which is 0.68 for z<z0 and 1 for z≥z0.  Figure 2 shows the comparison between the 251 

SIMS data points and this approximating function.  In addition to the implant profile, a 252 

 

Figure 2: Depth profile used to fit depth distribution of implanted atoms.  Points are 
data for solar wind implanted Cr measured by SIMS.  The line is a functional fit to 
the SIMS data based on an asymmetric Gaussian (see text). 
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symmetric Gaussian function was also fit to the fluorescence yield profile to account for   253 

“at surface” contamination.   254 

 255 

 256 

Figure 3:  Reflectivity, Al, and Fe fluorescence curves from the Fe:Al2O3 sample.  
Reflected and fluorescence intensities were normalized to the incident x-ray beam 
flux. (a) Reflectivity. (b) Al K. (c) Fe K. 
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2 Results 257 

2.1 Fe:Al2O3 Implant Standard 258 

Reflectivity and fluorescence curves from the Fe:Al2O3 sample are shown in Fig. 3.  259 

The substrate density from the reflectivity fit in Figure 3(a) is the same as that of the 260 

nominal Al2O3 structure, and thus the Al atom distribution NAl(z) can be determined as 261 

shown in Figure 4(a).  Based on the parameters from the reflectivity, IEF(, z) is 262 

calculated.  Here the electric field intensity variation is rather simple since there is only 263 

one reflecting surface.  In the reflectivity and electric field intensity calculations, the 264 

presence of the implanted Fe atoms is assumed negligible.  This assumption is justified 265 

because, even if all of the implanted Fe atoms are confined within a volume of 1cm21Ǻ, 266 

the Fe concentration  (21013 Fe/cm2Ǻ) is still small compared with the substrate Al 267 

concentration (4.6901022 Al/cm3=4.6901014 Al/cm2Ǻ).  The Al K fluorescence curve 268 

is fitted by varying CGeo as a scaling factor while using NAl(z) in Figure 4(a), CInt, Al K and 269 

CExt, Al K. The calculated Al K fluorescence curve is in good agreement with the 270 

measured as shown in Figure 3(b). Once the substrate Al fluorescence is fitted, 271 

quantitative analysis of the Fe fluorescence can be done. The Al and Fe fluorescence 272 

curves were measured simultaneously so that the CGeo is the same for both. Next, CInt, Fe 273 

K and CExt, Fe K can be determined since the energies of the incident x-ray and 274 

fluorescence emissions are known. Consequently, the only unknown in Eq. 2 is NFe(z) 275 
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276 
that has the same units as NAl(z).  NFe(z) is modeled with a Gaussian peak, and Figure 4(b) 277 

shows fitted NFe(z) that is centered at 449 Ǻ.  The integrated area under the fitted NFe(z) 278 

provides 2.5±0.451013 Fe/cm2 which is consistent with the nominal value 21013 279 

Fe/cm2.  280 

2.2 Mn,Ni:Si:Al2O3 Implant Standard 281 

The measured reflectivity curve from the Mn and Ni implanted silicon-on-sapphire 282 

(SOS) sample is shown in Figure 5 (black curve).  The separate critical angles for the air-283 

silicon interface and the silicon-sapphire interface are clearly observed and define the 284 

location of the implant-bearing silicon layer in angle-space unmistakably, i.e., 0.21-0.27 285 

deg.  The reflectivity fit (Figure 5, red curve) yielded the structural profile shown in the 286 

 

Figure 4:   Elemental depth profiles for the Fe:Al2O3 sample. (a) Al depth profile 
obtained from the x-ray reflectivity analysis in Fig. 3(a) and used to calculate the 
XSW result in Fig. 3(b).  (b) Fe depth profile, modeled with a Gaussian peak, to fit 
the XSW results in Fig. 3(c). 
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Figure 5 inset consisting of: (1) 2.8 nm RMS roughness on the external Si surface, (2) 9.8 287 

nm thick Si layer of density 2.19 g/cm3 (optimized density and thickness), (3) 267 nm 288 

thick Si layer of density 2.33 g/cm3 and a bulk Al2O3 substrate of density 3.97 g/cm3 289 

(nominal densities assumed).  The substrate density agrees well with the nominal 290 

sapphire density 291 

292 
as does the density of the thicker Si layer.  The ~10-nm thick, low-density, top layer 293 

corresponds to an external oxidized layer of silica, also observed (3.5 nm) by 294 

spectroscopic ellipsometry (McNamara and Stansbery 2005).  The total Si thickness (277 295 

nm) agrees well with the nominal thickness of 300 nm (Jurewicz et al. 2003).  296 

 

Figure 5: Reflectivity curves from the Mn and Ni implanted silicon-on-sapphire 
(SOS); measured = black, fitted = red.  The separate critical angles for the air-silicon 
interface and the silicon-sapphire interface are clearly observed and define the location 
of the implant-bearing silicon layer in angle-space unmistakably, i.e., 0.21-0.27 deg.  
The reflectivity fit yielded the structural profile shown in the inset consisting of: (1) 
2.8 nm RMS roughness on the external Si surface, (2) 9.8 nm thick Si layer of density 
2.19 g/ cm3, (3) 267 nm thick Si layer of density 2.33 g/ cm3 and a bulk Al2O3 
substrate of density 3.97 g/ cm3. 
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Figs. 6A and 6B show the measured (black curves) and fit (red curves) 297 

298 

 

Figure 6: Measured (black curves) and fit (red curves) fluorescence yield profiles for 
Mn Kα and Ni Kα, A and B, respectively, in the implanted SoS.  The sharp rise in 
both profiles at the air-silicon critical angle (0.21 deg) indicates the high cleanliness of 
the exterior surface of the silicon layer. Fig. 5c shows the associated depth profile for 
the four elements obtained with the same approach as for the Fe-implant. 
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fluorescence yield profiles for Mn Kα and Ni Kα, respectively.  The sharp rise in both 299 

profiles at the air-silicon critical angle (0.21 deg) indicates the high cleanliness of the 300 

exterior surface of the silicon layer. Figure 6c shows the associated depth profile for the 301 

four elements obtained with the same approach as for the Fe-implant above.  The 302 

integrated areas under the fitted concentration profiles were 2.50±0.231013 Ni/cm2 303 

(Figure 5c green curve) and 2.46±0.221013 Mn/cm2 (Figure 5c red curve) which are 304 

both consistent with the nominal values of 31013 atoms/cm2. The satisfactory results for 305 

the two implants containing Fe in sapphire and Mn and Ni in silicon-on-sapphire 306 

demonstrates the robustness of the analytical and modeling approach for determining 307 

fluences of implanted species.   308 

2.3 Silicon-on-Sapphire Solar Wind Flight Sample 309 

 310 

 

Figure 7: Measured reflectivity curve (black line) and fitted curve (red line) for 
Genesis flight SoS sample 60326.  The optimized structural model is shown in the 
inset. 
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The internal reference method was applied to determination of solar wind Fe and 311 

Ni fluences in Genesis silicon-on-sapphire flight sample SoS60326. Figure 7 plots the 312 

313 

 

Figure 8: Measured (black) and best-fit (red) fluorescence yield curves for Si (top) 
and Al (bottom) in flight sample SoS60326.  The fits assuming a structure of 200 nm 
silicon on top of a bulk sapphire substrate agree well with the measurements.  These 
curves provide the internal referencing for obtaining quantitative elemental depth 
distributions for other elements. 
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measured reflectivity curve (black line) and fitted curve (red line) showing good 314 

agreement between the two.  The optimized model (inset) indicated 0.7 nm RMS surface 315 

roughness on the silicon, an 8.8 nm thick reduced-density silicon layer (density 2.19 g/ 316 

cm3 optimized), a bulk silicon coating layer 185.5 nm thick (density 2.33 g/ cm3 317 

assumed) and the thick sapphire substrate (density 3.97 g/ cm3 assumed).  The combined 318 

silicon layer thickness of 194 nm agrees well with the spectroscopic ellipsometry results 319 

on flight SoS wafers which indicated a Si layer of thickness 185 nm (McNamara and 320 

Stansbery 2005).  321 

 Figure 8 shows the measured (black) and best-fit (red) fluorescence yield curves 322 

for Si (top) and Al (bottom) in the flight sample SoS60326.  The fits assuming a structure 323 

of 200 nm silicon on top of a bulk sapphire substrate agree well with the measurements.  324 

These curves provide the internal referencing for obtaining quantitative elemental depth 325 

distributions for other elements, notably Fe and Ni.   326 

The top plot in Figure 9 shows the measured (black) and best-fit (red) 327 

fluorescence yield curves for Fe.  The bottom plot in Figure 9 shows the depth-dependent 328 

structure profile for Fe corresponding to the red fit in Figure 9 top.  The fit was produced 329 

using two components, a Gaussian shaped surface component (Gaussian 1) and an 330 

asymmetric Gaussian shaped implant profile (Gaussian 2).  The shape of the implant 331 

profile was constrained to be that measured by SIMS analysis for chromium as described 332 

above (equation 3 and Figure 2).  Thus, the modeled depth profile for implanted Fe was 333 

constrained in width, asymmetry and depth of the maximum whereas the amplitude was 334 

the only variable.  This approach assumes the depth distribution for Cr is the same as that 335 
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for Fe which is a good assumption here since the integrated fluence results, the main goal 336 

of this work, are insensitive to the precise elemental depth distributions.     337 

The results for Fe yield a surface-correlated (contamination) concentration of 4.31 338 

± 0.40  x 1011 Fe atoms/cm2 above a zone with concentration 1.30 ± 0.12 x 1012 Fe 339 

atoms/cm2, the latter being the solar wind implant.  The uncertainty in the solar wind 340 

fluence was determined from the 341 
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342 
variance of the fit to the data with the majority of the uncertainty deriving from 343 

deconvolution of the significant surface contamination component.   344 

Fe fluorescence detected below ~0.18 deg in the yield profile (black curve in 345 

Figure 9 top) suggests the presence of coarse, Fe-bearing, above-surface contamination 346 

 

Figure 9: Top: Measured (black) and best-fit (red) fluorescence yield curves for Fe 
in flight sample SoS60326.  The bottom plot shows the depth-dependent structure 
profile for Fe (gray area is the Fe distribution) corresponding to the red fit in the 
top plot.  The fit was produced using two components, a Gaussian shaped surface 
component (Gaussian 1) and an asymmetric Gaussian shaped implant profile 
(Gaussian 2).  The shape of the implant profile was constrained to be that measured 
by SIMS analysis for chromium (Fig. 2) as described in the text. 
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which was under-fit by the 1- dimensional model (red curve in Figure 9 top). This low-347 

angle misfit indicates that the Fe surface contamination determination (peak 1 in Figure 9 348 

bottom inset) was underestimated but with negligible effect on the below-surface Fe 349 

implant determination.  350 

Solar wind fluence for Ni in SoS60326 was obtained in the same way as for Fe.  351 

The top plot in Figure 10 shows the measured (black) and best-fit (red) fluorescence yield 352 

curves for Ni.  The bottom plot in Figure 10 shows the depth-dependent structure profile 353 

for Fe corresponding to the red fit in Figure 10 top.  The results for Ni yielded a surface-354 

correlated (contamination) concentration of 1.18 ± 0.11  x 1011 Ni atoms/cm2 and 2.34 ± 355 

0.22 x 1011 Ni atoms/cm2, the latter being the solar wind implant. The modeled depth 356 

profile (Fig. 10 bottom) demonstrates that the measured Ni is distributed within the 357 

silicon layer and not concentrated at the Si/sapphire interface.   358 

The Ni fluence determination was initially compromised by a detector artifact in 359 

the XRF spectra; the pile-up (or “sum”) peak from Ca Kα (i.e., “Ca Kα+Ca Kα”) 360 

produces an artifact peak at 7.38 keV which is unresolvable from Ni Kα (7.45 keV) 361 

considering the ~ 0.15 keV energy resolution of the energy dispersive detector.  362 

Consequently, SoS60326 received an additional cleaning procedure to reduce the initial 363 

high level of Ca contamination on its surface.  Interference from the Ca Kα pile-up can be 364 

demonstrated to be negligible in the final dataset with the following argument.  Since the 365 

pile-up probability is independent of energy, the “Ca Kα+Ca Kα” intensity will be lower 366 

than the “Ca Kα+Si Kα” (5.4 keV) intensity by the intensity ratio of Si Kα/Ca Kα. In the 367 

0.1 deg XRF spectrum, an angle at which the Ca Kα intensity is maximum, Ca Kα = 1000 368 

cts (counts in central MCA channel), Si Kα = 8 x 105 cts and the 5.4 keV peak 369 
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370 
= 100 cts.  Assuming the 5.4 keV peak is all pile-up (a worse-case scenario since a Cr Kα 371 

contribution is likely) produces an upper limit for the “Ca Kα+Ca Kα” peak = 100/800 = 372 

0.8 cts. Since all Ni Kα peaks in the SoS60326 spectra greatly exceed 1 ct, it is concluded 373 

that the pile-up interference is negligible.      374 

 

Fig. 10: Measured (black) and best-fit (red) fluorescence yield curves for Ni in flight 
sample SoS60326.  The bottom plot shows the depth-dependent structure profile for 
Fe corresponding to the red fit in the top plot. The vertical line indicates the air-
silicon interface. The fit was produced using two components, a Gaussian shaped 
surface component (Gaussian 1) and an asymmetric Gaussian shaped implant profile 
(Gaussian 2).  The shape of the implant profile was constrained to be that measured 
by SIMS analysis for chromium (Fig. 2) as described in the text. 
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The inferred solar wind fluences for Fe and Ni assume the epitaxial Si layer of the 375 

SoS collectors has negligible impurity concentrations of Fe and Ni.  The flight criterion 376 

was for impurity levels to be ≤ 10% (and ≤ 1% if possible) of the anticipated 2-yr solar 377 

wind fluence for each element (Jurewicz et al. 2003; Burnett et al. 2003) although only a 378 

subset of elements (including Fe and Ni) were verified to meet this criterion in at least 379 

one member of the collector set but not necessarily in silicon-on-sapphire collectors 380 

3 Discussion 381 

Table 2 summarizes the fluence results from this work as well as other relevant 382 

results in the literature.  Previously, we reported (Kitts et al. 2009) a Fe fluence result for 383 

a sapphire collector (50722) using a similar XSW experimental approach to that used 384 

here except that a synthesized Fe-implanted Genesis spare was used as an external 385 

standard, rather than using the internal reference method.  That result, 1.6 ± 0.4 x 1012 Fe 386 

atoms/cm2, agrees well with the current result of 1.30 ± 0.20 x 1012 Fe atoms/cm2; the 387 

uncertainty is smaller in the latter because some sources of error are excluded when 388 

utilizing the internal standard method. The agreement between the Fe fluences for the two 389 

different collector materials (obtained in different experimental sessions) enhances the 390 

reliability of these results. If the two fluence values are treated as independent, the 391 

weighted mean is 1.36 ± 0.18 x 1012 Fe atoms/cm2.  This value agrees well with the SIMS 392 

result of 1.41 ± 0.08 x 1012 Fe atoms/cm2 (Jurewicz et al. 2011) for silicon-on-sapphire, 393 

silicon, and diamond-like carbon collectors.   394 

The pre-flight predicted Fe fluence was 1.7 x 1012 Fe atoms/cm2 (Burnett et al. 395 

2003) so the x-ray standing wave and SIMS results are in good agreement but about 20% 396 
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lower than this value.  As discussed by Jurewicz et al. (2011), the low Fe fluence might 397 

be explained by ion fractionation effects in the solar wind.  Commonly discussed 398 

processes include Coulomb drag, first ionization potential (FIP) effects and first 399 

ionization time (FIT).  Spacecraft studies show no evidence of significant fractionation 400 

for elements with FIP < 9 eV such as Fe (Reisenfeld et al. 2007).  401 

One way to test for fractionation effects is by comparing the concentrations of 402 

other elements.  Jurewicz et al. (2011) specifically compared Fe with Mg from SIMS 403 

analyses, Mg is an element that has similar FIP near 8 eV but much lower FIT than Fe, 404 

and found no obvious fractionation.   405 

Nickel is an element that has similar FIP and FIT to those of Fe and measured 406 

fluences might be useful in identifying fractionation processes.  The measured Ni fluence 407 

of 2.34 ± 0.22 x 1011 Ni atoms/cm2 is a factor of two higher than the expected fluence of 408 

~1 x 1011 Ni atoms/cm2 (Burnett et al. 2003).  However, FIP of Ni is essentially equal to 409 

that of  FIP of Fe (7.9 vs 7.6, respectively) and Fe doesn't appear to be fractionated from 410 

photospheric.  FIT requires a model with accompanying uncertainties, whereas, FIP is an 411 

atomic constant. 412 

Potential analytical reasons for over-estimation of the Ni solar wind fluence are 413 

discussed first. The possibility that the XRF sensitivity for Ni is too low can be ruled out 414 

by the facts that (1) Ni and Fe have very similar sensitivities and the Fe result is robust, 415 

and (2) the Ni concentration for the SoS implant is not overestimated.  Another 416 

possibility is that the deconvolution of the surface-correlated (contamination) and 417 

implanted Ni has underestimated the amount of Ni in the former.  This is highly unlikely 418 

based on the excellent fit obtained to the measured Ni fluorescence yield profile (Figure 419 
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10).  A final possibility is that the Ni impurity concentration in the epitaxial silicon layer 420 

is comparable to the solar wind concentration. This might be ruled out because the 421 

selection criteria for the collector materials would preclude such high impurity levels, 422 

however, this possibility should be investigated further.  There are a variety of potential 423 

contamination sources, including the post-flight cleaning process with ultra-pure water to 424 

remove Utah dust.  However, the measured Fe fluences by multiple methods are 425 

reasonable so that any contamination mechanism would seem to require contamination 426 

by Ni and not Fe; not impossible but unlikely.  The best way to evaluate the impurity 427 

level is through measurements on a SoS witness flag from the spacecraft.  Unfortunately, 428 

the Utah impact prohibits the identification of such material.  Next best is the analysis of 429 

SoS flight spares although the histories of these are not identical to those of the flight 430 

samples and a direct comparison may be difficult.     431 

The measured Ni/Fe is 0.17 which is a factor of ~2.8 higher than spacecraft solar 432 

wind measurements, photosphere observations, and compositions of meteorites (Karrer et 433 

al. 2007).  This result is surprising in light of the expected absence of significant solar 434 

wind fractionation of these two elements based on similar CD, FIT and FIP parameters.  435 

Specifically, it suggests that more work should be done in establishing the Ni 436 

concentration in the as-manufactured epitaxial silicon layers of the SoS collectors.  If the 437 

Ni fluence result proves to be robust, one interpretation is that there exists temporally-438 

variable Fe and Ni fractionation on the timescale of a year.   439 

The internal reference method described here has the potential for providing solar 440 

wind fluence measurements of other elements, notably Cr and possibly Ca.  Analyses of 441 

both of these elements are currently hindered by high Ca surface contamination.  In 442 
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measuring Ca itself, this contamination leads to uncertainties in deconvolution of 443 

implanted Ca from the high surface-correlated components. For Cr, there is a potentially 444 

significant interference from the pile-up of “Si Kα+Ca Kα” at 5.43 keV which nearly 445 

exactly overlaps the Cr Kα peak at 5.41 keV.  Improved cleaning procedures are likely to 446 

be needed to enable measurements on these elements.  447 

4 Conclusions 448 

X-ray standing wave fluorescence yield depth profiling was used to determine the 449 

solar wind implanted Fe and Ni fluences in a silicon-on-sapphire (SoS) Genesis collector 450 

(60326).  An internal reference standardization method was developed based on 451 

fluorescence from Si and Al in the collector materials.  Measured Fe fluence agreed well 452 

with that measured previously by us on a sapphire collector (50722) as well as SIMS 453 

results by Jurewicz et al. (2011).  Measured Ni fluence was higher than expected by a 454 

factor of two; neither instrumental errors nor solar wind fractionation effects are 455 

considered significant perturbations to this value.  Impurity Ni within the epitaxial Si 456 

layer remains a possibility that needs further investigation. If the measure Ni fluence is 457 

found to be robust, one interpretation is that there exists temporally-variable Fe and Ni 458 

fractionation on the timescale of a year. 459 
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Table 1: Tabulated values for photo-electric cross-sections (in Barns/atoms) and 582 

fluorescence yield (unitless).  CInt is the product of the two.  CExt is the product of the 583 

transmission ratios from the sample surface through the fluorescence detector for each 584 

K radiation. 585 

 586 

 Al Si Cr  Fe 

photo-e(7.6 keV) 2615.0 3546.5 25213.7 31805.2 

K 0.039 0.05 0.275 0.34 

CInt 102.0 177.3 10813.8 6933.8 

CExt 0.004822 0.03303 0.8802 0.9263 

 587 

Table 2: Summary of solar wind fluence results for Fe and Ni 588 

  
Sample 
number 

Fe fluences 
(atoms/cm2) 

Ni fluences 
(atoms/cm2) 

X-ray standing waves#       

Silicon-on-sapphire 60326 1.30 ± 0.10 x 1012 2.34 ± 0.22 x 1011 

Sapphire* 50722 1.6 ± 0.4 x 1012 NA 

Two-collector mean   1.36 ± 0.18 x 1012 NA 

Ni/Fe   0.17   

        

SIMS^   1.41 ± 0.08 x 1012 NA 

        

Predicted fluences$   1.7 x 1012 1.0 x 1011 

# This work 

* Kitts et al. 2009 

^ Jurewicz et al. 2011 

$ Burnett et al. 2003 

NA = not available 
 589 


