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A combination of synchrotron radiation (SR) excitation and x-ray fluo­
rescence (XRF) detection has realized analytical microscopy with trace sensi­
tivity. Employing the SRXRF technique, single diamond crystals were investi­
gated which were grown in a Ni based metal solvent with high temperature and 
high pressure. XRF imaging has visualized the Ni distribution in the sample, 
and the concentration of Ni was determined with a novel quantification meth­
od. Furthermore, small area x-ray absorption fine structure (XAFS) measure­
ments have been carried out, and it was confirmed that the dissolved Ni atoms 
have a different chemical state from those in metallic state. 

1. INTRODUCTION 

Trace sensitivity of synchro­
tron radiation (SR) x-ray fluores­
cence (XRF) analysis has been 
widely recognized after Sparks 
examined the existence of an ultra 
heavy element with SRXRF1 l. Advan­
tages of SR excitation such as 
trace sensitivity, small background 
and energy tunability are due to 
its characteristics; high bril­
liance, linear polarization and 
continuum energy distribution. 

To realize spatial resolution 
without losing photon flux, a Pt 
coated ellipsoidal mirror has been 
designed and developed which con­
verges the source divergence i~to a 
focused spot of approximately 200 
~m in diameter. As the intensity 
gain is more than one hundred, 
small area x-ray absorption fine 
structure (XAFf) measurements were 
first realized ) with this system. 

Utilizing this system, trace 
impurities in synthetic diamonds 
have been investigated. Among 
several kinds of metals, only Ni 
can be dissolved into the diamond 
lattice. Moreover, Ni XRF imaging 
of the diamonds clearly demonstrat­
ed dissolved Ni exists sel~ltively 
in the {111} growth sectors . The 

current interests are on the rela­
tion between the solvent composi­
tion and Ni concentration, and on 
the chemical state of dissolved Ni. 

2. EXPERIMENTAL 

2.1 Small area SRXRF system 
Experiments were carried out 

at the Photon Factory in Tsukuba on 
the Beamline (BL) 4A. Figure 1 
shows a small area SRXRF sysi~m 
which was described previously . 
To minimize background caused by 
the scattered x-rays, a Si(Li) 
detector was placed in the electron 
orbit plane of the strage ring and 
its direction was normal to the 
incident beam. Intensities of both 
incident and transmitted x-rays 
were monitored with ionization 
chambers. Samples can be scanned in 
the x and y directions and XRF 
images were obtained by collecting 
XRF signals at each position on the 
sample. The incident beam energy 
can be selected by the monochroma­
tor in the BL-4A, and XAFS measure­
ments of trace elements can be 
realized by employing the fluores­
cence detection method. 
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Figure 1. A schematic layout for 
small area SRXRF analysis~) at the 
Photon Factory. 

Figure 2. X-ray images of the 
sample A. (upper left) Ni K-L, 
(upper right) Fe K-L and (lower 
left) transmitted x-rays. The 
scanned area was 4 mm square. 

2.2 Sample preparation 
Two synthetic diamond crystals 

were examined. One was grown in Ni­
Fe alloy solvent (sample A) and 
another was grown in a Ni based 
metal solvent with additional Ti as 
a nitrogen getter (sample B). 
Samples A and B were polished into 
plates of thickness 277 ~m and 258 
~m. respectively. With these 
samples, the spatial resolution was 
determined by the sample thickness. 
Each sample was fixed onto a plas­
tic sheet to reduce inelastic 
scattering which overlaps with the 
XRF signals. The Ni and Fe concen­
trations in the plastic sheet were 
less than the detectable limit. 
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Figure 3. SRXRF spectra from a 
sample A. a) {111} growth sector 
and b) {100} growth sector. 



3. X-RAY IMAGING RESULTS 

Figure 2 shows x-ray images of 
the sample5 l. Black regions indi­
cate strong signals. The incident 
x-ray beam energy was selected to 
be 9 keV to optimize the sensitivi­
ty for Ni. As pr~)iously reported 
with this sample , the Ni image 
clearly shows a difference between 
the {111} and the {100} growth 
sectors. There are several regions 
in the Fe image which give strong 
signals. These areas may be at­
tributed to inclusions because both 
Fe and Ni give strong signals and 
because a reliable Fe signal was 
only detected in these regions. 
Figure 3 shows SRXRF spectra ob­
tained at positions marked on 
figure 2. The minimum detection 
limit of Ni for 1000 s data acqui­
sition was 30 ng/cm2 which corre­
sponds to 0.3 ppm in concentration. 

4. QUANTIFICATION METHOD 

To determine the dissolved Ni 
concentration, a series of refer­
ence samples is usually required 
because the XRF intensity is 
strongly affected by sample thick­
ness. To overcome this prob~~m, a 
novel quantification method ! was 
invented. When monochromatic x-rays 
are used as an excitation beam and 
when their energy is optimized for 
an element of interest, XRF signals 
If from the element of interest can 
be theoretically described. 

If=klo(E)WiptF (1) 

with F={l-exp(-At)}/At (2) 

and A=!!(E)/sin<P+!!(Ef)/simp (3) 

where r 0 (E) is the intensity of the 
incident x-rays, <jJ and ~ are the 
glancing angle and takeoff angle, !1 
is the linear absorption coeffi­
cient, E and Ef are the energies of 
the incident x-rays and fluorescent 
x-rays, Wi is the weight fraction 
of the element of interest, t is 
the sample thickness, p is the 
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sample density and k is a constant. 
The absorption correction 

coefficient Fin Eq.(2) represents 
the attenuation of both incident 
and fluorescent x-rays in the 
sample. Therefore the corrected XRF 
intensity If/F becomes proportional 
to the surface density of the 
element of interest Wipt, and 
quantification can be performed by 
comparing the XRF intensity with 
that of a reference sample of given 
surface density. 

Utilizing the energy tunabili­
ty of SR, F can be easily deter­
mined by the transmittance measure­
ments with energy E and Ef. As !!(E) 
is well known for diamonds, a 
transmittance measurement provides 
accurate sample thickness. There­
fore Wi can be derived. The advan­
tage of this quantification method 
is that a single reference sample 
is enough for the quantification 
and it can be commonly used for 
other samples. 

As a result of quantification, 
the dissolved Ni concentration was 
found to be 30 ppm for sample A. 
In the case of sample B, a typical 
position was investigated after the 
XRF imaging. The resultant Ni 
concentration was 165 ppm. An 
evaporated Ni film of thickness 344 
A was used as a reference sample. A 
large concentration difference 
between two samples is now under 
considerations. 

5. Ni XANES MEASUREMENT 

To investigate the chemical 
state of dissolved Ni, x-ray ab­
sorption near edge structure 
(XANES) measurements were carried 
out at the same positions where the 
Ni concentration were determined. 
Figure 4 shows that dissolved Ni 
gives a characteristic XANES which 
is completely different from metal­
lic Ni. Therefore it is confirmed 
that Ni atoms in the diamond are 
not due to small inclusions but 
are dissolved into the diamond 
lattice. From consideration of the 
pre-edge peak in XANES, Ni seems to 
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be in a tetrahedral site according 
to an empirical rule. For further 
discussion, theoretical calculation 
and other spectroscopic information 
are necessary. 
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Figure 4. Ni XANES obtained in the 
small region in the sample B where 
the Ni concentration is 165 ppm. 

6. CONCLUSION 

A small area SRXRF system has 
enabled both trace element analysis 
from XRF spectra and chemical state 
analysis from XANES while main­
taining spatial resolution. Selec­
tive dissolution of Ni into {111} 
growth sectors was confirmed by Ni 
XRF imaging. A novel quantification 
method and small area XANES tech­
nique provide quantitative and 
chemical state information of 
dissolved Ni in the diamond lat­
tice. 

ACKNOWLEDGMENT 

This study was partially 
supported by a Grant-in-Aid, Con­
tract Number 04780060, from the 
Ministry of Education, Science and 
Culture. SR experiments have been 
performed under the approval of 
Photon Factory Advisory committee 
(Proposal No. 90-202 and 92G-247). 

REFERENCES 

1. C. J. Sparks Jr., Phy. Rev. 
Lett. 40(1978)507. 

2. S. Hayakawa, Y. Gohshi, A. Iida, 
S. Aoki and K. Sato, Rev. Sci. 
Instrum. 62(1991)2545. 

3. M. Wakatsuki, S. Hayakawa, S. 
Aoki, Y. Gohshi and A. Iida~ 

1991 MRS Int. Conf Proc. 
(1992)143. 

4. S. Hayakawa, Y. Gohshi, A. Iida, 
S. Aoki and M. Ishikawa, Nucl. 
Instrum. and Meth. 849(1990)555 . 

5. In the measurement of this 
sample, the ellipsoidal mirror 
was not used. Therefore the beam 
intensity was not sufficient for 
XANES measurements. 

6. S. Hayakawa, A. Iida and Y. 
Gohshi, Anal. Sci. , Suppl. 
7(1991)509. 




