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Photon correlation spectroscopy with high-energy coherent x rays
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We performed x-ray photon correlation spectroscopy on a model suspension of colloidal particles using
x rays of three different energies, namely, 8 keV, 13.5 keV, and 19 keV . The observed reduction in the degree
of coherence with increasing x-ray energy, as measured by the contrast of the correlation functions, is consis-
tent with theoretical estimates. We show that it is well possible and under certain circumstances even advan-
tageous to perform experiments with coherent x rays at these higher energies. We argue that the reduced
absorption may not only allow for thicker samples but also for longer acquisition times because of the reduced
radiation damage, thus outweighing in many cases the effect of the reduced coherent flux. The use of higher
energy x rays for photon correlation spectroscopy can therefore lead to a substantial increase in the signal-to-
noise ratio and constitutes a promising option for future experiments on samples of polymeric or biological
origin.
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I. INTRODUCTION scattering techniqu¢10] except for the use of coherent
X rays. If a scattering experiment on a disordered sample is
X-ray photon correlation spectroscop¥PC9 is a rela- performed under highly coherent conditions the scattering
tively new technique made possible by the advent of thirdpattern exhibits random interferences, so called “speckles,”
generation high brilliance synchrotron radiation sources. Itvhich are not visible in a conventional scattering experiment
allows one to measure slow dynamics on a small spatiafiue to incoherent averaging. The microscopic dynamics in
scale in a scattering experiment. The technique has been usgfé sample leads to fluctuations in the speckle pattern and the
on a variety of colloidal and liquid crystal systerfis—6].  corresponding intensity fluctuations constitute the signal ob-

Applications to polymer systemf7,8] have been limited, served in photon correlation spectroscopy. The intensity fluc-
partly due to severe problems with radiation damage causégations are quantified via the normalized intensity correla-
by the high primary beam intensity necessary for the experig, functiong(q,t), with

ment[9]. Also, typically long acquisition times are needed. n

While it is known that radiation damage on organic samples (n(q,0n(q,t))
can be reduced substantially by using higher energy radia- g(q,t)= 5 =1+c(q)[f(qg,t)]% (1)
tion, such an approach has never been seriously explored for (n(q,1))

XPCS experiments, since in these experiments a coherent . o
primary beam is needed and coherent flux from a synchro- Heren(q,t)dt is the number of photons detected in time
tron source scales with the square of the wavelength. It hagterval d, g is the scattering vector and the brackets denote
rather been suggested recently that it is preferable to use sdfte ensemble averagf(q,t) is the normalized intermediate
X rays in order to increase coherent fl[&. On the other scattering function, which is related via Fourier transform to
hand the reduced absorption of higher energy x rays not onl{he dynamic structure factor. Equatiéh holds for a homo-
minimizes radiation damage and therefore allows for longedyne experiment, and Gaussian statistics for the scattered
acquisition times, it also allows one to use thicker sampledield is assumed. Photon correlation spectroscopy is therefore
and to increase the scattering signal in this way. Here wequivalent to a quasielastic scattering experiment, but it of-
show that XPCS experiments can indeed be performed witfers access to the dynamics on a much longer time scale. As
higher energy x rays. We observe a loss in the degree ghentioned above, the intensity fluctuations giving rise to
coherence as expected, but this loss is generally weaker thgjiq,t) can only be observed with coherent light. It is re-
the expected gain in the signal-to-noise ratio under circumgyired that the radiation impinging on the detector from any
stances where thick samples can be used. point in the sample and at any time can interfere. Under
these conditiong(q), the so called contrast of the correla-
Il. THEORY . . . . .
tion function, is equal to unity. In a real experiment usually
X-ray photon correlation spectroscopy is based on thenly partially coherent illumination is achieved, the(q)
same concept as the more commonly known dynamic light1 [10]. The coherence conditions required for such an ex-
periment can be estimated as follojid,17.
(1) The maximum path length difference of two photons
*Present address: Martin-Luther-University Halle-Wittenberg,scattered in the sample has to be smaller than the longitudi-
Physics Department, 06099 Halle, Germany. nal coherence length=\?/A\. On a typical synchrotron
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beam line equipped with a standard silicon monochromatothe correlation function decays to one. In this limit, the cor-
(AN/N=10"%) this condition is always fulfilled in the so relator(n(q,0)n(qg,t)) behaves like a Poisson varialjte3],
calledA small-angle scattering regimeq<0.1 A™*, N i.e., A(n(q,0)n(q,t))=(n(q,0)n(q,t)). This results in
~15A).

(2) In order to ensure spatial coherence of the incoming 1
beam a pinhole has to be used in front of the sample, whose Ag(t)= M—\/— )
sizelL is comparable to the transverse coherence leggth (MNTAL

for the correlation function defined in E¢L). T denotes the
gtzﬁ_ 2 total time of the measurement ardd is the time interval
s used to measura(t), which for the correlator useALV,

Langen, Germanydepends on the argumentThe number

f sampling intervaldvl is given by T/At and Ag~1/\M.

onsequently, using a sample with optimum thickness and
allowing for maximal time of measuremer(ty)~\ 3 and
dT~)\‘2, resulting in

AR
L=

HereRis the distance from the source adgdthe size of the
source. For the typical parameters of a synchrotron beam lin
(R~60 m,ds~200 um) & amounts to about 2@m for ra-
diation witha~1.5 A.

(3) The speckles showing up in an experiment performe
under these conditions will have a typical widgolid angle

AQ=(N/L)?. To detect them the detector ardzhas to be Ag(t)~ ————~ 2% (6)
comparable to the size of a speckle: N3N T2
oA 2 Here we used the fact that the scattering cross section is
A~T L 3 independent ok and an energy independent flux of photons

in the primary beam was assumed. Additional effects might

Herer denotes the distance between the sample and the deeme into play by absorption induced heating, which might
tector. make an experiment completely impossible if absorption is

The prefactors used in the relations above depend dbo high. Altogether we can conclude that by using opti-
course on the exact criterion used for the visibility of the mized conditions the statistical accuracy in an XPCS experi-
speckles, but independently some relations concerning thament can indeed increase if higher energy photons are used,
use of radiation with varying wavelengihcan be obtained. sinceAg(t) decreases more strongly with decreasinthan
If N is varied and the pinhole in front of the sample is the contrast given in Ed4), i.e.,
changed according to E¢R), the intensity usable in the ex-
periment will scale with wavelength as’. A variation of Ag(t) A4

alone(without adjusting the size of the incident pinhpleas c@ a2 A2, (7
a similar effect as a varying detector size. If the area of the
detector is increased beyond the value given in Bjthe Given that due to the experimental conditions described

observed amplitude of the intensity fluctuations will de-

: . above, XPCS experiments are usually intensity limited and
crease. For large detector areas the following relation hold

) therefore limited by statistical accuracy, the use of higher
[10]: energy x rays can be a very relevant option. The feasibility of
(ML)2 this option is demonstrated here.

(4)

e(a)~ .
AlT IIl. SAMPLE

Equation(4) also shows that in an experiment with varying  Silica particles with a nominal radiuR=290 nm sus-
wavelength the contrast of the correlation function will be inpended in watef10% weighj were purchased from Micro-
a first approximation proportional to°. particles, Berlin, Germany. The size of the particles was
On the other hand, using x rays with a higher endfgy  checked with dynamic light scattering, giving a hydrody-
allows one to choose a thicker sample. For a given absormamic radiusR;,~ 255 nm(extrapolated value for concentra-
tion coefficientu, the scattering signal is optimized for a tion ¢—0). For the XPCS experiments, the particle suspen-
sample thicknesd~1/u. Apart from abrupt changes at ab- sion was diluted with glycerol in order to increase the
sorption edgesy varies as\3, and a gain in the numberof  viscosity of the solution. Three volume parts glycerol were
scattered photong,~\ 3, can be achieved. In addition, ra- added to one volume part water based suspension resulting in
diation damage is reduced. If we assume that radiation dana volume fraction of 1.1% of the silica particles in the
age is simply proportional to the energy transfer given bysample. Here we assumed a density of 2.5 gtrfor the
wE N3\ "1=)\2, the possible time of acquisitiohfor con-  silica particles. By adding glycerol the time scale of diffusive
stant radiation damage scales Xs?. The quantity which motion is shifted to a range more convenient for the experi-
determines the statistical quality of a measured correlatioment(about two orders of magnitude slowefhe colloidal
function at low count rates is the relative statistical error withsuspension was filled in glass tubes with a diameter of 1.5
which the contrast, i.e., the value gfq,t) for t<7, can be mm (8 keV measurements5 mm (13 and 19 keV measure-
determineds stands here for the typical time scale on whichments, or 10 mm(19 keV measurementsThe transmission
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TABLE I. Measured transmission for samples of different thick- 8 T I I T I T

ness(left column and different x-ray energiegop row). The val- 0" B
ues are corrected for absorption by the container walls. O 13.5keV
10° |- O 19keV
Diametefmm) 8 keV 13.5 keV 19 keV )
5 10
15 0.20 g
5 0.39 0.69 T ik
10 0.39 g 10
3
= 100k
of the samples after correction for the glass wall of the cap- ,
illary (not all identica) is shown in Table |I. 10 I~

IV. EXPERIMENTAL SECTION

The experiment was performed at the Troika Il station of G, 2. Intensity vs scattering vectay of colloidal silica in
the Troika beam line ID10A at the European Synchrotronsyspension, measured at two different x-ray energies as indicated
Radiation Facility(ESRP [14]. A schematic view of the (second dataset shiftedThe line corresponds to a model function
setup is shown in Fig. 1. The synchrotron was running infor a polydisperse collection of spheres with an average radius of
16-bunch mode with an average current of about 70 mA. Th@83 nm (=6.3 nm). Measurements were performed under the
Troika beam line uses three undulator sources: two standaxhme conditions as the photon correlation spectroscopy experi-
ESRF undulators and one short small-gap undulator, all inments.
stalled in a highg straight section. Measurements were per-
formed at the third7.990 keV, fifth (13.476 keV, and sev- X 20 um. Correlation functions are calculated in real time
enth (18.984 keV harmonic of the standard undulators, the with an ALV 5000 correlator.
small-gap undulator having the first harmonic always tuned
at 7.99 keV. The source size of the ESRF hfgisections is V. RESULTS AND DISCUSSION
typically about 930um (horizonta) and 25um (vertical
full width at half maximum. We used a slit to reduce the Figure 2 shows the measured scattering intensity of the
apparent horizontal size to about 226n in order to increase  colloidal silica suspension at x-ray energies of 19 and 13.5
the transverse coherence length in the horizontal plane. THEV as a function of the scattering vectprThe pronounced
beam is monochromatized by a double bounce channel-c@Scillations are due to the particle form factor. Because of the
Si(111) monochromator diffracting in the horizontal plane dilute state of the suspension no interference effects are ob-
and located 59.5 m from the source. To suppress higher haperved, the structure factor being equal to unity. For compari-
monics the second crystal is slightly detuned by a piezoelecson, model data calculated for a polydisperse ensemble of
tric actuator. The coherent beam is provided by au20  SPheres with an average radilts=-283 nm and a standard
slits located 45 cm further upstream can be used to precolliSumed. The discrepancies between the model and the data
mate the beam in front of the pinhole. Keeping these slité"e related to the momentum resolution not taken into ac-
tight leads to a substantial increase in coherence, i.e., cogount. While the divergence of the primary beam is of course
trast of the correlation function. With this setup the primary@xtremely small, the finite momentum resolution is caused
beam intensity was 7:310° photons/(smA) at 8 keV, 6.2 Dy the finite size of the detector slits. The dynamic measure-
x10° photons/(smA) at 135 keV, and 3.4 ments were performed in the range of lowp to about the
% 1P photons/(smA) at 19 keV. The sample is mounted inSecond minimum aroung=2.7x10"° A%, _
an evacuated small-angle scattering chamber and the scat- Ihreée exemplary correlation functions measured at differ-
tered photons are guided through a vacuum flight path to th@nt x-ray energies for an equivalent scattering vedor
detector stage, giving a sample-to-detector distance of 2.3 m=7-6X10"* A~* are shown in Fig. 3. As expected we ob-
Photons are detected by a Bicron scintillation counteS€rve a strong change in contrast while the time scale on

equipped with an adjustable pair of slits, typically set to 20which_ the correlatio_n func_tions. decay remaing unchanged.
For simple translational diffusion the correlation function

measured in a homodyne experiment can be described by an

collimating

aperture analyzing exponential function
mono::hro— ~20Ium sample aperture
mator ~20um _ . _ 2
dulat % t)y=c(g,N)exp(—2I't)+1 with I'=Dqg". 8
un~5uO?nor<_ _E - I P anmagd s rannnnnnan . g( ) (q ) Fi ) q ( )

20 I
\sll Herec(q,\) is the contrast of the correlation function abd

the diffusion constant, which in the dilute limit is given by
FIG. 1. Schematic of the experimental setup used on Troika llithe Stokes-Einstein relatidd =k T/67 #R;,. R;, denotes the
for coherent scattering experiments. hydrodynamic radius of the particles amdthe viscosity of
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FIG. 3. (Color online Exemplary correlation functions of col-

loidal silica suspension measuredyat 7.6x 104 A1 using three FIG. 5. Contrast of correlation function as determined from a
different x-ray energies as indicated. ldentical collimation condi-series of measurements with varying detector @eeeasured at
tions were used (2@cm pinhole and 2Qum detector slits The  q=7.58<10 * A~! and x-ray energ{, =8 keV. The straight line
contrast of the correlation functions depends strongly on the x-ragorresponds to the behavior expected o (r\/L)2. The inset
energy used. For the dataset measured at 8 keV the model functi@hows the full set of data presented on a semilogarithmic scale.
(simple exponentialresulting from a fit with Eq(8) is shown as a  Note the large value of the contrast obtained for very small detector
continuous line. openings.

the solvent. For a heterodyne experiment, i.e., if the scatteregence, measurements taken at different energies are fully
intensity is mixed coherently with statically scattered inten-consistent.
S|ty, the factor of 2 in the eXponent would dlsappe:jir. The fact Let us now turn to the discussion of the coherence prop_
that we measure the same values Foat all energies with  erties encountered in the experiment. As described above by
different static background contributions confirms that thegq. (4) for our experiment a variation of the x-ray wave-
experiment is always performed in the homodyne regime. Aength has in first approximation the same effect as a varia-
series of correlation functions was measured at each of thgon of the detector size while keeping the wavelength con-
three x-ray energies; the resulting valuesif¢n) are shown  stant. We therefore performed a series of measurements
in Fig. 4. As expected, the data show a commgndepen-  taken with varying detector size at a given scattering vector
q=7.58x10"* A~1. The contrast of the correlation func-

16x10° | | , , , tipn as a function of detector aréais shown in the inset o_f
102 Fig. 5 over a large range &. The contrast decreases with
14— '— increasing detector size, in the limit of largeas 1A, as can
. o be seen in the main part of Fig. 5. For smalthe contrast
10 levels off because here the detector area is comparable or
10 - smaller than the size of a speckle\(L)?~3x 104 mn?
g _|_6_|>5 on the detectofsee inset of Fig. b
= 8r 10 10~ m Keeping the detector area constant we can observe
= ol I ] changes in coherence properties by determining the contrast
K1 from a series of measurements taken with different x-ray
- P é 138;‘59‘0 - energies. The result is shown in Fig. 6. The data points scat-
- o 19keV ter relatively strongly, especially at logv The reason is most
2 @& likely some static background contribution due to scattering
o|fa 1 | I I I from the pinhole which varies from measurement to mea-
0 2 4 6 8 10 12x10° surement. This contribution is stronger at l@ywand even
1A with careful alignment it is difficult to remove it completely.

Nevertheless the data clearly correspond to the expectations

FIG. 4. Decay ratd of correlation function vs the square of the formulated above in Ed4), i.e., the contrast decreases with
scattering vectog, measured with x rays of different energies as Increasing x-ray energy. For a semiquantitative analysis we
indicated. The data show that the diffusion constant can be medtart from the data taken at the highest energy, since in this
sured consistently, independent of the x-ray energy used. The insé@ise a limiting value foc(q) at highq can be determined
showing the same data on a log-log-scale proves that infleed unambiguously, as indicated by the horizontal line. The two
«q? over the full range of scattering vectors used.

dotted lines show the expected contrast for the other energies
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0.4 T T T T plays a more significant role for a thinner sample as it is used
A BkeV for the measurements taken at 8 keV. The fact that the loss of
A O 13.5keV coherence at higher energies is not larger than estimated in
03l O 19keV | Sec. Il means that the arguments given there concerning the
"""""""" 7 SRy statistics of XPCS measurements are indeed valid.
A
g A AA A A
£ 02f A A 4 VI. CONCLUSIONS
8 A
° A A Our data clearly show that it is feasible to perform XPCS
o o experiments with higher x-ray energies than used in previous
0.1 —-memmeee ] e W | . . .
O experiments. If thicker samples can be used, higher energy x
a 2 4 rays offer advantages, since due to reduced absorption there
600 s e can be a net gain in signal. The use of higher energy x rays
0.0 ' L L L N constitutes therefore a promising option for future experi-
0005 10 45 20 25410 ments especially on polymeric and biological sample sys-
a(h) tems. We are convinced that the dynamics of these kind of

FIG. 6. Contrast of correlation function vs scattering vectgr systems which are able to form soft, self-assembled struc-

as determined from a series of measurements taken with differedt€S ON @ Size scale of nanometers are most interesting to
x-ray energies as indicated. Collimation conditions as above wer€XPlore in future experiments using the XPCS technique.

used (20um pinhole and 2Qum detector slits The dotted lines  1he use of higher energy radiation can also be useful for
indicate the expected value of the contrast based hstaling of ~ hard-condensed matter systems where the bulk sensitivity
the value determined foE,=19 keV. The estimated values are can be greatly enhanced by the large penetration depth.
consistent with the data, although there are deviations, which are

most likely cal_Jsed by static background signal originating from ACKNOWLEDGMENTS
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