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Intensity interferometry for the study of x-ray coherence
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Intensity interferometry has been performed for the study of x-ray coherence. A high-resolution monochro-
mator atE514.41 keV was developed for enhancing the interference signal. Transverse coherence profiles of
undulator radiation were evaluated from measurements of mode numbers. The obtained coherence length in
vertical, which is perpendicular to the scattering plane of the monochromator, was proportional to the distance
from the light source, as is expected from the Van Cittert–Zernike theorem. Vertical emittances of the storage
ring were determined from the measured coherence lengths. Degradation of transverse coherence with phase
object was measured and analyzed based on the propagation law of mutual intensity.
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I. INTRODUCTION

In the past decade, several important applications of
herent x rays have been developed. X-ray correlation sp
troscopy @1–3# reveals dynamics of opaque sample
Propagation-based imaging techniques@4–7# enable to re-
trieve refractive phases of weakly absorbing materials wit
simple optical system. Coherent diffraction method@8–11#
would be used for a three-dimensional reconstruction of n
crystalline objects with an atomic resolution. Diffractio
limited nanofocused x rays, achieved under coherent illu
nation @12#, will be a powerful probe for microscopic
researches.

These developments are based on the progress of the
generation synchrotron sources, such as ESRF~France!, APS
~United States!, and SPring-8~Japan!; time-averaged bril-
liance has been increased by several orders of magni
with the use of undulator installed in a low-emittance stora
ring. Furthermore, x-ray free-electron lasers~XFELs!, com-
bined with long undulators and low-emittance linacs, are
ing developed as the fourth generation synchrotron sourc
order to improve peak brilliance by several orders of mag
tude @13–15#.

Characterization of coherence properties is a crucial is
for all applications of coherent x rays. In particular, coh
ence propagation through various x-ray optics~reflective, re-
fractive, and diffractive! should be much investigated bo
from theoretical and experimental aspects. Another impor
purpose of the study of x-ray coherence is to give feedb
to the accelerator physics. When synchrotron radiation
used as a probe for diagnosing the electron beam, the r
lution is fundamentally limited by the wave nature of rad
tion. For ultimate high-resolution diagnosis, therefore, it
desirable to use x rays as aparticlelike probe, rather than to
use visible light or soft x rays.

Coherence is measured by interferometry. In the x-ray
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gion, several interferometric methods have been propo
and performed for the study of transverse@16–23# and lon-
gitudinal @24–26# coherences. However, the applicable fiel
have been still restricted. First reason is the limitations
available optical elements so as not to bring unwanted
turbance of x-ray wave field. Second is the requirement
extremely high stability of the whole optical system~typi-
cally within subangstrom path difference! during a measure-
ment time in order to avoid temporal smearing of t
interferogram.1

Intensity interferometry, which was first developed b
Hanbury Brown and Twiss@27#, can avoid above difficulties
Intensity interference is recorded as correlation~coincidence!
of photoelectric signals from independent detectors. T
one does not require special optics for interfering opti
wave fields. Long term stability is also unnecessary, beca
time constant for measuring correlation is very short, pos
bly less than a nanosecond. Another distinct point of
method from the conventional amplitude interferometry is
measure the second-order coherence that reflects radi
nature.

All present x-ray sources, from x-ray tubes to synch
trons, are categorized into chaotic sources from the vie
point of the second-order coherence. In this case, inten
interference is observed as anenhancementof probability of
photoelectric correlation, and can be simply associated w
the modulus of the first-order coherence function@28#. His-
torically, an application of intensity interferometry to diag
nosis of synchrotron radiation was first proposed by Shur
@29#. Quantitative evaluation for the third generation sy
chrotron sources was made by Ikonen@30#. Experimental
observation for synchrotron radiation was made by Ku
imune et al. @31# and Gluskin et al. @32# for x rays,
Takayamaet al. @33,34# for soft x rays, and Tanabeet al.
@35# for visible light.

1Recent studies show that stability problem can be relieved by
use of intensity correlation technique~see Ref.@64#!.
©2004 The American Physical Society13-1



sit
c
at
th
on
ic

i
f
tio
te

e
e
n

f t
a
e
w
o
p

ce

ca

th
-

c-
r

n-

-

u
w

the

,
the
of
-
ulse
r
l

nt
s,

t

unt

,

c-

YABASHI, TAMASAKU, AND ISHIKAWA PHYSICAL REVIEW A 69, 023813 ~2004!
We have recently developed a system of x-ray inten
interferometry for the quantitative study of x-ray coheren
@36–38#. Two issues had to be addressed. One was to m
the longitudinal coherence length to the pulse width by
use of high-resolution monochromator in order to get a c
siderable enhancement of the correlation. Because typ
pulse width in the third generation synchrotron sources
10–100 ps, we needed to develop a monochromator w
sub-meV bandwidth@36#. The other was high brilliance o
light source required for improving a signal-to-noise ra
~SNR! within a reasonable measurement time. The brigh
x-ray source at present, the 27 m undulator of SPring-8@39#,
was employed at the early stage of our study. These exp
mental apparatuses, presented in Sec. III, have been
ployed to measure transverse coherence profiles, as show
Sec. IV. The method has been applied to the diagnosis o
light source, as written in Sec. V. A short undulator, inste
of the 27 m devise, was used as a light source for dir
measurement of emittance of storage ring. In Sec. VI,
investigate coherence degradation by stationary phase
jects. The experimental results were analyzed by the pro
gation law of mutual intensity with stationary transmittan
amplitude functions.

II. PRINCIPLE

The first-order coherence functionG12
(1) represents the

space-time correlation in complex amplitudes of opti
fields at two points as

G12
(1)5^E* ~x1 ,t1!E~x2 ,t2!&, ~1!

where ^•••& means the ensemble average. Under
crossspectral purity condition@28#, the function can be fac
torized into spatial and temporal parts,

G12
(1)5J~x1 ;x2!g~ t1 ;t2!, ~2!

whereJ is the transverse coherence function~the mutual in-
tensity! andg is the normalized longitudinal coherence fun
tion @i.e., g(t1 ;t1)51]. The complex coherence facto
m(x1 ;x2) is given by the normalization of the mutual inte
sity as

m~x1 ;x2!5
J~x1 ;x2!

AJ~x1 ;x1!J~x2 ;x2!
. ~3!

The second-order coherence functionG12
(2) relates to the

intensity correlation as

G12
(2)5^I 1I 2&5^E1* E2* E2E1&, ~4!

whereEi meansE(xi ,t i) ( i 51,2). For polarized, chaotic ra
diation,G12

(2) is written as

G12
(2)5^I 1&^I 2&1uG12

(1)u2. ~5!

We consider to measure photoelectric coincidence co
between two independent detectors for pulsed light. If
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place a slit and a beam splitter in front of the detectors,
probability of coincidence count for the single pulse,PAB , is
given by

PAB5
hAhB

~\v!2E E E E FS~x1!FS~x2!FT~ t1!FT~ t2!

3G12
(2)dx1dx2dt1dt2 , ~6!

wherehA andhB are the quantum efficiencies,v the central
frequency of radiation,FS the aperture function of the slit
andFT the pulse envelop function. Now we assume that
slit aperture is a rectangular shape with widths
wx(horizontal)3wy(vertical), and the field intensity is ho
mogeneous within the aperture. We also assume the p
envelop functionFT and the modulus of the all first-orde
coherence functions~two transverse and one longitudina!
are in Gaussian distributions. Then Eq.~6! is written as

PAB5PAPB@11~M xM yM t!
21#, ~7!

wherePA andPB are the probabilities of photoelectric cou
for each detector,M x andM y the transverse mode number
andM t the temporal mode number given as@28,41#

M i5H Aps i

wi
erfS wi

s i
D2

s i
2

wi
2 F12expS 2

wi
2

s i
2D G J 21

~ i 5x,y!, ~8!

and

M t5A11
st

2

s t
2
. ~9!

In above equations, erf(x) is the error function,sx and sy
are the transverse coherence lengths~in rms!, st is the pulse
width in full width at half maximum~FWHM!, ands t is the
longitudinal coherence time given by

s t5
4\ ln 2

DE
, ~10!

whereDE is the energy bandwidth in FWHM of the inciden
beam@38#.

Next we consider to accumulate the coincidence co
during a timeT for repeated pulses with a rate off. We
introduce the enhanced ratio of normalized coincidenceR,
as

R5
PAB

PAPB
215

CAB f T

CACB
21, ~11!

whereCAB5PAB f T is the total coincidence count, andCA
5PA f T andCB5PB f T are the total counts by each dete
tors. Then Eq.~7! is simply represented as

R51/~M xM yM t!. ~12!
3-2
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FIG. 1. Top view of the experimental setup. Undulator radiation (DE/E*1023) is monochromatized with the double-crystal monoch
mator ~DCM! using cryogenically cooled Si~111! @40# in DE/E;1024, and with the high-resolution monochromator~HRM! in DE/E
;1028. The slit placed after the HRM adjusts beam size to the two avalanche photodiodes~APDs!. The distances from the center of th
undulator to the components for two beam lines are indicated below the figure, while those to the slit~L! appear in the text.
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Equation ~12! connects the coincidence enhancementR to
the total mode numberM5M xM yM t ; R tends to zero for the
multimode limit (M→`), while R increases to unity for the
single-mode limit (M→1). This phenomenon known as th
photonbunchingeffect is a characteristic nature of chao
radiation. Practically, one has to keepM small to observe the
effect. In particular, Eqs.~9! and~10! imply that we need to
have monochromatic beam with sub-meV bandwidth in
der to achieve smallM t for pulsed light withst;10 ps.

The finite counting time introduces a statistical errorDR
in the measurement ofR. The SNR in the multimode limit is
given by

R

DR
.dsh̄Af T

2
, ~13!

where h̄5(hAhB)1/2 is the geometric mean of the efficien
cies. The degeneracy parameter of the source,ds, is given by
@42#

ds.
B̂pl

3

4c
, ~14!

whereB̂p is the peak brilliance andl the central wavelength
Equation ~13! shows that high degeneracy~i.e., high peak
brilliance! is required for achieving good SNR in a reaso
able measurement time.

III. EXPERIMENT

Experiments were performed at the 27 m undulator be
line ~19LXU! @43# and the 1 km beam line~29XU! @44# of
SPring-8. During the measurement, the storage ring has
operated in the same filling pattern:f 537 MHz with a mini-
mum bunch separation of 23.6 ns. The peak brilliance
BL19LXU is B̂p;1023 photons/s/mm2/mrad2 in 0.1% band-
width, which corresponds to a degeneracy ofds;1021 at l
;0.1 nm.

The experimental setup is shown in Fig. 1. A hig
resolution monochromator~HRM! is the key optics in order
to raise the enhancementR. We found that extremely narrow
bandwidth can be realized by the combination of fo
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bounced asymmetric reflections. From the analysis on
DuMond diagram, the bandwidthDE at a photon energy o
E is approximately given by

DE/E.Pb1.5vscotuB , ~15!

where uB is the Bragg angle,P is the polarization factor
given by 1 (cos 2uB) for s (p) polarization, b5sin(uB
2a)/sin(uB1a) is the asymmetric factor for the first an
second crystals (1/b for the third and fourth crystals!, andvs
is a total reflection width for symmetric geometry. We cho
Si ~11 5 3! reflections with asymmetric angles ofa
578.4°, which correspond touB580.4°, b51/10.4, and
vs51.8 mrad atE514.41 keV (l50.086 03 nm). Then Eq
~15! gives a theoretical resolution ofDE.100 meV. Experi-
mentally, the bandwidth has been determined to beDE
5120615 meV from the measurement with nuclear forwa
scattering of57Fe @36#.

A crucial issue is to assure preservation of transverse
herence through the HRM, while the asymmetric reflectio
change the transverse coherence in the scattering plane
cause our interest is to measure vertical coherence ra
than horizontal one, the HRM crystals were aligned so a
give horizontal reflections~horizontal scattering planes,P
50.94), which makes the vertical direction normal to t
scattering plane. As a result, we can preserve vertical co
ence even after the asymmetric reflections. The geom
also avoided limiting the spatial and angular acceptance
vertical direction.

A quadrant slit was placed after the HRM in order
change transverse mode numbers on detectors. As dete
two avalanche photodiodes~APDs! @45# were arranged in
tandem just after the last slit. The use of semitranspa
APDs enabled to remove a beam splitting optic, which c
decrease the efficiency. The inclination angles of the dio
to the beam axis were independently adjusted in orde
increase detector efficiencies and to valance the coun
rates between them. The mean efficiencyh̄ ~including the
HRM and detectors! was found to be around a few percent
E514.41 keV.

As shown in the previous sections, the ratioR can be
determined by the total counting numbersCAB , CA , CB ,
and the pulse numberf T, if pulse heights are uniform and
3-3
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YABASHI, TAMASAKU, AND ISHIKAWA PHYSICAL REVIEW A 69, 023813 ~2004!
unchanged. In a storage ring, however, beam currents of
bunch are unequal, and independently decay as a functio
time. In this case, it is impossible to determineR only from
the above parameters. To obtainR, we used a normalization
technique presented in Ref.@31#. As seen in Fig. 2, the elec
tric signal from each detector is split into two channels. O
is to measuretrue coincidence count,CS5CAB , and the
other is to measureaccidentalcoincidence count,CN . The
latter is the coincidence between signals with the separa
of a revolution period of the storage ring. Thus this does
reflect any coherence information.R is finally given by

R5CS/CN21, ~16!

with an assumption that change of intensity in the revolut
period is neglected. The electrical delay circuit used in
early stage has been replaced later by the optical delay
tem in Fig. 2 in order to decrease the dead time in the de
circuit.

IV. MEASUREMENT OF TRANSVERSE COHERENCE

The experimental apparatuses presented in the prece
section have been employed for the study of transverse
herence at BL19LXU; the coincidence enhancementsR were
measured as a function of slit width atE514.41 keV. First
we present dependencies ofR on the vertical slit widthswy
in Fig. 3. The measurements were done at two different
positionsL566.7 and 78.2 m. The horizontal beam size w
restricted to 30mm by the upstream slit (L566.7 m) for
both cases. The total measurement time was 140 min
each condition. The coincidence profiles are well fitted
Eqs.~8! and~12! with two parameters: the coherence leng
sy and the scale factorM xM t . The obtained coherenc
lengths aresy566.362.0 and 77.562.0 mm for L566.7
and 78.2 m, respectively. This result is consistent with
Van Cittert–Zernike theorem@28#,

sy5
lL

2psy
, ~17!

FIG. 2. Schematic of the coincidence circuit. The E/O, O
converters, and the optical fiber produce a delay equal to the r
lution period of the storage ring (4.79ms). CS is the true coinci-
dence count.CN is the accidental coincidence count used for t
normalization ofCS.
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which states the coherence lengthsy is proportional to the
distance from the light sourceL. From Eq. ~17! with our
parameters, we determine the rms source sizesy to be 13.8
60.4 mm. Note thatsy directly represents the electron bea
size ~i.e., not the convoluted size of electron beam and p
ton beam! in our case, where angular divergence of electr
beam is sufficiently smaller than that of photon beam@46#.

Next we performed similar measurements as a function
horizontal slit widthwx at different slit locationsL566.7
and 78.2 m. The vertical beam sizes were limited to 50mm
by the upstream slit (L566.7 m). As shown in Figs. 4~a!
and 4~b!, we observed a significant difference between
coherence profiles at two conditions. First, the strong s
pression of the peak enhancement (;26%) for the far-
distance condition~b! was obtained. Second,R in Fig. 4~b!
had an almost flat response with respect towx ; the field
becomes nearly coherent in horizontal. We also observed
nificant change of intensity profiles, as shown in the insets
Fig. 4.

Below we discuss origins for these unexpected pheno
ena. The suppression of the peak enhancement mean
increase of the longitudinal mode numberM t ~note that the
transverse mode numberM y is kept same for both cases wit
the upstream slit!. As expressed in Eq.~9!, there are two
possible reasons for the increase ofM t : a decrease of the
longitudinal coherence times t or an increase of the puls
width st . The former possibility can be easily checked
measuring energy resolutionDE, becauses t is represented
using DE as in Eq.~10!. After the measurement, we foun
DE at two conditions are same within our experimental a
curacy;s t is unchanged. The result indicates that the pu
width st is elongated at the far-field condition.

We consider that the elongation originates from the asy
metric reflections in the HRM. The configuration of th

o-

FIG. 3. R measured as a function of vertical slit widthwy . The
slit position from the source isL566.7 m~a! and 78.2 m~b!. Hori-
zontal beamwidths are fixed at 30mm by the slit atL566.7 m for
both cases. The solid lines are the fitted curves based on Eqs~8!
and ~12!. The insets show vertical intensity profiles measured w
scanning the slit~vertical slit width of 10mm, central position of
dy).
3-4
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INTENSITY INTERFEROMETRY FOR THE STUDY OF . . . PHYSICAL REVIEW A 69, 023813 ~2004!
HRM produces a strong tilt of pulse envelop with respect
the propagation axis in the scattering plane@16,20,25,47#, as
schematically shown in Fig. 5~b!. A simple geometrical con-
sideration gives the tilt anglec just after the exit of the HRM
as @20,48#

tanc52 tanuB~1/b11!~1/b21!. ~18!

The temporal shiftd t along the beam widthdx is given by
(dx tanc)/c. Now we takec589.954° from our geometry
anddx;60 mm from the inset of Fig. 4~a!. Thend t is esti-
mated to be;250 ps, which is much larger than the origin
width st;30 ps @38#. After the free-space propagation of
distancel, the envelop becomes laterally broadened due
the angular divergence (vo5b21/2vs56.5 mrad), as in Fig.
5~c!. Finally, the pulse width can approximate tod t for large
l. We note that since the tilt of the pulse envelop diminish
the instantaneous lateral size as shown in Fig. 5~b!, it is
reasonable that the field becomes transversely coherent a
far field, as found in Fig. 4~b!.

Although this naive model qualitatively explains the ph
nomena, there are still quantitative discrepancies from
experiment. For example, the expected pulse widthd t;200
ps is almost twice as that experimentally given in Fig. 4~b!.
In addition, the obtained horizontal coherence length at
near location,sx510.7mm @from Fig. 4~a!#, does not coin-

FIG. 4. R measured as a function of horizontal slit widthwy .
The slit position from the source isL566.7 m~a! and 78.2 m~b!.
Vertical beam widths are fixed at 50mm by the slit atL566.7 m
for both cases. The solid lines are the fitted curves. The insets s
horizontal intensity profiles measured with scanning the slit~hori-
zontal slit width of 10mm).

FIG. 5. Schematic view of pulse envelop before HRM~a!, just
after HRM ~b!, and after HRM with free-space propagation~c!.
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cide with the estimated value from the horizontal source s
(sx;3 mm), nor with that from the angular acceptance
the HRM (sx;5 mm). A theory that treats coupling o
transverse and longitudinal coherences in the dynamical
fraction @49# may help a more rigorous understanding of t
phenomena. This kind of theory will be important especia
for considering crystal optics that handles ultrafast x-r
pulses from XFELs.

V. DETERMINATION OF SOURCE EMITTANCE

In the preceding section, we have determined verti
source sizesy . Now it is possible to evaluate the vertica
emittanceey of the storage ring using a value of the betatr
function by as

ey5sy
2/by . ~19!

The relationship, however, cannot be directly applied to
case, because the betatron function has a large varia
along the long undulator, as shown in Fig. 6@50# ~i.e., the
sizesy513.8mm is only the average value along the und
lator!. A numerical simulation would be a possible choice f
further analysis. However, a more direct approach is to m
sure with a shorter~4.5 m! undulator that has a more uniform
betatron function, as seen in Fig. 6.

The experiment was done at BL29XU that is equipp
with the 4.5 m undulator. Figure 7~a! showsR measured as a
function of wy at L553.3 m. The measurement time fo
each point was same as before. Although the statistical er
increased due to the lack of brilliance, they are still sm
enough for quantitative analysis. From the fitting, the coh
ence length was determined to besy5124.366.9 mm,
which corresponds to the source size ofsy55.960.3 mm.
The vertical emittance was determined to beey56.0
60.7 pm rad from Eq.~19! with the mean value of the beta
tron functionby55.77 m. Since the horizontal emittance
the experiment is evaluated to beex56 nm rad, the emit-
tance couplingk5ey /ex is as small as 0.10%. It should b
emphasized that our results showinstantaneousvalues, be-
cause the effective time resolution is less than a nanosec
Therefore it is natural that the values are smaller than
measured with visible Young’s slit, where the resolving tim
is of the order of a millisecond@51#.

Recently, low horizontal emittance operation (ex
53 nm rad) has been achieved at SPring-8@52# by modify-

ow

FIG. 6. Betatron functions for the 27 m undulator~dashed line!
and for the 4.5 m undulator~solid line!.
3-5
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YABASHI, TAMASAKU, AND ISHIKAWA PHYSICAL REVIEW A 69, 023813 ~2004!
ing the dispersion function of the storage ring lattice@53,54#.
It is important to investigate possible change of the verti
emittance at the low emittance operation. The result is sho
in Fig. 7~b!. The statistical errors are reduced due to
increase of brilliance. The following parameters are given
the fitting: sy5161.365.0 mm, sy54.560.1 mm ~angular
source size of 85 nrad!, ey53.660.2 pm rad, andk
50.12%. We found that the coupling constant is kept alm
same even at the low emittance operation.

Finally we discuss a resolution limit of our method. B
cause the radiation size from the single electron issp
;1.6 mm atE514.41 keV for the 4.5 m undulator@55#, the
resolution limit ofsy is estimated around 1mm. Further im-
provement of the resolution is achieved by using high
energy radiation~i.e., higher harmonics of undulator radia
tion!. We can then evaluatesy of submicron andey of sub-
pm rad.

VI. COHERENCE DEGRADATION BY PHASE OBJECT

Under coherent illumination, imperfect optical comp
nents possibly cause unwanted intensity modulations
ferred as speckles. Several x-ray optics can be harmful. F
is transmission~refraction! optics, such as windows or filter

FIG. 8. Refractive contrast imaging of~a! graphite filter~sample
A in Table I!, ~b! powder-foiled Be~sampleB), and~c! ingot-foiled
Be ~sampleC!, taken at the 1 km station of BL29XU. These are
negative contrasts~black is high intensity!. Details of experimental
parameters are summarized in Table I.

FIG. 7. R measured at BL29XU as a function of vertical s
width wy with different source emittancesex56 nm rad~a! andex

53 nm rad ~b!. The distance to the slit isL553.3 m. The solid
lines are the fitted curves. The inset shows a vertical intensity
file measured with scanning the slit~vertical slit width of 20mm).
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@56,57#. Second is reflection optics, in particular, total refle
tion mirrors @58,59#.

Here we study coherence properties after transmiss
components~a graphite filter and Be windows!, which are
currently installed in our beam lines. The graphite filte
which absorbs unnecessary radiation in low energy, is
tractable if desired, whereas three Be windows2 cannot be
removed because they are used for vacuum isolation.

As shown in Table I, a graphite filter~sampleA) and a
powder-foil Be window~sampleB) were chosen as sample
For characterizing them, we took high-resolution imag
with an x-ray zooming tube@60# ~lateral resolution of
;0.5 mm) under fully coherent illumination at the 1 km
experimental station of BL29XU@61,62#. As a reference, we
also took an image of a ingot-foil Be window~sampleC),
which is the same material as those installed in the be
lines for the coherence measurements in the previous
tions. The images are shown in Fig. 8. Since the sample
camera distances were relatively large, the contrasts
mainly due to refraction in the samples. In the image
sample A, we observed irregular intensity modulation
which are caused by density fluctuations in the sample.
image of sampleB shows a number of round-shaped spo
being similar to the Airy patterns. It seems that these patte
originate partly from surface defects and partly from voids
the sample. The intensity distribution of the sampleC was
found to be much uniform.

Next we measured coherence profiles after installing
samples in the beam lines. The effect of the graphite~sample
A) was studied at BL19LXU. The distance between t
source to the sample is 45.5 m~see Fig. 1!. The obtained
profile in Fig. 9 shows a significant change from the origin
curve measured without the filter; the enhancement ofR in
the tail is much suppressed, and the central peak beco
sharp. The profile cannot be fitted with a single Gauss
coherence profile represented in Eq.~8!. The fitting with
double Gaussians gave much better agreement@37#. Addi-
tionally, the intensity profile measured with a vertical scan
the slit ~a slit width of 10mm) includes many speckles, a
shown in the inset of Fig. 9.

Similarly, the effect of the poor-quality Be window
~sample B) was investigated in BL29XU at the low
emittance operation. Two Be windows in the front-e
~originally the same materials as the sampleC) were re-
placed by the type-B windows. The source-to-window dis
tance is 37.2 m. The measured coherence profile and in
sity profile are shown in Fig. 10, which again show lar
changes from the original curves.

We discuss the origin of these transverse coherence
radations and criteria for coherence preservation. At firs
should be confirmed that anystationary object cannot de-
grade transverse coherence~i.e., um(x1 ;x2)u51 for any x1

2Two windows are inserted between the front-end~ultrahigh
vacuum! and the transport section~high vacuum!, and one is be-
tween the transport section and the experimental station~atmo-
sphere!.

o-
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TABLE I. Sample characters and experimental conditions for refractive contrast imaging.

Sample Purity Roughness Thickness X-ray wavelength Sample-to-camera dis
no. Material ~%! ~Ra,mm) (mm) ~nm! ~m!

A Graphitea 10039 0.086 1.8
B Be ~powder foil! 98.5 .1 250 0.10 1.5
C Be ~ingot foil! 99.8 0.1 250 0.10 1.5

aDensity of 1 g/cm3.
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and x2) under two-dimensionally~both vertically and hori-
zontally! coherent illumination@28#. In our case, however
good coherence is achieved only along one direction~verti-
cal!; horizontal coherence length is as small as a few micr
at the object position.

We consider how a phase object affects coherence p
erties under such asymmetric situation. For the purpose
treat the propagation law of transverse coherence func
~mutual intensity! @28#. We represent the mutual intensity
front of the object asJi(j1 ,h1 ;j2 ,h2) and the correlation
function of the object as Js(j1 ,h1 ;j2 ,h2)
5P(j1 ,h1)P* (j2 ,h2), whereP is the transmittance ampli
tude function of the object. Note that the correlation functi
Js is not a stochastically averaged function as usual~in Ref.
@57#, for example!, but a deterministic one, because we tre
a stationary object. The mutual intensityJo at a distancez
from the object is given by@28#

Jo~x1 ,y1 ;x2 ,y2!5
1

~lz!2E E E E Ji~j1 ,h1 ;j2 ,h2!

3Js~j1 ,h1 ;j2 ,h2!expF2
ip

lz
„~x22j2!2

1~y22h2!22~x12j1!2

2~y12h1!2
…Gdj1dh1dj2dh2 . ~20!

At first we consider a special condition for the incide
beam: homogenous intensity with vertically coherent
horizontally incoherent field, i.e., Ji(j1 ,h1 ;j2 ,h2)

FIG. 9. R measured at BL19LXU as a function of vertical s
width wy with a graphite filter~sampleA). The solid line is the
fitted curve without the filter shown in Fig. 3~b!. The inset shows a
vertical intensity profile measured with scanning the slit~vertical
slit width of 10 mm).
02381
s
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5kId(j12j2). The propagated mutual intensity for vert
cally separated two points is represented as

Jo~x,y1 ;x,y2!5
kI

~lz!2E E E Js~j,h1 ;j,h2!

3expF2
ip

lz
„~y22h2!22~y12h1!2

…G
3djdh1dh2 . ~21!

Note that Eq.~21! is similar to that for one-dimensional mu
tual intensity after a moving object that is coherently illum
nated, if we suppose the variablej stands for time. There-
fore, it is clear from Eq.~21! that the fully vertical coherence
in the incident beam can be destroyed after the object, if
correlation functionJs(j,h1 ;j,h2) irregularly changes with
respect to the horizontal position,j.

For quantitative discussion, we performed numeri
simulation of Eq.~20!. A phase object is modeled based o
the powder-foiled Be~sampleB) as follows. We assume tha
the object3 made of Be has a number of spherical holes t
are randomly located over the object. We set a hole radiu
r 57 mm and a density ofn53000 mm22, which are rea-
sonable values from the image of Fig. 8~b! with Fresnel dif-
fraction calculation@62#. The beam intensities onto the ob
ject are assumed to be Gaussian distributions with
widths of 47mm along both horizontal and vertical direc
tions. The other parameters~source sizes ofsx5274 mm and
sy54.5 mm, etc.! are same as those at the measurement
Fig. 10. The simulated mutual intensity was integrated ba
on Eq. ~6! to get the vertical mode number. The result
shown in Fig. 10, where we found good agreement with
experimental result. Similarly, we performed calculation f
sampleC, assuming that the object has a number of he
spherical pits (r 53 mm) @62#. In this case, preservation o
coherence was found to be nearly perfect, as is expe
from the experimental results in the previous sections.
addition, calculations for horizontal coherence do not sh
significant degradation in both cases, because the horizo
coherence length is smaller than the typical correlat
lengths of the phase objects.

In these examples, we used some models for represen
transmittance functionsP of the objects. However, more rig

3A departure of refractive index from unity isd r521.631026 at
E514.41 keV, from Ref.@65#. Absorption was neglected.
3-7
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orous function can be obtained from propagation-ba
method@4,5# or sharing interferometric method@63# in high-
lateral resolution. Then we can evaluate coherence prope
more accurately.

This procedure can be easily applied to treating reflec
optics. The reflectance amplitude function of the mirror c
be given by accurate measurement of surface figure@58# or
coherent imaging with iterative calculations@59#. Qualita-
tively, it is expected that condition of coherence preservat
in this case is not so severe as that for transmission op
because phase modulation is approximated in one dim
sional due to the grazing incidence condition.

FIG. 10. R measured at BL29XU as a function of vertical s
width wy after replacing the front-end Be windows~sampleC) by
type-B ones. The solid line is the fitted curve with the type-C win-
dows shown in Fig. 7~b!, after a slight modification of the scal
factor. The dashed line is a simulated result~see text!. The inset
shows a vertical intensity profile measured with scanning the
~vertical slit width of 20mm).
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VII. CONCLUSION

We have studied coherence properties of synchrotron
diation with x-ray intensity interferometry. Transverse coh
ence profiles were determined from the measurement
mode numbers as functions of slit widths. The relations
between the coherence length in vertical~a direction perpen-
dicular to the scattering plane of HRM! and the distance is
consistent with the Van Cittert–Zernike theorem, where
that in horizontal~in the scattering plane! shows an unex-
pected behavior, which may be caused by the tilt of pu
envelop in the scattering plane. From the coherence meas
ments, we have accurately determined vertical emittance
the storage ring. The resulting value at the low-emittan
operation is as small asey53.660.2 pm rad. The resolution
can be further improved by the use of higher-energy rad
tion. We have studied coherence degradations with opt
components such as a graphite filter and different types o
windows. We showed that it is important to know a statio
ary transmittance amplitude function of the object for acc
rate determination of coherence properties of the wave fi
after the object.
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