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The transverse coherence of x rays was measured with an intensity interferometer using a 120-meV-
bandwidth monochromator operating at 14.41 keV. By analyzing the transverse coherence profiles, a
vertical source profile of a 25-m long undulator of SPring-8, as well as the coherence degradation by a
phase object in the beam path, were quantitatively characterized.
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In the hard x-ray region, quantitative characterization of
the transverse coherence [1] is important for giving a basis
for coherent x-ray optics such as phase-contrast imaging
and in-line holography [2–6]. Propagation of the trans-
verse coherence through various optical components in-
cluding crystals, mirrors, windows, and filters should be
investigated for full utilization of coherent x rays. Further-
more, one can determine a transverse source profile in verti-
cal, which is of the order of 10 mm, at the third generation
synchrotron facilities by characterizing the transverse co-
herence. This leads to evaluation of the straightness of
the electron trajectory along an undulator, which is impor-
tant for realizing a free electron laser (FEL) based on self-
amplified spontaneous emission (SASE) toward a shorter
wavelength (down to 1 Å) operation.

The x-ray transverse coherence at the third generation
synchrotron facilities have been evaluated through appli-
cations such as nuclear forward scattering [7] and in-line
holography [6]. More directly, the transverse coherence
is measured by the wave-front dividing interferometry [1].
Although such x-ray interferometers using perfect crystal
are being developed [8,9], they have not been applied to
general conditions yet.

Intensity interferometry is another straightforward
method to characterize the transverse coherence [10]. For
the chaotic light, the second-order degree of coherence,
g�2�, has a value between 1 (M � `, incoherent) and 2
(M � 1, coherent), where M is the number of the optical
modes within a three-dimensional (two transverse and one
longitudinal) beam volume [11]. One can consequently
characterize the transverse coherence only by changing an
aperture size for detectors. This simple scheme facilitates
the optical design of the interferometer. Furthermore,
intensity interferometry using a fast coincidence technique
is applicable even for the instable optics, where the
amplitude interference would be smeared out.

To observe intensity interference between high-energy
photons from synchrotron radiation using the coincidence
technique, the following two points are essential [12]. One
is the extension of the longitudinal coherence length st,
which should not be negligibly smaller than the electron
bunch length st (typically a few millimeters), by using
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a high-resolution monochromator (HRM). This assures a
higher value of g�2�. The other is the high brilliance of light
source, which decreases the statistical error of the coinci-
dence counting. Undulator radiation is desirable as high
brilliant source in the short wavelength region. So far, sev-
eral intensity interferometers for undulator radiation have
been developed in the soft x-ray region [13,14], as well as
the hard x-ray region [15,16]. The chaotic photon statistics
of the undulator radiation has been deduced from these ex-
perimental results. However, the maximum g�2� 2 1 was
still 0.010 6 0.002 (M � 100) even using a HRM with
a 5.5 meV bandwidth at 14.41 keV [16]. The statistical
counting errors have limited accuracy for further analy-
sis. Moreover, the HRMs employed there might change
or degrade the transverse coherence in vertical direction,
because of imperfect surface finish, the use of asymmetric
reflections, and limited acceptances.

In this Letter, we present direct and quantitative char-
acterization of the x-ray transverse coherence in vertical
direction using a new x-ray intensity interferometer. The
interferometer consists of a state-of-the-art high-resolution
monochromator, which has a 120 meV bandwidth at
14.41 keV [17], a precision four-jaw slit, two semitrans-
parent detectors and coincidence circuits. The x-ray
transverse coherence was characterized under different
conditions. The vertical source profile of an undulator, as
well as the coherence degradation by a phase object in the
beam path, are quantitatively discussed.

We assume that the spatial profiles of the light source are
represented as Gaussian distributions with widths (1s) of
sx and sy in horizontal and vertical directions, respectively,
and the temporal profile (bunch structure) also as a Gauss-
ian with a bunch length (1s) of st. A rectangular slit
(wx 3 wy in full widths) is placed at a distance L from
the source. The transverse coherence lengths, sx and sy

(for horizontal and vertical, respectively), at the slit posi-
tion are given by

si �
lL

2psi
, �i � x, y� . (1)

A high-resolution monochromator selects a Gaussian en-
ergy spectrum with a bandwidth of DE in full width at half
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maximum (FWHM) from the incident radiation at a central
energy of E (wavelength of l). The longitudinal coherence
length st is written as al2�Dl, where Dl � lDE�E and
a � ��ln 2��2�1�2�p.

Using two detectors and a coincidence circuit, we mea-
sure the coincidence counting CS between signals from
the same bunch, as well as the accidental coincidence CN.
Then the second-order degree of coherence g�2� for the po-
larized chaotic light is represented by using the numbers of
the optical modes along a longitudinal (Mt) and two trans-
verse (Mx and My for horizontal and vertical, respectively)
directions as [11,12]

g�2� � CS�CN � 1 1 M21
t M21

x M21
y , (2)

where M21
t � st��s2

t 1 s2
t �1�2, and

M21
i � M21
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�i � x,y� . (3)

One can characterize the transverse coherence profile
M21

y �M21
x � by changing the slit width w21

y �w21
x � with

keeping the other conditions constant.
The experiment was performed at a beam line 19LXU

[18] for a 25-m long undulator of SPring-8 [19] (Fig. 1).
A filling pattern of the storage ring at the experiment was
a 175-bunch mode (minimum bunch interval of 23.6 nsec)
with a maximum total current of 100 mA. A cryogenically
cooled Si 111 double-crystal monochromator (DCM) se-
lected 14.41 keV radiation, which was the first harmonic of
the undulator radiation at an undulator gap of 20.3 mm. As
other objects in the beam path, we have two 0.25-mm-thick
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FIG. 1. Schematic top view of the experimental setup (a), and
that of the intensity interferometer (b). The interferometer con-
sists of a high-resolution monochromator using four separated
crystals, a precision four-jaw slit, two semitransparent avalanche
photodiodes (APDs), and coincidence circuits.
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Be windows in a front-end section, and one 0.2-mm-thick
Be window at the end of the transport channel. The Be
windows were well polished (surface roughness of less
than 1 mm rms) to avoid coherence degradation. A
0.9-mm-thick graphite filter in the front end is optionally
inserted into the beam path in order to decrease a thermal
load on the first Be window [20], while it can be retracted
at a present heat-load condition. The graphite filter is
regarded as a phase object that degrades the coherence
because of its large density fluctuation.

The intensity interferometer was composed by using a
high precision diffractometer installed in an end station
[18]. An HRM with in-line geometry, where the exit beam
goes parallel to the incidence, was employed in order to ex-
tend the longitudinal coherence length. The combination
of four Si 11 5 3 reflections (Bragg angles of 80.4±) with
highly asymmetric reflections (asymmetric factors b1 �
b2 � 1�b3 � 1�b4 � 1�10.4) realized an extremely nar-
row bandwidth DE � 120 meV at 14.41 keV (DE�E �
8 3 1029) [17]. The longitudinal coherence length st �
1.94 mm was comparable to the bunch length st � 5 mm
of the SPring-8 storage ring [21]. To preserve the trans-
verse coherence through the HRM, there are several crucial
problems to be addressed. One is to realize good surfaces
for the HRM crystals, especially because they are employed
in the grazing incidence conditions. With a conventional
HRM using channel-cut crystals [7,15,16,22], the compli-
cated crystal design has prevented ones from fabricating a
fine surface finish. In contrast, our HRM design constitut-
ing of the four flat crystals allowed us to make high-quality
surfaces by mechanochemical polishing. Another problem
is that the crystal geometry using four-bounced asymmet-
ric reflections introduces considerable complications into
analysis, because each asymmetric reflection changes the
transverse coherence in the scattering plane [9,23]. How-
ever, one may avoid such change of the coherence in the
direction perpendicular to the scattering plane. To pre-
serve the coherence in the vertical direction, we operated
the HRM with the horizontal diffractions. This geometry
consequently allowed us to avoid limiting the HRM accep-
tances in vertical, while the acceptances in the horizon-
tal direction were restricted within 6.5 mrad (FWHM) in
angle and 0.1 mm in space.

To adjust a beam size for detectors, a stepper-motor-
driven four-jaw slit (step size of 0.25 mm for each blade)
was placed at the exit of the HRM. The distance L from
the light source (the center of the undulator) to the slit was
67.8 m. For the coincidence measurement, we arranged
two semitransparent avalanche photo diodes (each diame-
ter and thickness of 3 mm and 135 mm, respectively) in
tandem. The inclination angles of the diodes to the beam
axis were independently adjusted in order to increase de-
tector efficiencies and to balance the counting rates be-
tween them. Finally, each detector counted 1�3 of the
photons emerging from the slit. The coincidence count-
ing CS between signals originating from the same bunch
140801-2
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was measured using a coincidence circuit with a resolving
time of around 3 nsec. Since this value was smaller than
the minimum bunch separation, the effective time resolu-
tion of the coincidence system was reduced to the electron
bunch width of 40 ps (FWHM) [12]. The accidental coin-
cidence CN was measured as the coincidence between sig-
nals with an interval of one revolution in the storage ring
(4.79 ms), similar to the method described in Ref. [15].

Figure 2 shows measured g�2� � CS�CN as a function
of the vertical slit width. A horizontal slit width was
fixed at 10 mm (Mx � 1.1) [24]. The graphite filter was
not used in this measurement. The maximum g�2� 2 1
reached 0.284 6 0.015, which corresponds to the number
of the optical modes M � 3.52. The total measurement
time was 4 hours. On the contrary, measurements without
the HRM (M � 105) gave g�2� 2 1 � 0.000 89 6 0.0009.
This implies that we can neglect unwanted intensity fluc-
tuation for the normalization, which may be induced by
instability and/or decrease of the charge of the electron
beam, during the delay time of 4.79 ms.

To characterize the transverse coherence through the
function M21

y , the data were fitted based on Eqs. (2) and
(3), as shown in Fig. 3(a). The agreement between the
data and the fit shows a validity of the assumption that
the source profile is Gaussian. The resulting coherence
length sy � 72.6 mm corresponds to the apparent trans-
verse source size sy � 12.8 mm by Eq. (1). Although this
value involves not only the true electron beam size but an
additional term originating from the finite divergences of
the electron and the photon beams [25], a contribution of
the latter term to the apparent size is still small (within
10%) under this short wavelength condition. Therefore we
regard the size sy as a good approximation of the electron
beam size. We compare the size to that obtained by an in-
dependent method. A visible light interferometer for bend-
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FIG. 2. The second-order degree of coherence g�2� � CS�CN,
measured as a function of a vertical slit width wy (without the
front-end graphite filter). The error bars represent the statistical
counting errors given by �C21

S 1 C21
N �1�2 .
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ing magnet radiation [26] was simultaneously used for the
purpose. The size deduced from the measurement with the
visible light interferometer was converted to the electron
beam size sref � 15.9 6 1.5 mm at the undulator section,
using a design value of the betatron function of the storage
ring. Small discrepancy between sy and sref may originate
from difference of the time resolutions of the detecting
systems (40 ps and 1.7 ms for the intensity interferome-
ter and visible light interferometer, respectively), because
a drift of the source and/or the vibration of the optics can
increase the apparent size in a longer integration time.

The interferometer was employed to study the coherence
degradation by a phase object. The graphite filter was in-
serted into the beam path for the purpose. The measured
results are shown in Fig. 3(b) as closed circles. We ob-
served significant degradation of the transverse coherence.
To explain the change of the coherence analytically, we as-
sume that the source profile is represented by a sum of two
independent Gaussians. Then the function M21

y is given by

M21
y � p2M21

Gauss�wy , s1y� 1 �1 2 p�2M21
Gauss�wy , s2y�

1 2p�1 2 p�M21
Gauss�wy , s�

y � , (4)

where s1y and s2y are the coherence lengths originating
from each Gaussian source, p is a ratio between the inte-
grated intensities of two Gaussians, and s�

y � s1ys2y 3

�2��s2
1y 1 s

2
2y��1�2. The solid curve in Fig. 3(b) is a fit

based on Eqs. (2) and (4) with fitting parameters s1y �
75.7 mm, s2y � 6.2 mm, p � 0.498, and M21

t M21
x �

0.351. The coherence length s1y was very close to sy

given by the previous measurement. This indicates that
the undulator source profile was extracted even when the
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FIG. 3. The number of the optical modes M21
y as a function

of a vertical slit width wy without the graphite filter (a), and
that with the graphite filter (b). The error bars represent the
statistical counting errors given by �C21

S 1 C21
N �1�2. The solid

lines are fits (see text).
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source was partially screened by the phase object. The
parameter p corresponds to the coherent fraction of the
beam passing through the phase object. The coherence
length s2y relates to the virtual source profile formed by
the phase object. Assuming that the covariance of the re-
fractive index of the phase object is a Gaussian distribution
and neglecting the multiple interactions, we can estimate
the correlation radius ln of the phase object [3] to be around
10 mm.

In conclusion, we have developed an x-ray intensity in-
terferometer using a 120-meV-bandwidth monochromator
at 14.41 keV. The vertical source profile of the 25-m long
undulator was determined to be a Gaussian distribution
with a width (1s) of 12.8 mm, which corresponded to
0.19 mrad angular source size seen from the interferome-
ter. The comparison of this value to an independent result
given by visible light interferometry indicates the straight-
ness of the electron trajectory along the 25-m long undu-
lator. We note that the use of the hard x rays having a
small emittance enabled us to diagnose such a small di-
vergent source. Furthermore, we observed the coherence
degradation by a phase object in the beam path. The mea-
sured coherence function was discriminated into two com-
ponents, where one originated from the undulator source
profile and the other from the virtual source caused by the
phase object. Similar measurements will reveal the coher-
ence propagation through various optical components in
the x-ray region.
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