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The ®rst-order spatial (transverse) coherence of synchrotron

radiation has been measured using a Young's interferometer at

BL28A (a helical-undulator beamline) of the Photon Factory,

KEK. The range of the photon energy is about 70±180 eV. The

visibility of the fringe was found to depend largely on the

electron emittance and the intrinsic photon emittance. In

principle, it is possible to gain knowledge of the very small

electron emittance, of the order of 10ÿ10 m rad, without

disturbing the electron beam in the storage ring.
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1. Introduction

Recently, a number of low-emittance storage rings as light

sources have been constructed, and thus the coherence of

synchrotron radiation becomes more and more important.

Some experiments to measure the spatial coherence of

synchrotron radiation in the hard X-ray region have been

performed (Sutton et al., 1991; GruÈ bel et al., 1994; Baron et al.,

1997; van der Veen et al., 1997; Fezzaa et al., 1997). In the soft

X-ray region a wavefront-division interferometer has been used

for measuring the refractive indices of materials (Svatos et al.,

1993).

We have constructed a Young's interferometer to measure

the ®rst-order spatial coherence of synchrotron radiation in the

soft X-ray region (Hatano et al., 1997). By measuring the

visibility, which describes the contrast of the interference

fringes, and the beam size on the transverse plane, one can

evaluate the electron-beam emittance in the storage ring, using

an analogy of the Michelson stellar interferometer.

2. Design of the interferometer

Our system of the Young's interferometer consists of an

entrance slit, a grating, an exit slit and a photomultiplier tube

detector (Fig. 1). The entrance slit has two apertures which are

set parallel with a separation D = 30, 50, 100, 150 and 200 mm.

Each aperture has a height l1 = 100 mm and a width d = 5 mm.

The resolution of the grating monochromator depends on the

slit length, l1, while the envelope of the interference pattern is

determined by d. The exit slit width may be varied up to

500 mm. To scan the wavelength, we change the incident angle,

�, the outgoing angle, �, and the entrance focal length, a. The

photomultiplier tube, covered with the 5 mm vertical slit, is

scanned horizontally to detect the pattern. The whole system

can be rotated around the optical axis, which enables

measurement of the spatial coherence along an arbitrary

transverse orientation. We de®ne the `vertical' direction of the

double slit when they are vertically separated. The `horizontal'

direction of the double slit is de®ned in a similar way. A

detailed explanation of the design will be given elsewhere

(Hatano et al., 1997).

3. Visibility

In this section we will derive a simple relation between the

visibility and the emittance in the Gaussian and monochromatic

approximation (Kim, 1986; CoõÈsson, 1995; Takayama et al., 1998).

The measured electric current is proportional to the square of

the electric ®eld on the photomultiplier tube,

I�x� / hjE�x; xe; 'e�j2i: �1�
Here h. . .i denotes the ensemble average for the electrons in the

storage ring. E(x,xe,'e) is the superposition of two electric ®elds

from the double slit, which is generated from an electron whose

phase space coordinate is (xe,'e), and given by

E�x; xe; 'e� �
Z ÿD=2�d=2

ÿD=2ÿd=2

dx1Eg�x1; xe; 'e� exp�ikr1�

�
Z D=2�d=2

D=2ÿd=2

dx2Eg�x2; xe; 'e� exp�ikr2�; �2�

where Eg(x,xe,'e) is the electric ®eld at the double slit and r1 and

r2 are the distances from each slit to the observation point. If we

suppose that the electron phase space has a Gaussian distribu-

tion,

f �xe; 'e� � �Ne=2��e�
0
e� exp�ÿx2

e=2�2
e ÿ '2

e=2�02e �; �3�
and suppose Eg(x,xe,'e) to be a Gaussian beam, we obtain a

Figure 1
Side view of the Young's interferometer. DS, G, PMT and DPRF denote
the double slit, the grating, the photomultiplier tube and the differentially
pumped rotary feedthrough, respectively.
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simple expression for the interference pattern,

I�x� ' I0F�x��1� V�D� cos�kDx=L��; �4�

F�x� � �sin�kdx=2L�=�kdx=2L��2; �5�
where k is the wave number and x is the position of the detector.

I0 is a constant, L is the distance from the double slit to the

observation plan, and F(x) is the Fraunhofer diffraction pattern

which depends on the slit width, d. V(D) is the visibility, which is

a function of the separation of the double slit, D, and written as

(Born & Wolf, 1980)

V�D� � 2jhE��ÿD=2; xe; 'e�E�D=2; xe; 'e�ij
=�hE��ÿD=2; xe; 'e�E�ÿD=2; xe; 'e�i
� hE��D=2; xe; 'e�E�D=2; xe; 'e�i�
� exp�ÿ�"2 ÿ "2

p�D2=8"2
p�

2�; �6�
where "p = �/4� is the intrinsic photon emittance and " is the

convoluted emittance of the electron and photon beams. �� is the

beam size on the double slit. Equation (6) shows that the visibility

is proportional to the ®rst-order spatial coherence and the elec-

tron emittance can be obtained by measuring the beam size, ��,

and the visibility, V(D). It should be noted that the above formula

does not include the Twiss parameters of the storage ring.

4. Experimental

Our experiment to measure the ®rst-order coherence was

performed at BL28A of the Photon Factory, KEK. BL28 is a

helical-undulator beamline of period length 16 cm and number of

periods 12 (Kitamura, 1990). We mainly used the photon energies

E = 100, 140 and 180 eV. The resolution of the monochromator is

from about 100 to 200, which is enough to investigate the visi-

bility because the range of visibilities we actually measured was

worse than the temporal coherence derived from the above

resolution. The photomultiplier tube to measure the interference

pattern was scanned with a step of 5 mm. According to (4), the

expected curve of the signal should be

I�x� � I0fsin�kF�xÿ x0��=kF�xÿ x0�g2
� f1� V cos�kY �xÿ x0��g � Idrift; �7�

where we supposed the drift current, Idrift, to be constant and

de®ned the central position by x0. To calculate the visibility from

the data, we ®t them with I(x) in (7) regarding I0, kF , kY , V, x0

and Idrift as the ®tting parameters. For example, the observed

values of 2�/kY and 2�/kF for E = 140 eV, D = 100 mm, in the

vertical direction were 65.5 (mm) and 2.62 (mm), in good agree-

ment with the theoretical values 65.4 (mm) and 2.37 (mm),

respectively (Fig. 2). The dependence of the visibility on the

separation of the double slit, D, is consistent with (6). One can

see that the visibility for higher photon energies is smaller than

that for lower ones because of the smaller phase volume of the

coherence of each photon. The large difference between the

visibilities for the vertical and horizontal directions is due to the

difference between the electron emittances for the two directions

(Fig. 2, Fig. 3). For the horizontal direction it is very hard to

decide the visibility for large D because the dips are not clearly

distinguishable.

The estimated value of the electron emittance is nearly

1 nm rad for the vertical direction, which is smaller than the

expected value of 2.5 nm rad (Kitamura, 1990). This discrepancy

is mainly due to the inaccurate estimation of the beam size on the

double slit, ��. We are now improving our system to measure the

beam size more precisely and it will be possible to obtain a more

accurate value for the electron emittance.

5. Conclusions

We have constructed a new Young's interferometer and

succeeded in measuring the spatial coherence of synchrotron

radiation. We have veri®ed the dependencies of the visibility on

the slit separation, the wavelength and the slit direction, which

are almost consistent with the simple Gaussian model. Our

measurements enable us to estimate the electron emittance in a

simple way. To obtain a more accurate value of the emittance we

must improve the accuracy of the beam-size measurement on the

double slit, which is not dif®cult and is in progress.

This work was performed as a scienti®c program with the

proposal number 95-G185 of the Photon Factory, KEK.
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