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The two-photon correlation (second-order coherence) of synchrotron
radiation in the VUV region (hv = 55 eV) has been measured using a
novel photon-counting method. A new technique has been developed
to measure a small bunching effect by using a coincidence unit
composed of a constant fraction discriminator, a time-to-amplitude
converter (TAC), a single-channel analyzer (SCA) and two solid-
state switches. The path of the circuit through which the stop signal
for the TAC passes can be changed by a control voltage generated by
a function generator, and the relative arrival time of two photons on
condition that the output signal from the SCA appears is
consequently changed. By modulating the arrival time and measuring
the output rate from the SCA with a digital lock-in amplifier, an
apparent bunching effect has been observed which is characteristic of
the chaotic light. The electron-beam emittance in the horizontal
direction was estimated as 397%* nm rad by this experiment, and the
value was consistent with the designed value of 36 nm rad.

Keywords: second-order coherence; VUV; electron-beam
emittance.

1. Introduction

In the last decade, third-generation synchrotron light sources such as
the APS, ESRF and SPring-8 have been constructed to obtain high-
brilliance X-rays. One of the most important characteristics of these
light sources is the extremely small emittance of the electron beam in
the storage ring. In theoretical studies of the electron-beam emittance
it was pointed out that the brightness function, which is determined
by the electron-beam emittance, and the first-order spatial coherence
of synchrotron radiation have a close relationship with each other,
and it was shown that the electron-beam emittance in the accelerator
is directly estimated by measuring the first-order spatial coherence of
the synchrotron radiation (Kim, 1986; Mitsuhashi, 1998; Takayama et
al., 1998b; Takayama & Kamada, 1999). The experimental measure-
ment of the emittance using synchrotron radiation has been devel-
oped and has proved to be an excellent technique, since the
measurement does not disturb the electron beam in the storage ring.
Moreover, it has been reported that the first-order spatial coherence
of synchrotron radiation plays an important role in some experi-
ments, such as imaging, X-ray absorption, speckle pattern and so on
(Kirz et al., 1992; Sutton et al., 1991; Hunter Dunn et al., 2000). For
these reasons, some experiments for the direct measurement of the
first-order spatial coherence have been performed in the visible,
VUYV, soft X-ray and hard X-ray regions (Baron et al., 1996; Mitsu-

hashi, 1998; Takayama et al., 1998a; Chang et al., 2000; Kohn et al.,
2000; Paterson et al., 2001).

Since the importance of the second-order coherence of synchro-
tron radiation was discussed about ten years ago (Ikonen, 1992),
several attempts to measure the second-order coherence have also
been performed (Gluskin et al., 1994, 1999; Kunimune et al., 1997; Tai
et al., 1999; Yabashi et al., 2001). As the photon statistics can be
investigated by measuring the second-order coherence, we can
distinguish whether the light is coherent, chaotic or squeezed.
Therefore, the characteristics of the FEL or SASE whose photon
statistics are different from the usual synchrotron radiation (chaotic
light) will be investigated. On the other hand, if the photon statistics
are known to be chaotic, the first-order coherence can be estimated
from the second-order coherence (Mandel & Wolf, 1995). Generally,
it is very difficult to perform an accurate measurement of the second-
order coherence because the temporal coherence of X-rays is much
shorter than the response time of the electric circuit and the bunching
effect is smoothed by the long response time. An exception is the
recent experiment performed by Yabashi et al (2001). In their
experiment the bandwidth of the monochromator was only 120 peV
which corresponded to 30 ps temporal coherence, and a clear
bunching effect was observed with high accuracy. In the VUV and soft
X-ray regions, on the other hand, the light is monochromated by a
grating monochromator, and light with such a long temporal coher-
ence cannot be obtained. To overcome the problem in these energy
regions, Tai et al. (1999) developed a novel technique of measuring a
small bunching effect with a lock-in amplifier. They modulated the
width of the entrance slit of the monochromator to modulate the
temporal coherence. The third-harmonic component of the modula-
tion frequency in the signal, which contains information on the
second-order coherence, was measured with a lock-in amplifier. A
serious problem in their measurement was that the non-harmonic
motion of the modulation of the entrance slit gave a large error in
the result.

The purpose of this study is to establish a novel technique to
measure the second-order coherence by using an ordinary mono-
chromator with an energy resolution £/AFE of less than 10000. For
this purpose we modulated the relative arrival time of two photons
and measured the first harmonic of the output of the coincidence rate.
‘We explain the principle of the measurement in detail and report the
first result of the experiment.

2. Experimental set-up

The experiment was performed at the undulator beamline BL-16B of
the Photon Factory, KEK. The electron-beam energy in the storage
ring was 2.5 GeV and the designed emittance of the electron beam in
the horizontal direction was 36 nm rad. The circumference of the ring
was 187 m and the revolution period was 624 ns. A basic diagram of
the optical system of our instruments is shown in Fig. 1. Details of the
system have been given elsewhere (Tai et al., 2000). The light from the

PMT2
output :

— m Vertical slit ” Fraunhofer slit

— I - SR
PMTI m L U L
output Mirror ”

400 mm 1780 mm

Figure 1

Top view of the optical system of the intensity interferometer.
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Figure 2
High-frequency circuit for measuring the correlation.

storage ring was monochromated by a dragon-type monochromator
(Shigemasa et al., 1998). The photon energy of the monochromated
light was 55 eV and the energy resolution E/AE was ~5000. The
monochromated light was diffracted by a Fraunhofer slit. The width
of the slit was changed with an accuracy of 1 um and the spatial
coherence in the horizontal direction could be controlled by changing
the width. The beam size on the slit, which is necessary to estimate the
emittance, was measured using a tungsten wire scanner of thickness
50 um. The spatial resolution of the wire, which is defined in this
paper as the standard derivation of the sensitivity function of the
wire, is 14.4 pm (= 50.0/+4/12 pm) by approximating the sensitivity
function with a Gaussian shape. A mirror divides the beam into two
parts and each part was measured using a photomultiplier tube (PMT;
Hamamatsu R5150). In order to keep the intensity of the beam at the
PMTs constant under different conditions of the Fraunhofer slit, we
adjusted the vertical slit that is located between the Fraunhofer slit
and mirror. This vertical slit did not change the spatial coherence,
because the spatial coherence in the vertical direction was almost
perfect at the photon energy of 55 eV, which had been verified in the
measurement of the first-order coherence with a Young’s inter-
ferometer (Takayama et al, 1998a). Moreover, the light passes
through a beamline monochromator which contains entrance and exit
slits with fixed widths of 25 pum, and the vertical coherence will be
improved further before the light enters the vertical slit. For these
reasons the vertical slit after the Fraunhofer slit will not improve the
spatial coherence any further.

The outputs of the two PMTs were analyzed by a set of high-
frequency circuits as shown in Fig. 2. Each signal was divided into an
RF signal and a DC signal by a bias tee. DC signals /; and I, were
measured using two digital electrometers and were used to normalize
the correlation. The gain of the PMT was about 10°~107, and 7, and I,
were kept to ~1 pA. Hence, the count rate of the photons detected
by the PMT was expected to be about 10°~107 counts s~'. Each RF
signal was amplified by a pre-amplifier (ORTEC 9306) and the pulse
shape was formed by a constant fraction discriminator (CFD;
OXFORD TC454). One of the outputs from the CFDs directly
becomes the start input of a time-to-amplitude converter (TAC;
ORTEC 457) and the other output becomes the stop input of the
TAC. There are two paths between the CFD and the stop input of the
TAC, and the path can be changed by two solid-state switches. One of
the paths (B) has a delay relative to the other path (A). The stop
signal to the TAC goes through path A or path B by applying a
voltage of +10.2 or —10.2 V to the control input of the solid-state
switches, respectively. We adjusted the delay to be 624 ns which

at the PMTs and the stop signal of the TAC
went through path A. Therefore, the corre-
lation of the two photons emitted from one
bunch is taken when a voltage of +10.2 V is
applied to the switches (path A), and the
correlation of two photons emitted from a
bunch and the bunch which has undergone
one lap of a storage ring is taken when a voltage of —10.2 V is applied
to the switches (path B). If the subtraction of the correlation for two
arrangements is measured, the correlation due to the bunch structure
of the electron beam, which we call the trivial correlation, is mini-
mized, and the correlation due to the chaotic nature is clearly
observed. For this purpose the output rate of the SCA was measured
using a ratemeter (ORTEC 449) and the analog output of the rate-
meter passed into a digital lock-in amplifier (SRS 830). The input rate
of the TAC was about 10°~10° counts s~ ' and the output rate of the
SCA, which corresponded to the coincidence rate including the trivial
correlation, was about 10-50 counts s~'. The reference signal of the
lock-in amplifier was generated by a function generator, and the
waveform of the reference signal was a square wave whose amplitude,
offset and frequency were 10.2 V, 0 V and 0.795 Hz, respectively. The
reference signal was also used as a control input for the solid-state
switches.
The output of the digital lock-in amplifier is a two-dimensional
vector W = (W,, W) which is defined as

+T

W, +iW, = (1/T) / dr' S(t') expliw,t'), 1)

where S(¢') is the input signal of the lock-in amplifier and w,; is the
angular frequency of the reference signal. T is the time constant of
the lock-in amplifier and is much larger than 27/w,;. The signal from
the digital lock-in amplifier W, and DC signals /, and I, were trans-
ferred to a computer every second and the signals were averaged.

3. Method of theoretical analysis

In order to derive the analytic form for W in equation (1), we make a
simplified model calculation as shown in Fig. 4. E(x, 0) and E(x, L)
denote the electric fields on the Fraunhofer slit and the detectors,
respectively, where L is the distance between the Fraunhofer slit and

624 ns

]
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Figure 3

Time structure of the synchrotron radiation of the Photon Factory ring. The
interval between the bunches is 2 ns and the revolution period is 624 ns. The
bunches are partially filled.

304

Yasuhiro Takayama et al. + Two-photon correlation measurement

J. Synchrotron Rad. (2003). 10, 303-309



research papers

the detectors. If the beam on the Fraunhofer slit is supposed to be a
Gaussian beam, the beam profile on the Fraunhofer slit /(x) is given
by

1(x) = (|E(x, 0)*) = 1(0) exp(—x*/2%7), )

where ¥ is the beam size on the Fraunhofer slit and is measured using
a wire scanner. The first-order spatial coherence on the Fraunhofer
slit yW(d) is given by (Takayama et al., 1998b)

(E*(d/2,0)E(—d/2, 0))

(1) =
y(d) = 12
[{1E/2, 0P )1 E(=a/2, 00P)]”
= exp(—dz/&ff), 3)
where o, is the spatial coherent size on the Fraunhofer slit defined as

)1/2’ @)

o.=¢,%/(¢ — ¢

g, = L/4m. (5)

A is the wavelength of the photon and ¢ is the total photon emittance
which is a convolution of the contributions from the electron beam
and one-photon beam. ¢, is the one-photon emittance and takes a
value of 1.79 nm rad for a photon energy of 55 eV. The probability of
the coincidence rate P(D) is given by the integral of the product of
the intensities of the lights on two detectors. Since the beam size on
the detector is much smaller than the active area of the detector, the
integral area is approximately extended as follows,

P(D) :f e, [ dulEG. LPIEG. L)

—00

= LLLG(D)+ 11, (6)

where the light is assumed to be chaotic and stationary, and

(o] 0
2
G(D) = (1/111,) f dx, f dx2|<E*(x1, L)E(x,, L)) > M
0 —00
T 2
I = [ dx(|E(x,, L)P), ®)
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Figure 4

Arrangement of the Fraunhofer slit and the detectors for the calculation of the
two-photon correlation.

I, and I, are the intensities of the lights on detectors 1 and 2,
respectively. The first term in (6) is characteristic of the chaotic light
and this does not exist for coherent light. The second term in (6) is
known as an accidental coincidence. The electric field on the detector
is calculated using the electric field on the Fraunhofer slit and the
transmittance function of the Fraunhofer slit 7'(x) as follows,

E(x, L) = [exp(ikL)/L] [ dx' T(x')E(x', 0) exp{[ik(x - x’)z]/ZL},
(10)

where k = 2w /A is the wavenumber. The transmittance function
should be

_[1/D <D
T(")_{ 0 x| >D/2 (D)

However, this function is not appropriate for analytical calculation
and we approximate the function with a Gaussian transmittance
function,

T(x)= (27TD/121/2)7]/2exp(—6x2/D2). (12)

It is noted that the two transmittance functions in (11) and (12) give
the same second moment (x?) = D?/12. By substituting (10) and (12)
into (7), G(D) is represented by the correlation function on the
double slit <E*(x1, 0)E(x,, O)) whose analytical form has been
obtained by using the Gaussian beam approximation (Takayama et
al., 1998b). A somewhat complicated calculation gives the following
result,

(D) 2 D? +24%?
T | (14 X2/0?)D? 4 242

x cos™! D (13)
(1+202/2%)D? + 4802 |

For a stationary light, the output of the SCA S(¢) is proportional to
P(D) defined in (6) and we have

S(t) = aP(D) = oI, 1,G(D) + oI, I, (14)

where « is a positive constant. The electron beam in the storage ring
forms the bunch structure and is not regarded as a stationary light
source. This gives another contribution to S(¢) as follows,

S(1) = al, ,G(D) + al, I, + al, L A. (15)

A is a trivial correlation determined by the form of the bunch. If we
modulate the paths between A and B, G(D) and A should be modified
as follows,

G(D) — G(D)f(t+1), (16)

A= Af@+1), 17)

where f (f) is proportional to the control voltage generated by the
function generator and ¢’ is determined by the phase relation between
the control voltage and the signal. In our experiment, ¢ should be
zero, because the coincidence rate should increase (decrease) when
the control voltage applied to the solid-state switch is +10.2 V
(—10.2 V) and the phase of the control voltage and the signal of the
correlation should be equal as shown in Fig. 5. The second term in
equation (15) has no time dependence since it is the accidental
coincidence. By substituting (15), (16) and (17) into (1), we have

(W)/I,I, = V = BG(D)s + BAs, (18)

where s is a unit vector defined as (1, 0) and 8 is a positive constant.
The second term in (18) comes from the bunch structure of the
electron beam and is ideally zero by modulating the paths between A
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Figure 5

Timing of applying the control voltage to the solid-state switches and the output of the ratemeter. When +10.2 V (—10.2 V) is applied to the switches, the
coincidence of the two photons emitted from the same (different) bunch is taken, and the coincidence rate increases (decreases). Consequently, the phase
difference between the control voltage generated by the function generator and the output of the SCA is zero.
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Figure 6
Beam profile on the Fraunhofer slit measured using a tungsten wire scanner.
The standard derivation is estimated to be 62.6 um.

and B, since the correlation due to the bunch structure does not
depend on which path the signal has gone through if the delay is
precisely adjusted to be 624 ns. However, we kept the term consid-
ering some errors, such as the incomplete adjustments of the delay, in
the experiment. From (13) and (18) we find that V should move
towards the direction of s as D decreases, since G(D) is a decreasing
function for D > 0.

Only the x component in (18) has significant information on the
spatial coherence and is written as

V, = BG(D) + BA. (19)

By fitting the obtained V, with (13) and (19) we can estimate the
spatial coherent size o,, and the total photon emittance ¢ can be

estimated with the help of (4) and (5).

4. Result and discussions

The beam profile on the Fraunhofer slit measured using the wire
scanner is shown in Fig. 6. The standard deviation of the beam profile
is 62.6 um, and the beam size ¥ defined in (2) is estimated to be
60.9 um by subtracting the contribution of the spatial resolution of
the tungsten wire, 14.4 pm.

For the measurement of the two-photon correlation we have
changed the width of the Fraunhofer slit D for several conditions
between 8 pm and 96 pm. For each measurement we accumulated the
data for ~5-6 h. Fig. 7 shows the plots of V in (19) for each D. The
numbers in the figure denote the width of the Fraunhofer slit D. The
error bars in the figure come from the statistical error due to the large
fluctuation of the output of the lock-in amplifier. The points tend to
move towards the direction of s = (1, 0) as the width of the Fraun-
hofer slit becomes narrower, which is expected from the theoretical
calculation in the previous section. Although all points should lie on a
line V, = constant, the points for D = 20 and 64 um are off the line
beyond the statistical error. However, the total shift of the points due
to the change of D is much larger than this error. We later discuss the
origin of the error. Fig. 8 shows a plot of V as a function of D. The
best-fitted curve using (13) and (19) is also shown in the figure. V,
tends to decrease as D is increased, which is known as the bunching
effect of chaotic light. Thus, this result clearly shows that the
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synchrotron radiation has a chaotic component. From the fitted
curves the spatial coherent size o, was estimated as 2.9 pm, and the
total photon emittance & was calculated as 397{’ nmrad. The
designed value of the electron-beam emittance in the horizontal
direction of the Photon Factory is 36 nm rad, and this value is much
larger than the intrinsic photon emittance, 1.79 nm rad, for a photon
energy of 55 eV. Therefore, the total photon emittance is approxi-
mately the same as the electron-beam emittance, and our experiment
gives a reasonable value of the electron-beam emittance.

In Fig. 8, V, seems to converge to negative values in the limit
D — oo. Since G(D) in (13) is positive definite, this result shows that
A in (18) and (19) determined by the bunch structure of the electron
beam must be a negative value. If the adjustment of the delay in the
circuit is complete, the trivial correlation is cancelled out by the
modulation and A must be zero. The negative value of A means that
the correlation with the path B is stronger than that with the path A,
but this may not be explained by assuming the incomplete adjustment
of the delay module, since the adjustments of the cable length for
path A is much easier than that for path B. The solid-state switch has
a power loss of about 3 dB and some pulses were lost at the switches.
If the power losses at the switches in paths A and B were not equal
and more pulses were lost in the path A, A may become negative. It is
noted that this problem only has an influence on A and no correction
is necessary for G(D). The reason for the discrepancy concerning V,
for D = 20 pm and 64 um in Fig. 7 is not clear at present, but we
discuss some possible sources which may cause some errors in our
experiment. First, the dead time of the high-frequency circuit may
break the simple relation in (18). We have measured 7, and I, as the
electric currents which should not be affected by the dead time of the
circuit and detector. W, on the other hand, is very sensitive to the
dead time, since W is measured after the signal is transferred to the
pulse in the circuit. If the input rates for both the start and stop inputs
of the TAC are f Hz and the window width of the output is ts, the
output rate of the SCA R(f) is given by tf?> Hz. The definition of T is
that a signal appears from the SCA when two photons appear at two
detectors within the interval of . In our experiments, T was adjusted
to be a fixed value of 1 ns. Fig. 9 shows a comparison of the experi-

1 T T T T T
12 pm
—®—
Aopm 24pm|  —9— ..
0+ - _96,”.“.‘---—', bi16um - 4

S=(1,0)

Figure 7

Plot of V for each Fraunhofer slit width D. The arrow in the figure indicates
the direction of s. As the width of the slit becomes narrower, the points tend to
move towards the direction of s = (1, 0).

mental result and the theoretical calculation for R(f) as a function of
f. For small f less than 100 kHz, the experimental result is almost
consistent with the theoretical curve. However, as the frequency
becomes larger the discrepancy between the two results becomes
clear, and this is caused by the dead time of the high-frequency
circuit, such as the CFD, TAC and delay module. Including the effect
of the dead time T,, R(f) is modified as

RO =<[f/Q+FT)H]. (20)

The experimental result fits well to this equation and the dead time 7,
is estimated to be 1.62 pus as shown in Fig. 9. Then we inevitably
modify the definition of V in (18) as

v =W)/{[1,/Q+LT)][L/A+LT)]} (1)

where 7A"d is a parameter of the saturation due to the dead time.
Unfortunately we did not count the input rate but instead measured

0 20 40 60 80 100
D (m)

Figure 8
Plot of V, as a function of the width of the Fraunhofer slit D. The curve is the
best-fitted curve defined in equation (19).

100 ¢

Output rate for SCA (counts s 1)

10* 10°
Input rate for TAC (counts s™!')
Figure 9
Output rate for SCA as a function of the input rate for the TAC. The input rate
for start and stop inputs of the TAC was adjusted to be equal. The solid line is
the best-fitted curve defined in equation (20) and the dashed line is the
expected curve without the dead time.
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the input rate as an electric current which was proportional to the
actual count rate without the effect of the dead time. We cannot know
the correct value of 7A"d, but we have confirmed that V in (21)
was almost independent of fd. Therefore, we conclude that the
systematic error due to the dead time is not important in this
measurement. Another possible error might occur in the optical set-
up or electric circuits. When we changed the width of the Fraunhofer
slit we only adjusted the width of the vertical slit and the position of
the mirror for splitting the beam, but we did not change any para-
meters of other optical elements and electric circuits. If the center of
the Fraunhofer slit or vertical slit was shifted to the edge of the beam,
the degree of the spatial coherence might decrease. However, this
error does not influence V, but rather V,. As a result, we conclude
that the most probable origin of the error is noise in the electric
circuits. Although we did not change the parameters of the electric
circuits, some small systematic noise may be introduced into the lock-
in amplifier in some measurements owing to changes in the conditions
in the laboratory.

We also need to discuss the justification of the approximations in
the theoretical calculation. To derive equation (13) we applied two
daring approximations: that the synchrotron radiation was assumed
to be a Gaussian beam and that the transmittance function of the
Fraunhofer slit was assumed to have a Gaussian shape. We have
already shown that the Gaussian beam approximation for the
undulator radiation is not applicable unless certain conditions are
satisfied (Takayama ez al, 2000). The approximation for the trans-
mittance function of the Fraunhofer slit may not be appropriate
either, since the diffraction patterns of the Gaussian slit and the
actual slit are quite different from each other. At present, we have
tentatively used them in order to obtain the analytical function. To
derive more reliable values of the electron-beam emittance from the
experimental data, we need to perform the numerical calculations
described by Takayama et al. (2000).

We have shown that the electron-beam emittance could be esti-
mated by measuring the first-order spatial coherence with a Young’s
interferometer. The interference pattern in the VUV region was
measured using a photomultiplier by scanning it on the one-dimen-
sional axis with a 5 um resolution (Takayama et. al., 1998a). It took
about 30 min to measure an interference pattern, which is much
shorter than the accumulation time in the experiment of the second-
order coherence explained in this paper. Moreover, the measurement
using a Young’s interferometer directly gives the first-order spatial
coherence and the theoretical treatment is much easier than the
calculation in this paper. One may doubt the merit of measuring the
second-order coherence rather than the first-order coherence for the
estimation of the electron-beam emittance. For the measurement of
an interference pattern with a Young’s interferometer, we need to
accumulate the photons for at least several milliseconds, even if we
use a two-dimensional detector, such as a CCD camera. If the orbit of
the electron beam is distorted during the measurement, the electron-
beam emittance will be estimated as a larger value compared with the
designed value. On the other hand, the instability of the electron
beam which is slower than the temporal coherence (~1 ps) does not
affect the two-photon correlation. For the same reason, an intensity
interferometer instead of a Michelson interferometer, which is
seriously affected by the fluctuation of the atmosphere, was
constructed to measure the apparent diameter of the star (Hanbury
Brown, 1974).

In order to improve the measurement of the two-photon correla-
tion as a useful tool for the diagnosis of the electron and photon
beams, we need to shorten the accumulation time. Unfortunately, the
technique explained in this paper has a limitation due to the dead

time. The accumulation time in this measurement is determined by
the output rate of the SCA. According to equation (20), the output
rate is limited to /73 ~ 400 counts s~ owing to the dead time.
Therefore, even if we can use extremely bright synchrotron radiation,
we need to accumulate for about 1 h to achieve an acceptable signal-
to-noise ratio. This is certainly a problem for any technique where the
two-photon correlation is measured by electric circuits with a long
dead time. If the two-photon correlation is measured using a non-
linear optics technique, this problem will hopefully be solved. For
example, the probability of the two-photon core absorption is
proportional to the second-order coherence, and the lifetime of the
intermediate state corresponds to the dead time of our measurement
(Teicht & Wolga, 1966). The lifetime for the core absorption in the
soft X-ray region is expected to be less than 10~ s, This technique is
a promising candidate for measuring the higher-order coherence for
extremely intense X-rays, such as the SASE.

In summary, we have succeeded in an accurate measurement of the
two-photon correlation by modulating the timing of the coincidence.
A bunching effect was clearly observed even though the energy
resolution of the monochromator was not extremely high. Therefore,
this technique will also be applicable in the soft X-ray region. We
have also succeeded in deriving a consistent value for the electron-
beam emittance from the measurement. The improvement of the
signal-to-noise ratio in the experiment and the more accurate
methods for the theoretical calculation are required, which will be
solved in future works.

The authors would like to thank Dr J. Adachi for helpful advice
when using the BL-16B. The work was performed under Proposal No.
99G007 and 2001G212 of the Photon Factory, KEK.
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