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Using a tapered undulator and a double grating system we have compressed soft-x-ray photon wave packets
into 37% of the original length. To confirm the shortening of the length of wave packets, we employed a
special analog method to measure two-photon correlation as it is without elongating the wave-packet length,
while the previous two-photon correlation measurements had adopted the method to largely elongate the
wave-packet length up to several hundred fs using a monochromator. The present method gives a new prospect
in that the compressed wave-packet length is extremely short and of the order of 1 fs, which enables various
soft-x-ray spectroscopic experiments to detect in the time domain fast elementary excitations in a solid.
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I. INTRODUCTION

Demands for utilization of short-pulse soft or hard x rays
have been increasing for the recent decade in the fields of
solid state physics and molecular or atomic physics. It is
because we sometimes need to observe various phenomena
in the time domain rather than the energy domain. In the time
domain we can have opportunities to obtain information on
the phases of dynamical motion excited in a material, such as
sinelike or cosinelike oscillation with damping, while in the
energy domain we just get information of the spectra. Basi-
cally a short pulse plays two roles in a material. One is to
define the initial time of an excitation that causes slower
oscillations than the time duration of the input pulse, which
is like what a hammer does on a macroscopic body. The
other is to excite the microscopic material system by giving
it the energy corresponding to the frequency of the wave
packet. Of course the energy has some ambiguity because of
the Fourier limit of the short time duration of the pulse.

As for synchrotron soft x rays the shortest ever attained
pulse duration is of the order of 100 fs. Utilizing these short
pulses researchers have done experiments to observe low en-
ergy elementary excitations, such as phonons and magnons
in a solid that have the time scale of something around sev-
eral ps. But recently some researchers pay more attention to
investigate quicker motions caused by electronic correlations
that have the energy scale of 0.1–1 eV. This situation moti-
vated the authors to develop a method to shorten soft-x-ray
pulses produced by a synchrotron without substantial loss of
the intensity.

We have first noticed that there are two aspects of utiliza-
tion of short x-ray pulses depending on whether one uses a
short bunch length of the ensemble of photon wave packets
or just uses a short wave-packet length of a single photon.
The former case usually appears in some coincidence mea-
surements with high coincidence rates. The bunch length in
an electron storage ring as a synchrotron radiation source
could be shortened with the bunch-slicing technique �1,2�

down to 100 fs, but the intensity would be largely reduced
down to around 0.1% because the typical electron bunch
length in a storage ring is of the order of several tens ps from
which only a tiny part corresponding to 100 fs is sliced out.

The latter case is utilized when the coincidence rate is
much smaller. Under this situation researchers would pay
more attention to define the initiation time of an event and
the possible subsequent coherent motion induced. Under this
circumstance the bunch length in a storage ring does not
have to be as short as fs, while the pulse duration of each
photon is of crucial importance. In this study we therefore
have concentrated our effort on shortening an individual pho-
ton wave packet rather than shortening the bunch length.

The ideal best way to shorten the wave-packet length is
transformation of the light in the �-t phase space because it
is ideally lossless. Transformation of the light in x-x� phase
space is well known and widely used to spatially focus syn-
chrotron radiation. The principle is just based on combina-
tion of the two transformations corresponding to straight mo-
tion and focusing �or defocusing� action. In the similar way a
wave-packet length can be compressed using the transforma-
tions in the �-t phase space as shown in Figs. 1�a� and 1�b�.
The broken-lined ellipses in Fig. 1�a� show chirped pulses
where the frequency depends on time, while the ellipse with
solid line corresponds to a well-behaved Gaussian wave
packet. The figure shows how a chirped pulse is transformed
into a well-behaved Gaussian wave packet when a dispersive
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FIG. 1. �a� Transformation of the beam in the �-t phase space
using a double grating system, where the optical path depends on
the wavelength. �b� Transformation of the beam by upchirping and
downchirping.
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element causes a change in the path length depending on the
frequency of light. Usually two dispersive elements are used
to perform this transformation because the directions of the
incident and exit beams should remain constant. In fact a
double prism system is often used in the visible light region,
where two prisms are located to cause positive and disper-
sion angles, respectively. This transformation is lossless in
principle though actually there is a loss caused by imperfect
reflectance of the optical elements such as diffraction grat-
ings.

However, creation of a chirped pulse from a well-behaved
Gaussian wave packet is not a trivial task in the soft-x-ray
region, while in the visible region combination of an intense
laser and a nonlinear material can create such chirped pulses.
As is shown in Fig. 1�b�, a well-behaved Gaussian wave
packet of visible light drawn in a solid-lined ellipse could be
transformed into the ellipses with broken lines relatively eas-
ily using an appropriate nonlinear material. The trick is that
an intense radiation could modify the refractive index with
time response slower the inverse of the input frequency. This
induces a time-dependent increase �or decrease� of the re-
fractive index and then creates a chirped pulse.

The problem here is that an optical element to chirp a
soft-x-ray pulse is not available and synchrotron radiation is
not intense enough to cause such nonlinear effects. We then
employed a method to chirp the pulse by modifying the un-
dulator gap to produce tapers in the two magnet arrays. In
the present experimental framework the pulses were up-
chirped with the taper in which the gap is wider in the down
stream of the undulator. It should be noted here that as
shown in Fig. 2 the weaker magnetic field at the downstream
end of the undulator actually contributes to the tail of the
photon wave packet which reaches the beamline optical ele-
ments later. We chose upchirped pulses because, as is shown
in Fig. 3, the double grating system adopted gives longer
path lengths for longer wavelengths and thus works as a
compressor of the wave packets. We believe that this is a
setup to obtain compressed soft-x-ray wave packets.

Of course there is the lower limit of the compression that
corresponds to the Fourier transform of a chirped pulse. In
fact this limit is associated to possible deterioration of the
first-order coherence when the light goes through the double
grating system. The difference among optical paths could

increase the beam size which then could increase the vertical
light beam emittance. However if the increased emittance is
still within the diffraction limit, the vertical emittance of the
beam does not increase substantially. Strictly speaking the
fact that the lower limit of compression is restricted by the
Fourier limit is identical to the restriction on the first-order
coherence by the diffraction limit.

Therefore the present principle of operation is summa-
rized as follows. First we reduce the monochromaticity of
the wave packet by chirping without changing the length of
the wave packets, and second we compress the wave packets
down to the Fourier limit utilizing the wavelength-dependent
paths in the double grating system.

II. PRINCIPLE OF THE EXPERIMENT

Because the above-mentioned shortening of pulses must
be verified experimentally we employed the two-photon cor-
relation measurement to confirm the shortening based on the
fact that our synchrotron radiation is chaotic or thermal ra-
diation. In principle two-photon correlation is related to the
second-order coherence characterizing the correlation be-
tween two intensities of light. Therefore it represents the
statistical property of photons included. When the statistics
obeys the Bose-Einstein statistics, as is the case for thermal
or chaotic radiation, the photons tend to gather together if
they are in the same electromagnetic mode, enhancing the
correlation. Then because the identity of the mode depends
on the first-order coherence, two-photon correlation for cha-
otic radiation also depends on the first-order coherence. In
the other extreme situation when the light is totally coherent
and the statistics obey the Poisonian statistics, as is the case
for lasers, two-photon correlation always has a constant
value. In both cases, however, the two-photon correlation
linearly depends on the wave-packet length when the aver-
age number of photons included in a unit time is kept con-
stant.

The first measurement of two-photon correlation was per-
formed by Hanbury-Brown and Twiss �HT� �3–6� using an
analog method to measure the diameter of visible stars emit-
ting radio waves. There was no systematic time structure of
the light �or radio waves� coming from the stars, namely, the
light was regarded as a stationary light source. They detected
two radio wave signals using two antennas. The fluctuations
of two signals were multiplied using a correlator that em-
ployed a sophisticated vacuum tube circuit. To eliminate the
background noise they elaborated a kind of double lock-in
modulation method. The frequency limit was about 30 MHz
limited by operation of the vacuum tubes used. They also
performed a similar experiment using a mercury lamp as a
line-spectral light source.

An apparent advantage of the today’s technology is that
we can use much faster correlators with time response of
several GHz. However, as will be described later, the detec-
tion efficiency is basically restricted by the ratio between the
time duration of the light pulse and the response time of the
correlator used. Because HT used the highly monochromatic
mercury line spectrum with wavelength of 435.835 nm, then
they were able to detect two-photon correlation even with

Undulator with taper
up-chirped pulse

z

FIG. 2. Undulator with tapered gap. Upchirped pulses are radi-
ated through the undulator.

Dispersive system
(double grating)

FIG. 3. Difference between optical paths for longer and shorter
wavelengths in the double grating system.
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poor frequency response of the correlator. In the present
study, however, we had to detect two-photon correlation for
pulses with much shorter time duration, of the order of 1 fs,
meaning that it is by no means a simple task.

Another difficulty of the present study is that the synchro-
tron radiation has a time structure characterized by distribu-
tion of bunches around the orbit of the electron storage ring.
In fact regarding synchrotron radiation Shuryak proposed ob-
servation of the synchrotron radiation �7� and Ikonen gave a
detailed discussion on the possibility of detecting two-photon
correlation in the x-ray region �8�. In order to understand the
nonstationary property of synchrotron radiation we first gen-
eralize the situation of two-photon correlation to the case in
which the light source has a specific time structure,
N�1+ f�t��, where N is the average number of photons of a
light source. This requires the equation

� f�t�dt = 0. �1�

Obviously f�t� has the periodicity of revolution frequency of
the stored beam in the storage ring and schematically shown
in Fig. 4. The case of the measurements by HT corresponds
to the case, f�t��0, leading to a stationary light source.

Now because we have two light sources, the average in-
tensity of the two signals is

�N1�1 + f1�t��� = �N1� and �N2�1 + f2�t��� = �N2� . �2�

Then the correlation of the two signals is expressed as

Ñ12 = Š	N1�1 + f1�t�� − �N1�
	N2�1 + f2�t�� − �N2�
‹

= ��N1N2� − �N1��N2���1 + f1 + f2 + f1f2� + �N1��N2�f1f2.

�3�

HT actually measured the quantity

N12 = Š�N1 − �N1���N2 − �N2��‹ = �N1N2� − �N1��N2� , �4�

for which HT presented an important relation

N12 = �N1��N2���12�2
�

T
, �5�

where � is the wave-packet length of the photons expressed
in terms of time �pulse duration� and T is the response time
of the detectors and is assumed to be much longer than �.
��12�2 is the first-order coherence function between the two
sources, taking a value between 1 and 2 for chaotic radiation
with the Bose-Einstein distribution. ��12�2 is equal to 2 only
when the two chaotic light sources are in exactly the same
mode of the electromagnetic field, meaning that the first-

order coherence between the two sources is perfect, while for
a light source with the Poisonian distribution such as lasers,
the value remains to be unity. When two modes are totally
different, the value is 1 even for chaotic radiation. The situ-
ation could be easily understood considering a basic aspect
of statistical quantum mechanics as was described by Feyn-
man. When two photons are exactly in the same mode we
cannot distinguish these photons. In the Bose-Einstein distri-
bution, the chance for a detector to detect two photons at the
same time is doubled compared to the case when two pho-
tons are in different modes.

In this study, as was the case for the former studies, the
degree of the first-order coherence has been changed as a
parameter, giving rise to modification of ��12�2. Then what
we have to do is changing this value from 1 to 2 and this
gives the final result of the two-photon coincidence rate as
will be shown in Fig. 8. This way of measurement works in
principle because synchrotron radiation is chaotic light at
least in soft-x-ray or hard x-ray region. Of course there are
some special cases where one observes synchrotron radiation
with the wavelength comparable or longer than the bunch
length. Under this situation synchrotron radiation could be
similar to a laser, and the present principle of measurement
does not work. In principle the present method also would
work even when the light includes both chaotic and totally
coherent parts at the same time if the ratio between the two is
kept constant.

The linear dependence on � in Eq. �5� is interpreted with
the following consideration. Two-photon coincidence takes
place when two-photon wave packets overlap. When the av-
erage number of wave packets �and therefore the number of
photons� is constant, the probability of the overlap is obvi-
ously proportional to the wave-packet length or pulse dura-
tion.

The major difficulty of measuring two-photon correlation
is that the ratio � /T in Eq. �5� is extremely small for natural
light sources because the wave-packet lengths are usually
much shorter than those of lasers. In addition when correla-
tion between light sources with time structure has to be mea-
sured, the second term of Eq. �3� is just harmful and should
be removed using some technique.

One method to remove the annoying term is to modulate �
and use a lock-in amplifier to extract the true correlation,
which is described in Refs. �9,10�. This method cannot be
used in the present study because we need to know � itself.
Another method is to extract false correlation, the second
term of Eq. �3�, detecting the false correlation taking place
between different bunches. This method was employed by
Takayama et al. �11� and we used a similar method with
slight modification. These two methods will be described
later in more detail.

We understood we were facing such a difficult problem
that we needed to measure two-photon correlation as it is
without using a monochromator because what we wanted to
measure was the change in the wave-packet length itself and
therefore we are not allowed to change the length of wave
packets, while in the past experiments the wave packets were
elongated to some extent with monochromator. In other
words as it is means that the pulses are not elongated.

Gluskin et al. �12–14�, Yang et al. �15�, and Feng et al.
�16� measured two-photon correlation of x rays emitted at

f(t)

t

FIG. 4. Schematic view of f�t�. It is so defined that the integra-
tion of the function by time corresponding to the circulating period
of electron bunches in the storage ring vanishes.

COMPRESSION OF PHOTON WAVE PACKETS IN THE SOFT-… PHYSICAL REVIEW A 80, 063804 �2009�

063804-3



Advanced Light Source, Illinois, USA, while Kunimine et al.
�17� measured two-photon correlation in hard x-ray region
using the TRISTAN main ring, where an ultrahigh resolution
four-crystal monochromator was used to elongate the wave-
packet length up to 10 ps. They employed a digital counting
method to get the correlation. In the soft-x-ray region Tai et
al. performed a two-photon correlation using the analog
modulation of the monochromaticity of the incident beam to
remove the huge amount of false correlation �9�. In their
experiment an analog technique was used including a sharp
notch filter to eliminate the effect of rf, 500 MHz, and the
wave-packet length elongated by a grating monochromator
was supposed to be about 20 fs, which is the nominal aver-
age value because the slit width was modulated. This value is
much shorter than the hard-x-ray case because of poorer res-
olution of the monochromator chosen to keep the linearity of
the modulation. In the hard x-ray region the digital counting
method employed by Yabashi et al. �18� gave a beautiful
result making use of very high brightness of Spring-8.

On the other hand a digital counting technique was used
also in the soft-x-ray region by Tai et al. �9�, where a sophis-
ticated delay-time modulation technique was introduced for
the first time to remove the false correlation. The pulse
length elongated by a grating monochromator was estimated
to be around 300 fs.

In this paper we show that two-photon correlation was
successfully measured. The experimental results were ob-
tained using the beamline BL16B of the Photon Factory. In
this study we were able to confirm the compression of pho-
ton wave packets in the soft-x-ray region. The development
of a technique to measure two-photon correlation as it is also
presented.

III. EXPERIMENT

We have first noticed that there is no essential difference
between an analog and a digital method in terms of statistical
errors when the intensity of incident light and the time re-
sponse of the detectors are identical, except for the case that
time resolution of the time-to-amplitude converter �TAC�
used in digital measurements is worse than that of detectors.
The sampling theorem in information theory suggests that
what is restricted by the frequency response of the sampling
is identical to what is restricted by the frequency response of
an analog detection. In fact what matters are the bandwidth
of the detection system �or the inverse of response time�, the
intensity of the incident light, and the wave-packet length.
Here it is obvious that in previous research the product of the
intensity of light and the wave-packet length is basically con-
stant when an ideal monochromator with no loss is used. Of
course practically any monochromator has a loss caused by
imperfect reflectance of optical elements used.

However the analog detection system employed in this
work has a problem of slow response time by the following
reason. In the present analog measurements the detectors
have to endure a potentially very high photon flux, which
means that conventional multichannel plates cannot be used
because of saturation, though a multichannel plate could
have a response time of the order of a few 10 ps. Then we

used a pair of photodetectors designed by Hamamatsu Pho-
tonics Ltd. that were supposed to have a rise time of about 2
ns. We confirmed this response time by observing the bunch
structure with 500 MHz repetition corresponding to the rf of
the 2.5 GeV electron storage ring. Obviously the time re-
sponse of 2 ns is substantially worse than the typical reso-
lution of 20 ps of the standard TAC system. This is appar-
ently a serious problem considering T in Eq. �5�.

Meanwhile we knew that in the previous experiment per-
formed by Takayama et al. �11� the input photon flux was
reduced down to 5% of the original photon flux to avoid
saturation of the TAC with single channel analyzer. Thus we
learned that two-photon correlation was measurable in the
present signal condition of the detectors used because we
could capture extremely high photon flux without monochro-
matizing the beam. This is a great advantage to overcome the
problem of slow response of the detectors.

The experimental setup is illustrated in Fig. 5. We used
the beamline monochromator under the zeroth-order condi-
tion, which means that there is no change in the wave-packet
length through the monochromator. The incident beam goes
through a Fraunhofer slit to modify the first-order spatial
coherence. We knew that the synchrotron radiation is chaotic
radiation because all the studies �9–18� were based on the
chaotic nature of spontaneous synchrotron radiation. Under
this condition the two-photon coherence shows a peak when
the first-order coherence increases to become almost 100%.
The above Fraunhofer slit works as changing the spatial co-
herence.

A double grating system was employed to compress the
third harmonic, 114 eV, of the undulator radiation. It should
be noted here that the direction of the dispersion is vertical
and the vertical emittance of the light is almost diffraction
limited because of the small coupling �about 2%� between
the vertical and horizontal betatron oscillations of the stored
beam, while the diffraction by the Fraunhofer slit is horizon-
tal. Accordingly we do not have to worry about some change
in the vertical emittance that could happen through the
double grating system.

The gap between the two gratings with the groove density
of 1200 lines/mm was chosen to be 0.9 mm to optimize the
compression for the 114 eV light. We chose the third har-

Top view

Mirror 1

Fraunhofer slit
Double grating

Mirror 2

Beam splitter
mirror

Detector 1

Detector 2

Side view

FIG. 5. Illustration of the experimental setup. The Fraunhofer
slit diffracts the incident beam and changes the first-order coher-
ence. The double grating system functions to compress the wave-
packet length. The edge of beam splitter mirror is located in the
middle of the beam with finite width and divides the beam into two
beams with almost same intensity.

FUJIKI et al. PHYSICAL REVIEW A 80, 063804 �2009�

063804-4



monic rather than the first harmonic because a higher har-
monic is more drastically influenced by the effect of tapering
the undulator gap. In fact because the number of the period
of the undulator is 25 the third harmonic has an energy res-
olution of about 1/75. On the other hand the average gap
width was chosen to be 51 mm and the gap at the down-
stream end of the undulator was chosen to be wider by
520 �m than the gap at the upstream end considering the
nonlinearity of the dependence of the photon energy on the
gap width. This taper creates an additional reduction of the
monochromaticity down to roughly 1/25. Accordingly it was
expected that the monochromaticity of the third harmonic
would be degraded down to about 1/3 due to tapering the gap
width, which means that the wave-packet length can be com-
pressed also down to 1/3 after going through the double grat-
ing system.

An additional trick was incorporated in the grating sys-
tem. The two gratings were set so that the zeroth-order light
reflected by the first grating is blocked by the side of the
second grating and the first harmonic cannot go through the
gratings because the diffraction condition is not satisfied. The
fifth harmonic of the undulator radiation is greatly reduced
because the incident angle to the first grating was set to be
80°. With this trick only the third harmonic can be mainly
detected.

At the downstream of the grating system was installed a
beam splitter mirror by which the half of the beam is re-
flected to go to detector 2 while the remaining part goes
straight to detector 1. As shown in Fig. 6 the output analog
signals were fed into power dividers to monitor the average
currents, I1 and I2, and the corresponding rf signals were
amplified by two rf preamplifiers. One signal from the pre-
amplifier was fed to a double balanced mixer with 3 GHz
bandwidth, while the other was lead to a solid state switch to
select a path with high precision variable attenuator or a path
with 2 ns delay relative to the first path. The modulation
frequency of solid state switch was chosen to be 11 Hz.

By this modulation two different situations can be made.
When there is no delay the double balanced mixer multiplies
two signals coming from the same bunch but when there is 2
ns delay the double balanced mixer multiplies two signals
coming from two adjacent bunches. The former case in-
cludes true correlation signals while the latter case includes
only false correlation signals as shown in Fig. 7. Finally the
modulated signal was detected by a digital lock-in amplifier
with subtraction between the two quantities. This is the basic
principle of operation to extract true correlation signals re-
moving the huge background of false correlation signals
�11�.

The output signal from the wave detector just after the
balanced mixer can be expressed as follows:

S�D� � �I1��I2���
�c

T
G�D� + Ã
 , �6�

where I1 and I2 are the intensities �currents� of the two
beams, � is a constant to characterize the efficiency of the
detection system, �c is the wave-packet length in time, T is

the time resolution of the detector, and Ã is the very large
background mainly consisting of false correlation signals.
G�D� is related to the first-order coherence and expressed as

G�D� = � D2 + 24	2

�1 + 	2/
c
2�D2 + 24	2�

� cos−1� D2

�1 + 2
c
2/	2�D2 + 48
c

2� , �7�

where D is the width of the Fraunhofer slit, 	 is the beam
size on the slit, and 
c is the coherent photon size on the slit
and is given using the emittance of the stored beam � as
�11,19,20�


c = � 


4�

 	

��2 − �
/4��2
. �8�

Then the two outputs from the lock-in amplifier are

Electrometer

Electrometer

RF preamp

RF preamp

Detector 1

Detector 2
Attenuator

2 ns delay

Function generator

Double balanced mixer

Wave
detector

Digital lock-in amp

RF

LO

IF

I1

I2

X
Y PC

Divider

Divider

FIG. 6. Schematic diagram of the detection electronics. The
power divider extracts the dc components I1 and I2 of the signals
that are used to normalize the output signal. One of the signals is
fed to a switching circuit, where delay time is modulated with the
frequency of 11 Hz. The double balanced mixer multiplies the two
signals and the wave detector extracts the amplitude of the high
frequency oscillation. The lock-in amplifier outputs the two signals:
the in-phase signal X and the out-of-phase signal Y.

t

t

2 ns

true coincidence

accidental coincidence

FIG. 7. Illustration of the true coincidence and the false coinci-
dence. The detection system subtracts the coincidence signal be-
tween two different bunches from the coincidence signal in the
same bunch.
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�X,Y� � I1I2�� ���cG�D� + Ã�sin �tdt,

� ���cG�D� + Ã�cos �tdt� , �9�

where the value of �c can be changed by compression of
wave packets. The relation between G�D� and the ordinary
first-order coherence is expressed as

G�D� =
�

2
���D��2� D2 + 24	2

�1 + 	2/
c
2�D2 + 24	2 . �10�

In this study the maximum photon flux captured by each
photodetector was estimated to be around 3�1012

photons /s, which may cause true two-photon correlations
with roughly 50 counts in 1 s, considering the interbunch
spacing of 2 ns, the bunch length of 100 ps, and the wave-
packet length of 0.8 fs estimated from the monochromaticity
of the undulator radiation. Based on Eq. �6� described above
and with the time resolution of the detectors, 2 ns, the fre-
quency of true correlations detected is still in the measurable
range even if the flux detected is reduced when the slit width
is narrowed to increase the first-order coherence.

It is not easy to exactly cancel out the background Ã even
by using a lock-in amplifier. However using a 500 MHz sig-
nal generator we carefully adjusted the high precision vari-
able attenuator so that the two output signals in the switching
circuit balance with the accuracy of 10−5. After this process
we finely readjusted the attenuator using real signals from
synchrotron radiation. This readjustment was found to be
very tiny and of the order of 10−6 but in principle is required
because nonuniform bunch distribution could give a slightly
different background for the case of 2 ns delay. It should be
noted, however, that though we surely have residual nonva-
nishing background that could be different among different
measurements it does not depend on D and accordingly it
does not affect the rate of true two-photon correlation that
does depend on D.

We accumulated the data for about 8 h for each value of
D, which is required to obtain good statistics. The taper was
added to the undulator after 1 week of measurements and the
measurement with taper was performed.

IV. RESULTS AND DISCUSSIONS

Figures 8�a� and 8�b� show the final results obtained for
the two cases without and with taper, respectively. The ab-
scissa shows the width, D, of the Fraunhofer slit and the
ordinate represents the values obtained after normalization
by the two intensities, I1 and I2, and is proportional to the
following quantity:

F�D� = �
�c

T
G�d� + B , �11�

where B is the residual background which was not perfectly
eliminated in the present measurements. Between the two
cases, with taper and without taper, the value of B was found
to be different probably because of different operating con-
ditions of the storage ring.

Therefore the hump above the background, which is
caused by better first-order coherence with smaller width of
the Fraunhofer slit, is directly proportional to the wave-
packet length �c. From the results we conclude that correla-
tion peak height estimated ignoring the background is sub-
stantially larger for the case without taper than the case with
taper and that the wave-packet length was compressed down
to 37%�6% with tapering the undulator gap. As is seen
from the figure the background was not canceled 100%, but
it was remarkably small, suggesting that the present experi-
mental setup is basically appropriate to measure two-photon
correlation as it is. As is mentioned in Sec. III the wave-
packet length estimated from the number of period of the
undulator is around 0.8 fs, which is much shorter than those
in the previous studies on two-photon correlation measure-
ments for synchrotron light.

One thing to be noticed would be that the case without
taper shows a worse signal-to-noise �S/N� ratio. We believe
that this could be caused by accidental difference between
the operation conditions of the electron storage ring in two
different weeks. A longitudinal instability of stored bunches
is not usually harmful to ordinary experiments using syn-
chrotron radiation because the average bunch length does not
change even under this instability, but it could influence the
present photon correlation measurements.

As a matter of fact the above instability modifies the peak
height and width of a pulse in Fig. 4 with the area for every
pulse being kept constant. The modulation takes place in
such a way that if a bunch has a larger width than the aver-
age then the adjacent bunch has more chance to have also a
larger width. Along the orbit of the storage ring, however,
there is a part with slightly longer bunches as well as a part
with slightly shorter bunches. It is like a wave of modulated
bunch length along the orbit. The problem here is that be-
cause of the f1f2 term appearing in the first term in Eq. �3�
the two-photon coincidence rate increases when a bunch is
shorter and vice versa, which might give some more back-
ground noise to the experimental results.

This kind of instability could be accidentally occurring
during the measurement with undulator without taper. Fortu-
nately this modulation is a slow process with a frequency
from several to hundred kHz and therefore it does not influ-
ence the average value of the long-term coincidence rate. In
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FIG. 8. �a� Two-photon correlation obtained for the undulator
without taper. The abscissa shows the width of the Fraunhofer slit.
The ordinate shows the quantity F�D�. �b� Two-photon correlation
for the undulator with taper. Comparison of the two results gives the
compression ratio of 37%�6%.
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other words this kind of instability just degrades the S/N

ratio through fluctuation of Ã in Eq. �8� but does not affect
the ratio between the true and false correlations. Therefore it
is concluded that what has been measured is basically the
change in �c.

Finally we discuss something about relationship between
the first-order and second-order coherences. Basically the
two quantities are independent and expressed by different
formulas. Quantum mechanically the first-order coherence
contains one creation operator and one annihilation operator
of a photon, while the second-order coherence contains two
creation and annihilation operators. However when the pho-
tons are in the same mode, we have, using the commutation
relations of bosons,

�a+a+aa� = �a+aa+a� − �a+a� . �12�

Therefore information on the second-order coherence in-
cludes that of the first-order coherence. In addition there

might be some argument on estimation of the first-order co-
herence. Lin et al. pointed out a non-Gaussian behavior of
coherence function measured for an undulator radiation �21�.
Paterson et al. discussed the coherence of soft-x-ray radia-
tion influenced by the effect of speckle due to beamline op-
tics �22�. The present author think that these phenomena
could be described in the framework of the first-order coher-
ence based on the idea presented by Takayama et al. who
discussed spatial coherence of undulator radiation beyond
the van Cittert–Zernike theorem �23�.
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