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Measurement of X-Ray Pulse Widths by Intensity Interferometry
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The pulse width of hard undulator radiation (32 ps width, energy 14 keV) was determined by intensity
interferometry. The method, in combination with various x-ray monochromators, enables measurements
to be taken over a wide range of time frames, from ns to fs. The applicable target includes measurements
of ultrafast x-ray pulse widths from fourth generation synchrotron light sources.
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Ultrafast x-ray pulses [1–4] provide a powerful probe
for investigating structural dynamics in biological and
material sciences. The upcoming linac-based undulator
sources, such as self-amplified spontaneous emission
free-electron-laser (SASE FEL) [5,6] or energy recovery
linac (ERL) [7], are capable of generating brilliant x-ray
pulses of �100 fs. Determination of such ultrafast profiles
is crucial for developing and utilizing these advanced
x-ray sources. However, it was quite difficult, or impos-
sible, to measure x-ray pulse widths from ps to fs region.
This is because the autocorrelation technique with second
harmonic generation (SHG), which is widely used for
measuring ultrafast pulses of visible light, cannot be ap-
plied to the x-ray region due to negligibly small nonlinear
interactions. As an alternative method, the state-of-the-art
x-ray streak camera has shown time resolutions of �1 ps
[8]. However, drastic improvement of resolution for the
camera appears to be difficult.

In this Letter, we report intensity interferometry, which
is a technique initially developed by Hanbury-Brown
and Twiss [9] and recently extended to the x-ray region
[10–13], is capable of measuring x-ray pulse widths. We
demonstrate the validity of the method using SPring-8, a
modern synchrotron providing one of the fastest hard un-
dulator radiations (32 ps width, energy 14 keV) currently
available. This method can be easily extended to even fs
region by using simpler monochromators.

Most hard x-ray sources, which are both currently avail-
able and under development including SASE FEL in the
linear regime [14,15], are considered to generate chaotic
light. In this case, intensity interference is observed as an
enhancement of the coincidence rate between the two de-
tectors that receive the spatially and temporally coherent
portions of the beam; this enhancement results from larger
fluctuations of the mean intensity. In particular, when the
method is applied to pulsed beams, the enhanced ratio in-
cludes information on the temporal pulse width st with re-
spect to the longitudinal coherence time st [10]. Because
the coherence time st is directly given by the energy band-
width DE of light, evaluation of the enhanced ratio with
a knowledge of the bandwidth enables one to determine
the pulse width st. It is important for correct measurement
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of the pulse width to evaluate influence of transverse co-
herence, because the enhanced ratio also depends on the
coherent mode numbers in the transverse directions.

Experiments were performed using beam line 19LXU
of SPring-8, which is equipped with a 27-m undulator, the
most brilliant x-ray source currently available [16]. High
peak brilliance is desirable for reducing the time required
to measure the coincidence enhancement with a good
signal-to-noise ratio �S�N�. The experimental setup is
shown in Fig. 1. A monochromator consisting of four-
bounced asymmetric reflections [17] (horizontal diffrac-
tions of Si 11 5 3, asymmetric angles a � 78.4±) was
used as an energy filter. A technique was employed
to control the bandwidth DE (i.e., the coherence time
st) of the monochromatic beam. If we choose the
incident energy E so as to make the angles uB 2 a or
uB 1 a small (uB is the Bragg angle), a slight shift of
E produces a large change in the asymmetric factor b �
sin�uB 2 a��sin�uB 1 a�. This leads to control of the
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FIG. 1. Schematic view of the experimental setup. Undulator
radiation is premonochromatized with a Si 111 double crys-
tal monochromator (DCM). The four-bounced monochromator
and the four-quadrant slit were employed to extract the longi-
tudinally and transversally coherent portion of the beam, re-
spectively. Two semitransparent avalanche photodiodes (APDs)
were aligned in tandem on the light axis. Outputs of the detec-
tors were connected to the coincidence circuit.
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TABLE I. Experimental conditions for coincidence
measurements.

E (keV) uB (deg) b DET (meV)a DE (meV)a

14.267 84.92 2.53 0.755 0.763 6 0.002
14.299 83.64 3.38 0.495 0.508 6 0.004
14.333 82.52 4.56 0.315 0.334 6 0.005
14.365 81.60 6.13 0.203 0.231 6 0.008
14.412 80.41 10.4 0.097 0.145 6 0.012

aThese are values in FWHM.

bandwidth DE, as it is proportional to b1.5 [17]. Numeri-
cal calculation shows that changing energy from 14.267 to
14.412 keV varies the bandwidth over a factor of seven.
The energy shift is so small that other experimental con-
ditions (transverse coherence lengths, for example) were
only negligibly changed. Five energies were chosen from
the above range for coincidence measurements, results of
which are summarized in Table I. We note that the en-
ergy bandwidths were calibrated using the nuclear forward
scattering (NFS) of 57Fe, because minor imperfections in
crystals possibly broaden the actual bandwidths DE from
the theoretical values DET [18].

The true coincidence rate CS and the accidental one CN
were measured with coincidence circuits and an electric
delay of 4.79 ms that corresponds to the revolution fre-
quency of the storage ring [11]. Here, the enhancement
R � CS�CN 2 1 of the coincidence rate is given by the
inverse of the mode number M � MxMyMt, where Mx
and My are the transverse mode numbers on the detectors
and Mt is the longitudinal mode number included in the
single pulse [10,13,19]. Because the incident light is par-
tially coherent in the transverse directions, we used a four-
quadrant slit in order to extract the coherent portion of the
beam (Fig. 1). Figure 2 shows values of R on varying hor-
izontal slit widths wx, at a constant vertical width of wy �
30 mm. For each energy, R increases as wx decreases. The
extrapolated value of R for wx ! 0 �Mx ! 1� is regarded
as M21

y M21
t . Assuming that the horizontal coherence pro-

files are Gaussians, they were well fitted using only two
parameters: the coherence length sx, and the scale factor
M21

y M21
t . The lengths sx ��8 mm� were close to those

calculated from the angular acceptances of the monochro-
mator, i.e., the angular size of the virtual source, 6 mm.
Similar measurements taken while scanning the vertical
widths wy assured that values of My at wy � 30 mm were
almost unity [13]. Thus the longitudinal mode number Mt
was determined at each condition.

Figure 3 shows the mode number Mt plotted as a
function of the bandwidth DE. Assuming that the pulse
envelope and the longitudinal coherence profiles are
both Gaussian distributions, Mt is given from theory
by

Mt �

s
1 1

s2
t

s
2
t

, (1)
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FIG. 2. The enhancement ratio of the coincidence rate R as a
function of the horizontal slit width wx, measured at different
energies. The lines represent the fit results.

where st is the pulse width in full width at half maximum
(FWHM). st is the longitudinal coherence time given by

st �
4h̄ ln2
DE

, (2)

where DE is the bandwidth in FWHM. Using these
equations, the data were fitted with one fitting parameter,
the pulse width st. The width st was determined to be
32.7 6 1.6 ps in FWHM. This value was compared to that
measured with a streak camera, 32 ps [20,21]. This level
of agreement was excellent. We confirmed that intensity
interferometry is applicable to measuring x-ray fast pulse
widths with high accuracy. However, if the coherence time
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FIG. 3. The longitudinal mode number Mt vs the energy band-
width DE. The line shows the fit result with a pulse width st
of 32.7 ps.
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st were to exceed the original pulse width, the monochro-
matic pulse would be a Fourier-limited pulse and its width
st would no longer be equal to the input pulse width.
This is actually observed in nuclear resonant decay with
synchrotron radiation [22]. Since the coherence times in
our measurement were sufficiently smaller than the input
pulse width for every condition, no significant differences
between the incident and the monochromatic pulse widths
(for infinity small wx) are expected. This assumption
was consistent with experimental results. More rigorous
treatment of the output pulse response can be calculated
using the time-space-dependent dynamical diffraction
theory [23].

Next, we discuss the applicable range of the method. In
order to observe the considerable enhancement of CS, it is
preferable that st be larger than �1022st. However, when
the incident beam is too monochromatized (i.e., st � st),
the output pulse is forced to have a delayed response, as
previously discussed. One must select a proper bandwidth
corresponding to the pulse width to be measured. Today,
various x-ray monochromators having a well-defined band-
width DE can be constructed using perfect crystals. A
wide range of DE from 1024 to 10 eV can be covered at
an energy of �10 keV. These bandwidths correspond to
values of st between 10 ps and 0.1 fs. Therefore, intensity
interferometry combined with such monochromators is ca-
pable of determining x-ray chaotic pulse widths in the time
scale from ns down to fs. Another essential requirement is
the brilliance of the light source. The signal-to-noise ratio
�S�N � of the coincidence enhancement is given by [10]

S�N ~ l2jBp

q
fBDT , (3)

where l is the wavelength, j is a product of the detec-
tor efficiency and the monochromator throughput, Bp is
the peak brilliance, fB is the pulse repetition rate, and
DT is the measurement time. In our measurement where
175 over 2436 rf-buckets in the storage ring were oc-
cupied with electron bunches (i.e., fB � 37 MHz), Bp

was calculated to be �3 3 1023 photons�s�mm2�mrad2

in 0.1% bandwidth at 100 mA [24], and the efficiencies
j to be a few percent. Under these conditions, a mea-
surement time DT of �1 h was necessary with a small
slit size in order to obtain a S�N greater than 10. Let
us consider to measure ultrafast pulses from the upcoming
linac-based, coherent x-ray sources. With the design pa-
rameters [5,6], one finds that even spontaneous emission
[Bp � 1028�1029� photons�s�mm2�mrad2 in 0.1% band-
width and fB � 120�6 3 104� Hz for LCLS (TESLA)] is
sufficient for our method. The method can be further ap-
plied to SASE FEL operation with proper attenuation of
intensity or by replacing the coincidence technique with
the photon-counting technique [25].

Our method, which is based on the fundamental property
of chaotic light, can be easily extended to faster pulse
regions, because the optics required are much simpler than
244801-3
those used in the present work. Fast time resolution is
unaffected by the timing jitter of the incident pulses and
of the trigger signal. At present, the method provides a
unique technique for characterizing �100 fs pulse profiles
generated with the forthcoming linac-based, coherent x-ray
sources. The method can be applied to characterize much
faster x-ray pulses produced by proposed slicing technique
of chirped pulses [26] and improved fast Bragg switches
[27–30], as well as the secondary pulses from materials.

[1] M. M. Murnane, H. C. Kapteyn, M. D. Rosen, and R. W.
Falcone, Science 251, 531 (1991).

[2] A. Rousse et al., Phys. Rev. E 50, 2200 (1994).
[3] R. W. Schoenlein et al., Science 274, 236 (1996).
[4] R. W. Schoenlein et al., Science 287, 2237 (2000).
[5] M. Cornacchia et al., Report No. SLAC-R-522 (Stanford

Linear Accelerator Center, Stanford, CA, 1998).
[6] DESY Report No. DESY97-048, edited by R. Brinkmann,

G. Materlik, J. Rossbach, and A. Wagner (Deutsches Elek-
tronen Synchrotron, Hamburg, 1997).

[7] S. M. Gruner et al., Rev. Sci. Instrum. 73, 1402 (2002).
[8] Z. Chang et al., Appl. Phys. Lett. 69, 133 (1996).
[9] R. Hanbury-Brown and R. Q. Twiss, Nature (London) 177,

27 (1956).
[10] E. Ikonen, Phys. Rev. Lett. 68, 2759 (1992).
[11] Y. Kunimune et al., J. Synchrotron Radiat. 4, 199 (1997).
[12] E. Gluskin et al., J. Synchrotron Radiat. 6, 1065 (1999).
[13] M. Yabashi, K. Tamasaku, and T. Ishikawa, Phys. Rev. Lett.

87, 140 801 (2001).
[14] R. Bonifacio et al., Phys. Rev. Lett. 73, 70 (1994).
[15] E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov, Opt.

Commun. 148, 383 (1998).
[16] T. Hara et al., Rev. Sci. Instrum. 73, 1125 (2002);

M. Yabashi et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 467–468, 678 (2001).

[17] M. Yabashi, K. Tamasaku, S. Kikuta, and T. Ishikawa, Rev.
Sci. Instrum. 72, 4080 (2001).

[18] The bandwidth DE at 14.412 keV was determined via NFS
measurement �DE � 0.145 6 0.012 meV�. The residual
broadening e evaluated from �DE2 2 DE2

T�1�2 was used
to calibrate bandwidths at additional energies as DE �
�DE2

T 1 e2�1�2.
[19] J. W. Goodman, Statistical Optics (Wiley, New York,

1985).
[20] H. Ohkuma et al., in Proceedings of the 2001 Particle Ac-

celerator Conference, 2001 (IEEE, Piscataway, New Jer-
sey, 2001), p. 2824.

[21] These measurements were performed at a radio-frequency
(rf ) voltage for the storage ring acceleration of 16 MV.

[22] Note that R cannot achieve a value of 1 for the pulsed light
because Mt is always greater than 1, while a value of 1 is
possible for cw light.

[23] J. S. Wark and H. He, Laser Part. Beams 12, 507 (1994);
F. N. Chukhovskii and E. Förster, Acta Crystallogr. Sect. A
51, 668 (1995); S. D. Shastri, P. Zambianchi, and D. M.
Mills, J. Synchrotron Radiat. 8, 1131 (2001); H. Yamazaki
and T. Ishikawa, J. Appl. Crystallogr. 35, 314 (2002).
244801-3



VOLUME 88, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 17 JUNE 2002
[24] T. Tanaka and H. Kitamura, J. Synchrotron Radiat. 8, 1221
(2001).

[25] T. Tanabe, M. C. Teich, T. C. Marshall, and J. Galayda,
Nucl. Instrum. Method Phys. Res., Sect. A 304, 77 (1991).

[26] R. Tatchyn and R. Bionta, Proc. SPIE Int. Soc. Opt. Eng.
4143, 89 (2001).
244801-4
[27] P. H. Bucksbaum and R. Merlin, Solid State Commun. 111,
535 (1999).

[28] M. F. DeCamp et al., Nature (London) 413, 825 (2001).
[29] A. Cavalleri et al., Phys. Rev. Lett. 87, 237401 (2001).
[30] Y. Tanaka et al., J. Synchrotron Radiat. 9, 96 (2002).
244801-4


