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SPring-8 Angstrom Compact free-electron LAser 
“SACLA”

700 m

High gradient C-band accelerator
(acceleration gradient: 35 MV/m)

In-vacuum short period
undulator (!u=18 mm)

XFEL amplification 
can be achieved at a 

relatively short distance
(~700 m)

Construction: FY2006-2010
First lasing: June 7, 2011
User operation: March 2012~
User time:  ~6000 hours in FY 2017
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Configuration of SACLA accelerator

T. Ishikawa et al., Nat. Photon. (2012).

500 keV
1 A× 1 ns

35 MeV
60 A× 3 ps

400 MeV
600 A× 200 fs

C-band traveling wave
accelerator tube 

1.4 GeV
~20 kA × ~10 fs 

Concept of compact XFEL “SACLA”
(SPring-8 Angstrom Compact X-ray Free Electron Laser)

• Short period undulator Æ Lower beam energy
𝜆𝜆𝑢𝑢= 18 mm

• High gradient acceleratorÆ Short accelerator length
𝐸𝐸𝑠𝑠𝑎𝑎𝑎𝑎= 35~40 MV/m

• Low emittance e-gun (𝜖𝜖𝑁𝑁< 1π µrad ) +
bunch compressionÆ Short saturation length
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Low-emittance 
thermionic gun

between the electron beam and the light required for maintaining
the light–electron interaction (see Methods for details). Second,
deviations in the magnetic field strengths in all the undulator
modules were suppressed to DK/K , 2 × 1024, a step that is necess-
ary to maintain the resonant condition. A gradual decrease in beam
energy due to resistive impedance from the small gap of the
undulator was compensated by adjustments to the K parameter.

Figure 2a presents a spectrum of laser light generated at l¼
124 pm (that is, a photon energy hn of 10.0 keV). For comparison,
a spectrum of spontaneous radiation (blue line) using a single undu-
lator module is also presented. An increase in the spectral intensity
by over three orders of magnitude, as well as a reduction of the
energy bandwidth from D E¼ 300 eV to 50 eV (full-width at
half-maximum, FWHM), were observed when we achieved lasing.
Although the spectra are averaged over 10 shots at each sampling
point, a spike feature originating from an inherent shot-to-shot
fluctuation of SASE still remains in the laser spectra (see
Methods). The stability of the SASE central wavelength deduced
from the electron beam energy is "3 × 1024 (root mean square,
r.m.s.). In the inset to Fig. 2a, the single-shot spatial profile of the
laser is presented. We found that the profile is a stable round
shape without any signs of distortion of the wavefront. The
angular divergence was determined to be 2.4 mrad (FWHM),
which is consistent with a design value of 1.8 mrad. Furthermore,
we shortened the wavelength of the light by increasing the beam
energy EB and decreasing K. We obtained an amplification of
intensity at l¼ 63.4 pm (hn¼ 19.5 keV), as shown in Fig. 2b,
demonstrating the first laser to operate in the sub-ångström wave-
length region. We note that these amplifications were achieved as
the fundamental radiation, that is, n¼ 1 in equation (1), whereas
theory predicts the existence of higher harmonic components. In

fact, a third-harmonic spectrum at l¼ 52.5 pm (hn¼ 23.6 keV)
was observed, as shown in Fig. 2c, with a relative intensity of 0.3%
compared with the fundamental radiation at l¼ 158 pm (hn¼
7.87 keV), which agrees with simulation results. We also observed
the second-harmonic component. Although the intensity was as
small as 1024 times the fundamental one, an afterburner technique
could be used to enhance the component. Note that this technique
has been used to amplify the second-harmonic radiation (l¼
69 pm, hn¼ 18 keV) at LCLS24.

We next investigated the evolution of intensity amplification as a
function of effective undulator length L, which is controlled by
detuning K in the latter modules. Figure 3a shows results obtained
at l¼ 124 pm. Here, the increase in intensity is initially rather
gradual, then suddenly grows exponentially at L¼ 20 m. This
exponential change continues up to L¼ 45 m, where the intensity
finally reaches saturation. The intensity fluctuation increases to
60% in the exponential growth regime and then decreases to 20%
in the saturation regime, as shown in this figure. These phenomena
are typical behaviours as predicted by SASE-FEL theory25. Figure 3b
presents results at other operating conditions using l¼ 72.9 pm
(hn¼ 17.0 keV) with a smaller K, which forces a limitation on the
growth rate of the intensity. As a result, we achieved the exponential
growth regime, but without reaching saturation in this case.

These experimental results led us to evaluate essential parameters
of the electron beam: the normalized slice emittance 1n, the peak
current Ip and the bunch duration t. The solid lines in Fig. 3a,b
show simulation results with the code SIMPLEX26 (see http://
radiant.harima.riken.go.jp/simplex), using the common parameters
1n¼ 0.7+0.1p mm mrad, Ip¼ 3.5 kA and t¼ 20 fs (FWHM) with
Gaussian distributions. These curves reproduced the measurements,
indicating that the emittance is kept close to the original value of
0.6p mm mrad at the exit of the electron gun, even after applying
a high compression ratio of over 3,000. The bunch duration t¼
20 fs agrees reasonably with measurements using radiofrequency
deflectors27. Note that the resulting bunch charge, 75 pC, is
smaller than that transported to the beam dump (250 pC). This
discrepancy suggests that only a small portion of the electron
bunch contributes to light amplification, and that further enhance-
ment of the intensity would be possible with different conditions of
bunch compression.

Finally, we investigated the dependence of laser intensity on
wavelength by changing EB and K over wide ranges, as presented
in Fig. 4. The intensity increased for larger values of EB and K, as
expected from theory13,28. The maximum pulse energy reached
0.48 mJ at l¼ 224 pm (hn¼ 5.54 keV) with EB¼ 5.8 GeV and
K¼ 2.1. The solid lines are the simulation results with the same
parameters as used in Fig. 3. Although peak radiation power was
not measured directly, it was estimated to be at a 10 GW level

Table 1 | Main parameter list for SACLA.

Parameter Present value
Electron beam

Beam energy 8.5 GeV (maximum)
Bunch charge "0.2–0.3 nC
Peak current, Ip .3 kA
Energy spread (projected) ,0.1%
Normalized emittance (projected) 1p mm mrad
Repetition rate 10 Hz (60 Hz maximum)

Undulator
Periodic length, lU 18 mm
Number of undulator modules 18
Total number of periods 4,986
Maximum K 2.2
Minimum gap 3.5 mm
Averaged betatron function, bX/bY 22 m/22 m
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Figure 1 | Schematic of SACLA. EG, 500 keV electron gun; DF, deflector with collimator; SHB, 238 MHz subharmonic buncher; BS, 476 MHz booster; L-CC,
L-band correction cavity; L-APS, L-band alternating periodic structure (APS) typed standing-wave cavity; C-CAT, C-band correction acceleration tube; S(C)-
TWA, S(C)-band travelling-wave acceleration tube; BCn (n ≈ 1–3), nth bunch compressor; EDS, electron beam diagnostic section; SM, switching magnet;
UND, undulator line; BLn (n¼ 1, 3), nth beam line; XDS, X-ray diagnostic system; EHA, experimental hall; OH, optical hutch; EH, experimental hutch.
Although SACLA has the capability to install five independent FEL beamlines, two beamlines (BL1 and BL3) are currently available. All experiments presented
in this Letter were performed at BL3.
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high-power test, the RAIDENs, along with vacuum manifolds,
rectangular waveguides, and water lines, were mounted on sup-
port girders in the accelerator tunnel of SACLA.

A break down rate of RAIDEN in the rated high-power opera-
tion was 1.4!10-6/pulse/m after the high-power test, and
improved to 4.2!10-8/pulse/m after operation of 2800 h in the
tunnel.

3. Longitudinal diagnosis

Fig. 11 shows a schematic illustration of the longitudinal
diagnostic system for the two RAIDENs at SACLA. Fig. 12 shows
examples of measured electron-bunch profiles: (a) shows an
electron bunch without deflection, (b) shows an electron bunch
compressed to 1 ps on trial at VT¼19 MV, and (c) shows an
approximately 40 fs electron bunch at VT¼60 MV. An electron
bunch was successfully pitched in the RAIDENs at the zero-
crossing RF phase and VT¼60 MV. The transverse beam profile
was measured by using a Ce:YAG screen monitor set at Ld¼12.5 m.
The monitor has a spatial resolution of less than 10 μm [3].
Inserting these parameters into Eq. (1) gives an expansion ratio
σt/ly of 52 fs/mm at VT¼60 MV. Thus, the theoretical time-
resolution of the diagnostic system was approximately 1 fs. How-
ever, the electron bunch had a natural finite size of 170 μm rms in
the transverse direction, as seen in Fig. 12(a), which is equivalent

to approximately 9 fs on the longitudinal scale. Thus the projection
on the screen is a mixture of the natural beam spot and the
vertical expansion under the deflecting voltage. The time resolu-
tion of the diagnostics was actually limited by the spot size. The
vertical spot size is estimated by

σy0 ¼

ffiffiffiffiffiffiffiffi
βεn
γ

s

ð4Þ

where β is the beta function at the monitor, εn is the normalized
emittance, and γ is the Lorentz energy factor of the bunch. The
quantity σy0 was estimated to be approximately 150 μm by using
the design parameters β¼60 m, εn¼1.0πmm-mrad, and γ¼2740
in Eq. (4) [25]. This value was close to the observed value.

We obtained a value of expansion ratio by measuring the
vertical position of the bunch center yc as a function of deviation
θ0 and using the following equation:

tz
lT
¼

1
ck cos θ0

Δθ0

ΔyC

" #
: ð5Þ

Fig. 13 shows the measured result when VT was 22 MV so as to
keep yc within the 5 mm by 5 mm screen. Converting the mea-
sured value to one at VT¼60 MV, the expansion ratio was
53713 fs/mm and agreed well with the theoretical result.

Although the effective resolution of our diagnostic system was
limited to approximately 10 fs by the natural spot and by experimental
errors, the scheme for examining a longitudinal 30 fs electron-bunch

Ce:YAG 
screen

RAIDEN  2

3.7 m
12.5 m

50MW 
KLYSTRON

RF power

e-

Fig. 11. (a) Layout of longitudinal diagnostic system and (b) a photograph of RAIDENs at SACLA.

H. Ego et al. / Nuclear Instruments and Methods in Physics Research A 795 (2015) 381–388386

E-bunch diagnostic
(RF deflector)



Longitudinal diagnostic by RF deflector
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•Transverse C-band deflecting structure
•Deflecting voltage: ~60 MV
•Time resolution: 10-20 fs 
!mainly determined by the projection size of e-beam

3.7 m 12.5 m

15 fs

Typical temporal profile of e-bunch 
measured by RF deflector

•Measured e-bunch duration is comparable to
 the time resolution of the deflector

"E-bunch duration is less than 15 fs 



Measurement of XFEL duration @SACLA

Single-shot spectrum +
FEL simulation

Inubushi, PRL (2012).
Inubushi, Inoue, Appl. Sci. (2017).

energy up to 7 GeV. During the acceleration, a three-stage
bunch compression system increased the peak current from
1 A to the kiloamperes level [19]. The in-vacuum, short-
period undulator generated XFEL light with a photon
energy of E ¼ 10 keV and a spectral bandwidth of
40 eV full width at half maximum (FWHM). For perform-
ing a single-shot, high-resolution measurement of the spec-
tra, we developed a spectrometer [20] consisting of an
ultraprecisely figured elliptical mirror, an analyzer flat
crystal of silicon (555), and a multiport charge coupled
device (MPCCD) detector, as shown in Fig. 1. The spectral
range !" of a dispersive spectrometer using Bragg reflec-
tion is described by

!" ¼ !!"

tanð!BÞ
: (1)

Here, !B is the Bragg angle, which is 81.3 deg for 10-keV
x rays. " is the photon energy. !! is the divergence angle
of the x-ray beam. Although !! for XFEL radiation
($ 2 "rad) was too small to obtain sufficient spectral

range, the elliptical mirror was utilized to enlarge the
divergence angle to 2.5 mrad. The resultant spectral range
was 4.2 eV. The spectral resolution d"=" is described by

d"

"
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
#2 þ L2!2

p

L tanð!BÞ
: (2)

Here, # is an x-ray source size corresponding to the focal
spot size of 56 nm calculated using the Fresnel diffraction
integral, L is the distance from the source to detector
(4.2 m), and ! is the FWHM of the Darwin curve for the
Bragg reflection for $ polarization. The spectral resolution
was measured to be 14 meV, which agreed with that given
by Eq. (2), using monochromatic incident x rays. These
properties enabled us to evaluate pulse durations from a
femtosecond to subpicosecond region.
First, we show a typical single-shot spectrum in

Fig. 2(a), which was measured at a normal bunch com-
pression (condition 1). We found that the spike features
could be completely resolved with the spectrometer. Next,
we increased the bunch compression strength and reduced

(a) (b) (c)

(d) (e) (f)

FIG. 2 (color online). Measured single-shot spectra of XFEL for (a) compression condition 1, (b) compression condition 2, and
(c) compression condition 3. The horizontal axis indicates relative photon energy from the central value of E ¼ 9997 eV. The
weighted-average width % of the spikes was determined to be (a) %1 ¼ 110 meV, (b) %2 ¼ 290 meV, and (c) %3 ¼ 600 meV in
FWHM. (d)–(f) Simulated spectra with the average spike widths that are the same as those in (a)–(c), respectively. In the simulation,
we used the energy chirps of the electron-beam ð!E=EÞ=dt ¼ ðdÞ2 & 10' 5 fs' 1, (e) 4 & 10' 5 fs' 1, and (f) 8 & 10' 5 fs' 1 for
conditions 1, 2, and 3, respectively.

PRL 109, 144801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

5 OCTOBER 2012

144801-2

X-ray pulse duration@SACLA:
6-8 fs (FWHM)

E-bunch duration should be
comparable or less than 10 fs

Experiment

Simulation
⊿T=31 fs ⊿T=8.9 fs ⊿T=4.5 fs



How to improve the resolution of longitudinal diagnostics ?

Shot Undulator
(1 segment)

Spontaneous
X-ray pulse

e-bunch

Shapes are almost identical
(slippage of e-beam is 

negligibly small: 
~ a few tens of attoseconds)

Time

Intensity

X-ray

Temporal profile of 
the X-ray pulse

Time

Current

e-bunch

Current profile of 
the e-bunch



Temporal diagnostic of X-ray beam

Time

Intensity

X-ray C4575-03
Enables ultrafast measurements of X-rays in the range of 10 eV - 10 keV 
with 0.5 ps or less temporal resolution and high spatial resolution

Temporal resolution: 0.5 ps or less FWHM (Calculated)

Large photocathode: 8.6 mm
Simultaneous measurements of time, 
position and light intensity 

The C4575-03 X-ray streak camera employs a X-ray streak tube 

which is capable of achieving extremely high temporal resolution 

and high spatial resolution. The camera can detect X-rays from 10 

eV to 10 keV with 0.5 ps temporal resolution. It utilizes an image 

intensifier to achieve high gain (sensitivity) along with high spatial 

resolution. A high-performance, 1-megapixel cooled CCD camera is 

included to preserve the streak image in digital format. 

X-ray streak camera 
for sub-picosecond time-resolved measurement

XFEL
X-ray laser
X-ray plasma light emission 

Features

Applications 

Max. time resolution:
500 fs

Max. frame rate: 
~106 frame/s
(~1 µs/frame)

C4575-03
Enables ultrafast measurements of X-rays in the range of 10 eV - 10 keV 
with 0.5 ps or less temporal resolution and high spatial resolution

Temporal resolution: 0.5 ps or less FWHM (Calculated)

Large photocathode: 8.6 mm
Simultaneous measurements of time, 
position and light intensity 

The C4575-03 X-ray streak camera employs a X-ray streak tube 

which is capable of achieving extremely high temporal resolution 

and high spatial resolution. The camera can detect X-rays from 10 

eV to 10 keV with 0.5 ps temporal resolution. It utilizes an image 

intensifier to achieve high gain (sensitivity) along with high spatial 

resolution. A high-performance, 1-megapixel cooled CCD camera is 

included to preserve the streak image in digital format. 

X-ray streak camera 
for sub-picosecond time-resolved measurement

XFEL
X-ray laser
X-ray plasma light emission 

Features

Applications 

High speed camera

Intensity interferometry of
spontaneous X-rays from e-bunch

https://www.photron.co.jp/

https://www.hamamatsu.com/



Intensity interference of chaotic light

discovered by
Hanbury Brown & Twiss
in the mid 1950’s

•
•

r1

r2

Intensities of chaotic light 
within spatial and temporal coherence
lengths are correlated

Space

Time

“photons in chaotic light tend to be bunched”



Intensity interference of chaotic light

discovered by
Hanbury Brown & Twiss
in the mid 1950’s

•
•

r1

r2

Intensities of chaotic light 
within spatial and temporal coherence
lengths are correlated

Space

Time
Coherence time
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“photons in chaotic light tend to be bunched”



pulse duration > coherence time
Space

Time

Space

Time

Time-integrated intensity interference in pulsed light

pulse duration coherence time'

Pulse duration Pulse duration

Space

Integrated 
intensity

No correlation of
time-integrated intensities at 

separated positions

Strong correlation of 
time-integrated intensities 

within spatial coherence length

Space

Integrated
intensity

By changing the coherence time of the optical pulse and
measuring the degree of time-integrated intensity interference, 

we can determine the temporal intensity profiles of optical pulses.



Coherence time achievable by X-ray optical devices 

Multilayer
⊿E/E=10-2 - 10-3

Crystal monochromator
Si, Ge, SiO2, InSb etc..

Undulator radiation itself

⊿E/E=10-3-10-8
Coherence time : 10-100 as Coherence time : 100 as-10 ps

⊿E/E~10-1-10-2
Coherence time : 1 as-10 as

http://www.ntt-at.com/
product/multilayer/ Crystals

for X-Ray
spectrometry

https://www.saint-gobain.co.jp/



Intensity interferometry ＠SACLA BL3 (10.5 keV XFEL)

e-bunch
Undulator (1st)

Spontaneous 
X-ray pulse

Si 111
DCM

0 m 200 m 220 m

Si flat crystal

2D-detector
(MPCCD)

• e-beam energy: 8.1 GeV 
• Total  charge: 235 pC 
• K parameter: 2.096

Gap-opened
undulators
(2nd - 21st)

Reflective 
index

Coherence 
time

111 0.8 fs

220 1.3 fs

311 2.6 fs

440 7.7 fs

333 8.4 fs

444 14.8 fs

660 30.9 fs

555 46.4 fs

⌧c = 1/(2�!)

frequency spread 
of X-ray beam 

after monochromator

coherence time



Single-shot image of spontaneous X-ray pulse

1 mm

τc=0.7 fs

1 mm

cf. Averaged image over 
multiple pulse

Spontaneous X-ray radiation
monochromatized by Si 111 reflection

I. Inoue et al., PRAB 21, 080704 (2018).
Some portions of the X-ray beam is cut 

due to the limited aperture 
of the beamline



Quantitative analysis of intensity interference 
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autocorrelation of 
temporal shape 
of X-ray pulse

Relationship between g2peak and coherence time

Coherence time (fs)

g(2)peak

Time

Intensity

X-ray
P (t)

⇧(⌧) =

Z
P (t)P (t+ ⌧)dt

Cu
rr

en
t /

kA

Time /fs

I. Inoue et al., PRAB 21, 080704 (2018).

Determination of e-bunch profile by intensity interferometry

coherence time of X-ray beam 
after monochromator
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autocorrelation of 
temporal shape 
of X-ray pulse

Relationship between g2peak and coherence time

Coherence time (fs)

g(2)peak

Time

Intensity

X-ray
P (t)

⇧(⌧) =

Z
P (t)P (t+ ⌧)dt
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en
t /

kA

Time /fs

I. Inoue et al., PRAB 21, 080704 (2018).

Determination of e-bunch profile by intensity interferometry
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autocorrelation of 
temporal shape 
of X-ray pulse

Relationship between g2peak and coherence time

Coherence time (fs)

g(2)peak

Time

Intensity

X-ray
P (t)

⇧(⌧) =

Z
P (t)P (t+ ⌧)dt
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Time /fs

I. Inoue et al., PRAB 21, 080704 (2018).

Determination of e-bunch profile by intensity interferometry

coherence time of X-ray beam 
after monochromator
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Evaluation of XFEL pulse duration

Temporal profile of
e-bunch

etc…

Time /fs

Cu
rr

en
t /

kA

High current region of e-bunch 
selectively emit intense X-rays

Temporal profile of XFEL pulse
(10.5 keV)

FEL simulation
(SIMPLEX)

emittance
energy spread
energy chirp
betatron function XFEL duration is ~7 fs (FWHM) 

+Other parameters

respectively. Here, we set the time corresponding to the
peak current position of the first Gaussian function to 0 fs
for simplicity. The current profile measured by the rf
deflector at SACLA was well fitted by Eq. (6), and we
obtained the following parameters: Q1 ¼ 161" 11 pC,
Q2 ¼ 75" 7 pC, σ1 ¼ 8.3" 0.5 fs, σ2 ¼ 17.3" 1.1 fs,
and t12 ¼ 21.3" 1.4 fs. Here" denotes the pulse-by-pulse
differences. In the double Gaussian model, the degree of the
intensity interference is given by

gð2Þ0 ¼ 1þQ2
1=ðQ1 þQ2Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ σ21=τ

2
c

p þQ2
2=ðQ1 þQ2Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ σ22=τ

2
c

p

þ 2Q1Q2=ðQ1 þQ2Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðσ21 þ σ22Þ=ð2τ2cÞ

p exp
"
− 1

2
·

t212
σ21 þ σ22 þ 2τ2c

#
:

ð7Þ

We examined whether the double Gaussian model with
parameters determined by the rf deflector is consistent with
the result of the HBT interferometry. The green dotted
curve in Fig. 3(a) is gð2Þ0 calculated by Eq. (7) with
Q1 ¼ 161 pC, Q2 ¼ 75 pC, σ1 ¼ 8.3 fs, σ2 ¼ 17.3 fs,
and t12 ¼ 21.3 fs. While the calculated and the measured
gð2Þ0 are almost the same for long coherence times over

30 fs, the calculated value is much smaller than the
measured gð2Þ0 for shorter coherence time. Such under-

estimation of gð2Þ0 could be explained by the presence of
sharp current peak whose duration is shorter than the time
resolution of the rf deflector.
Based on this assumption, we fitted the dependence of

gð2Þ0 on the coherence time by Eq. (7) with two fitting
paramets σ1 and σ2, while using the parameters measured
by the rf deflector Q1 ¼ 161 pC, Q2 ¼ 75 pC, t12 ¼
21.3 fs that were not influenced by the limited temporal
resolution of the rf deflector. The experimental result was
well described by the fitting curve [Fig. 3(a)], and σ1 and σ2
were determined to be 2.8" 0.3 fs and 12.6" 4.3 fs,
respectively. The blue curve in Fig. 3(b) shows the current
profile of the e-bunch determined by the x-ray HBT
interferometry [Eq. (6) with Q1 ¼ 161 pC, Q2 ¼ 75 pC,
σ1 ¼ 2.8 fs, σ2 ¼ 12.6 fs, and t12 ¼ 21.3 fs]. It was found
that the peak current value of the e-bunch was 23 kA and
the peak duration was 7 fs in full width of the half-
maximum (FWHM). For comparison, the current profile
measured by the rf deflector is also shown in this figure.
Finally, we evaluated an emittance of the electron beam

and the duration of the XFEL pulse generated by the
e-bunch in the normal operating condition of SACLAwith
the help of a numerical simulation. Assuming the emittance
is constant over all e-bunch positions and the current profile
of the double Gaussian function model [Eq. (6) with
Q1 ¼ 161 pC, Q2 ¼ 75 pC, σ1 ¼ 2.8 fs, σ2 ¼ 12.6 fs,
and t12 ¼ 21.3 fs], we simulated XFEL intensity evolution
along the undulators in a normal operation condition at
SACLA using a FEL simulation code SIMPLEX [44]. By
performing simulation with different emittances, we found
that the result with an emittance ϵ ¼ 0.9" 0.1 πmmmrad
well reproduces the intensity gain length Lg ¼ 2.3 m that
was obtained experimentally. Figure 4 shows the temporal
profile of the XFEL pulse simulated at the exit of
undulators for ϵ ¼ 0.9 πmmmrad. For reference, the
current profile of the e-bunch determined by the HBT
interferometry is also shown. It was found that the high
current region of the e-bunch beneath 0 fs in the horizontal
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FIG. 3. (a) gð2Þ0 as a function of coherence time of the x-ray
beam after monochromator (black markers) and the fitting results
by single (red solid curve) and double (blue solid curve) Gaussian
function models. Green dotted curve represents gð2Þ0 calculated by
Eq. (7) with the e-bunch parameters measured by the rf deflector.
(b) Current profile of the e-bunch determined by the x-ray HBT
interferometry (blue solid curve) and that measured by the rf
deflector (green solid curve).
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FIG. 4. Simulated temporal structure of the XFEL pulse (red
solid curve) and the current profile of the e-bunch determined by
the x-ray HBT interferometry (blue dotted curve).

ICHIRO INOUE et al. PHYS. REV. ACCEL. BEAMS 21, 080704 (2018)
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X線ヘテロダイン干渉法による 
XFELパルスの時間プロファイル評価

○大坂泰斗1,2，平野嵩2，森岡裕貴3，佐野泰久2，犬伏雄一4，富樫格4，!
井上伊知郎1，松山智至2，登野健介4，山内和人2，矢橋牧名1,4 

1理研/SPring-8，2阪大院工，3阪大工，4JASRI
第30回日本放射光学会 @神戸芸術センター 

2017年1月9日
!E ~ 0 eV !E ~ 0.2 eV !E ~ 0.4 eV

5F005

Comparison with other diagnostic methods

Osaka et al., in preparation.

Interferometry of XFELs 
with different wavelengths

mono-XFEL 
pulse duration: 
~8 fs (FWHM)

High-resolution spectrum

/1110
時間プロファイルの推察

8.1 fs

Split-Delay光学系後のXFEL時間プロファイル 
約8fs FWHMのメインピークと10%程度のテール

8.1 fs
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実験配置

SACLA 
アンジュレータ Si(111) DCM

位相回折格子
0次光 

Split-Delayへ

Si(660) 
スペクトロメータ1

Si(660) 
スペクトロメータ2 
(optional)

Split-Delay光学系

SACLA BL3 
E = 10 keV 
OH, EH1, EH2, EH5

間接照明型 
2次元検出器

E0

E0 + !E

スペクトロメータ1：ショット毎の入射FELスペクトル 
スペクトロメータ2：分割FELパルスの平均光子エネルギー

~90 m Upper

Lower

Si(111)

1次光

スペクトロメータ1

スペクトロメータ2

XFEL pulse duration: 
6-8 fs (FWHM)

Inubushi, Inoue, Appl. Sci. (2017).



Summary

Intensity interferometry for temporal diagnostic of e-bunch/XFELs has 
been proposed and demonstrated.

Our scheme is applicable to much shorter e-bunches since the 
coherence time of X-rays can be controlled to attosecond region with X-
ray optical devices.

This scheme is cost effective and easily conducted.
→should be useful for cross-checking with other diagnostic systems.

Single-shot temporal diagnostic scheme based on intensity 
interferometry is under development.




