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An experimental scheme to realize single-shot spectrometry for the diagnostics of x-ray free-electron
lasers (XFELs) is presented. The combination of an ultraprecisely figured mirror and a perfect crystal
form a simple, high-precision spectrometer that can cover an energy range from a few eV to a hundred eV
with high resolution. The application of the spectrometer to determine XFEL pulse widths was inves-
tigated theoretically and experimentally. It has been shown that the present system can determine pulse
widths from sub-fs to ps in a single shot even for spontaneous radiation. The system can be easily

extended to even shorter pulses.
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X-ray free-electron lasers (XFELs) will provide novel
insights into atomic-scale science with ultrafast time reso-
lution. The XFELSs currently proposed [1-3] are based on
the self-amplified spontaneous emission (SASE) principle
[4], which combines a long undulator with a linac. Because
shot-to-shot variations of linac beam parameters can be
large, single-shot diagnostics of the electron and photon
beams are crucial for realizing stable FEL saturation.
Naturally, the photon beam diagnostics give essential in-
formation for all XFEL applications. In particular, precise
evaluation of the x-ray pulse width is a critical issue for
many experiments such as ultrafast chemistry, nonlinear
optics, and single molecular diffraction [5].

The photon beam is characterized by a density in six-
dimensional (6D) phase space (i.e., energy time and a
couple of spatial-momentum coordinates) with polariza-
tion information. One of the most important targets in
XFEL diagnostics is the single-shot measurement of the
energy spectrum. A straightforward application with mod-
erate resolution (AE/E = 10™%) is to trace photon beam
energy with every shot, which leads to precise evaluation
of the electron beam energy. This is also useful for char-
acterizing magnetic fields of undulators.

Higher-resolution measurements (AE/E < 10™*) ena-
ble one to resolve the microstructure of the energy spikes
that originate from the random superposition of coherent
wave packets. This is very attractive because the structure
gives a clue for the simple determination of the pulse
width. Furthermore, the statistical analysis of the structure
gives the second-order coherence properties of radiation
[6]. The principle is based on the fact that the microstruc-
ture in the energy domain is related to the macrostruc-
ture (envelope) in the temporal domain by a Fourier trans-
form [7-10]. If we denote their averaged widths as AE and
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At (in FWHM), the product AEA¢ is simply equal to
1.8 eV - fs for Gaussian distributions.

In synchrotron radiation, single-shot spectrum measure-
ments with Fourier-limited resolution have been realized
for low-energy photon beams. Sugahara et al. developed a
single-shot spectrometer for THz coherent radiation from
short-bunched electrons bent in a dipole magnet [11].
Catravas et al. measured the microstructure of the energy
spectrum of visible light from a wiggler installed in a linac
[10]. Recently, a group at the TESLA Test Facility (TTF)
has succeeded in measuring the vacuum ultraviolet (VUV)
spectrum of SASE-FEL by single-shot detection [12]. For
evaluating pulse widths, these “‘energy-domain” methods
are complementary to the “time-domain’ methods such as
the correlation method using an external laser [13].
Notable features of the former are as follows: (i) the mea-
surement is free from the timing jitter between the x rays
and the external trigger, and (ii) the required spectral
resolution of the analyzer system becomes relaxed as the
pulse width decreases owing to their reciprocal relation-
ship. The method can therefore be applied to the evaluation
of pulse widths shorter than a femtosecond.

In the x-ray region, high-resolution spectrometry with
sub-meV resolution is realized using crystal monochroma-
tors [14,15] or analyzers [16]. However, they are in general
not designed for single-shot measurements. Although a
dispersive spectrometer which combines a curved crystal
with an array detector [17] can realize single-shot mea-
surements, the achieved bandwidth of ~1 eV, which is
mainly limited by the lattice distortion of the bent crystal,
is insufficient for resolving energy spikes originating from
pulse lengths = 100 fs. In this Letter, we present a simple
scheme for realizing both high-resolution and single-shot
spectrometry for the diagnostics of XFEL. We demon-
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strated the validity of the method by performing a proof-of-
principle experiment. We focus on the application for the
evaluation of XFEL pulse widths by this method.

Figure 1 shows a schematic of the experimental setup
used at the 1 km beam line of SPring-8 [18]. The nearly
parallel incident x rays (E = 10 keV, angular divergence
Q; = 0.3 prad) are converted to the divergent beam (di-
vergence (), = 2.3 mrad) by an elliptical mirror, which is
made from single-crystal silicon with a Pt-coated surface.
The smoothness of mirror surface is very important for
reducing unwanted intensity variations, referred to as
speckles [19]. Thus, the surface is ultraprecisely figured
by the combination of elastic emission machining (EEM)
[20] and microstitching interferometry (MSI) [21]. The
divergent beam is dispersed with a flat analyzer crystal
using the Si 555 symmetric reflection. The Bragg angle is
0p = 81.3° for E = 10 keV. The analyzed beam is then
detected with a position sensitive device. At the detector
plane set normal to the beam, the lateral shift Ad of the
dispersed beam with energy deviation A€ is given by

Ae
Ad = thaHHB, (1)

where L is the distance between the focal point to the
detector.

Although our final goal is single-shot detection, the pho-
ton flux in the present synchrotron light source is insuffi-
cient for the purpose. To study a fundamental property of
the scheme, we set a Si 555 channel-cut monochromator
with a narrow bandpass of AE,; = 13.8 meV. The energy
deviation A€ is controlled by angular tuning of the mono-
chromator. Figure 2(a) shows images of the dispersed beam
detected with a CCD (pixel size of 6 um X 6 pm, 1024 X
1024 pixels). The beam position shifts as the monochro-
matic photon energy changes. For finer spatial resolution
measurements, a gold wire (diameter of 100 pm) placed in
front of an avalanche photodiode (APD) was scanned at
2.5 pm steps. In Fig. 2(b), deviations of the central posi-
tions Ad are plotted as a function of photon energy. The
line is a fit to Eq. (1) with a fitting parameter L = 1.71 m,
which agreed with the experimental setup. The differences
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FIG. 1 (color online). Schematic view of experimental setup.
The incident beam is diverged by the mirror and dispersed by the
analyzer crystal. The detector measures the energy spectrum as a
spatial intensity distribution. The monochromator is used for
evaluating the performance of the system.

from the linear fit Ad — Adg; (shown as open circles in the
figure) are smaller than 4 pm.

We studied the energy resolution achieved with this
system. Figure 3 shows a typical profile of the dispersed
beam measured by scanning the Au wire. The average
beamwidth is determined to be 21.3 = 3.1 um, which
corresponds to an overall energy bandwidth of AE, =
19.0 = 2.7 meV with Eq. (1). The intrinsic bandwidth of

the analyzing system is AE=,/AE7—AE% =13.1%
1.9 meV. Theoretically, we evaluate the value on the basis
of spherical-wave diffraction theory [22]. The resolution is

AE _ cotfg/o? + (2pAcosfp)? + wil”?
E L

)

where o, is the focal size of the mirror, L' is the distance
from the crystal to the detector, p is a dimensionless
coefficient (we set p = 1.6, as obtained from the numerical
calculation), and w, and A are the total reflection width
and the extinction distance of the analyzer crystal, respec-
tively. Applying our parameters o, = 1.4 um, L' =
0.79 m, w, = 8.63 urad, and A = 30.2 um, the theoreti-
cal bandwidth is determined to be AE = 14.5 meV, which
is in good agreement with the experiment.

The energy resolution is related to the maximum pulse
width that can be determined. Below we give a theoretical
explanation. We suppose that light to the detector is trans-
versely coherent and is chaotic longitudinally. Then the
enhancement of the normalized intensity correlation func-
tion in the frequency domain is given by [7]
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FIG. 2 (color online). (a) CCD images of dispersed beams for
different incident energies. (b) Positional dependence of dis-
persed beam on beam energy Ae. The solid circles (correspond-
ing to the left axis) show the position Ad, while the open circles
(corresponding to the right axis) indicate the difference Ad —
Adfit-
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FIG. 3. Spatial profile of dispersed beam (lower axis). The
corresponding energy scale is shown on the upper axis.

C/(Aw) = I()(w + Aw))/ (@) = 1 = |y(Aw)?,
3)

where (- - -) is the average over the frequency, and y(Aw)
is the first-order coherence function. In fact, the finite
energy bandwidth of the measurement system should be
taken into account. The function is then modified as

C'F(Aw)=f_oo da/_oo da'R(a)R(a)|y(Aw — a' + a)|?,
4)

where R(a) corresponds to the resolution function of the

analyzing system. For simplicity, we suppose that the

coherence and the resolution functions are the Gaussian

distributions with rms widths of o, (=2+/2In2/Af) and o,

(=AE/2h+/2In2), respectively. Then Eq. (4) is reduced to
Cr(Aw) = Te

e )
o’ + 402 o; + 407

2
= C‘max exp<— Aaaz) ) (5)

T

The term o, which is related to the pulse width A¢, can be
retrieved from the maximum enhancement é‘max [10]. The
correlation width o7 becomes another good reference for
evaluating At, if the condition C‘max =~ ] is required. We
investigate the dependence of C‘max on At for several
bandwidths AE. The result, which is shown in Fig. 4,
indicates that an appropriate choice of AE permits the
determination of Af over a wide range.

In particular, the bandwidth AE = 13.1 meV in the
present setup covers the range At =< 10 ps. The noise in
the real measurement, however, can raise the minimum
detection level of C,y, and suppress the upper limit of
determinable pulse width. It is considered that the most
serious noise from the optical components is the speckles
in the mirror reflection; the angular intensity modulation of
the reflected beam causes intensity variations in the final

energy spectrum. We measured intensity distributions by
scanning the incident energy Ae for different illuminated
mirror areas: the EEM-finished and prefinished parts. The
standard deviations, o7, of the fluctuation are measured to
be 0.079 and 0.35, respectively. We found that the fluctua-
tion is much reduced under the former condition. If we
regard the fluctuation levels as the minimum detectable
values of C'max, the maximum pulse widths to be deter-
mined are 1.8 and 0.4 ps, respectively, as seen in Fig. 4. The
result shows that high-quality mirror surfaces are essential
for determining pulse widths in the sub-ps to ps region.
Next, we consider the minimum measurement limit of
the pulse width. In this case, we assume that C‘max ~1is
required and that the pulse width is evaluated from the
width o;. Because o increases as Ar decreases, the
minimum detection limit of At is related to the total energy
range AE,, of the analyzer system, which is given by

AE,, = EQ, cotfp. (6)

The value is AE,, = 3.5 eV with the present parameters,
which corresponds to a single-mode pulse width of Az =
520 as. For much shorter pulses, we can switch the reflect-
ing plane of the analyzer crystal to a lower index. For
example, the use of the Si 111 reflection (6 = 11.4° at
E =10 keV) gives AE,, = 114.1 eV, which corresponds
to a width of Az = 16 as.

Finally, we evaluate the statistical noise of C’max involved
in photon detection. In the photon counting scheme, the
enhancement C‘max is connected to the counting number K
in a detector pixel [7],

o KD KR (K -
max < K>2 .

The signal-to-noise ratio, SNR = C’max / Aé‘max, can be ob-

0.1 1 10 100
At (fs)

1000 10000

FIG. 4 (color online). Maximum enhancement C‘max as a func-
tion of Az. The parameter is the bandwidth AE. The solid (open)
circle shows the measured intensity fluctuation o; on the contour
line AE = 13.1 meV for the EEM-finished (prefinished) part of
the mirror.
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tained by calculating the second-order moment of Crax-
Assuming that the pixel number N, is large, SNR can be
represented as [23]

SNR = py/N,/2X[(1 +M~") +2p(1 +2M7")

+ p2(1 +3M Y12, ®)

where p = (K)/M and M is the mode number, which is
equal to the reciprocal of Cy,,. We investigate Eq. (8) in
two limiting cases. If the photon number in a single mode
is small, i.e., p << 1, SNR converges to p Np/2, which is
a form similar to that of intensity interferometry based on
the coincidence technique [7,24]. In contrast, the SNR
approaches \/N,, /[2(1 + 3/M)] when p > 1. This is in-
dependent of p because the effect of the Bose-Einstein
statistics that have large fluctuations becomes significant in
this case. With the present optics, p is represented as

a5D
P ==
NP

1—1/M? 9)

where « and 6 are the efficiency and the Bose degener-
acy, respectively. Note that N, in the denominator is due to
the dispersive optical arrangement. Now we evaluate SNR
using the photon beam parameters given in Ref. [2]. For the
present optics with Az = 200 fs, « = 0.8, and M = 1.7 is
obtained. The degeneracy is expected from 8, ~ 103 (for
spontaneous radiation) to 8, ~ 10% (for the SASE satu-
rated condition). In the former case, p = 1 is obtained from
Eq. (9) by setting the detector pixel number N, = 103
Then a SNR = 7.6 is determined from Eq. (8). The value
corresponds to an error of Az to be 40 fs, from an analysis
based on Fig. 4. The result shows that single-shot detection
is plausible even for spontaneous radiation. For a saturated
SASE beam, p is a large number and one is able to analyze
the original correlation function Cr(Aw) with a good sta-
tistics, which provides more detailed information about the
pulse shape and statistical properties of the photon beam.

In conclusion, we presented a simple scheme for single-
shot spectrometry of XFEL. An energy range from a few
eV to a hundred eV can be selected by choosing an ap-
propriate reflecting plane of the analyzer crystal. The
application of the method to evaluation of pulse width
was discussed. The maximum measurement limit is deter-
mined by the energy resolution and the uniformity of the
intensity distribution, while the minimum limit is domi-
nated by the energy range. The present optics with the Si
555 reflection can cover a wide temporal range, 520 as =
At = 1.6 ps. Much shorter times are easily achieved by
changing the reflecting plane to a lower index. The method
can trace a change in temporal profile through the evolu-
tion of the lasing process from the exponential growth
regime to saturation, which will provide important experi-
mental information on the SASE lasing mechanism. The
measurement can also reveal the second-order coherence

of the light source. This is necessary for understanding the
radiation properties of future XFELSs, which aim at single-
mode lasing [25-27].
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