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Wavefront Analysis of Nonlinear Self-Amplified Spontaneous-Emission Free-Electron Laser
Harmonics in the Single-Shot Regime
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The single-shot spatial characteristics of the vacuum ultraviolet self-amplified spontaneous emission
of a free electron laser (FEL) is measured at different stages of amplification up to saturation with a
Hartmann wavefront sensor. We show that the fundamental radiation at 61.5 nm tends towards a single-
mode behavior as getting closer to saturation. The measurements are found in good agreement with
simulations and theory. A near diffraction limited wavefront was measured. The analysis of Fresnel
diffraction through the Hartmann wavefront sensor hole array also provides some further insight for the
evaluation of the FEL transverse coherence, of high importance for various applications.
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Thanks to the high degree of transverse coherence of
light sources such as synchrotron radiation (SR), free-
electron lasers (FEL) [1], and high-order harmonic genera-
tion in gas (HHG) [2], the investigation of matter is rapidly
evolving together with the development of new imaging
methods. Among these techniques, coherent diffraction
imaging offers new scales of spatial resolution for both
crystals and noncrystallographic samples. First used to
reconstruct isolated objects [3,4], the technique was then
extended to internal structures in nanosystems [5,6], yeast
cells [7], to electronic correlations [8] and from atomic
scales [9] to clusters and larger samples [10—12]. Intense,
coherent and ultrashort (10-100 fs) vacuum ultraviolet
FELs have rapidly emerged such as FLASH in the 80—
4.5 nm range [13] and SPring-8 Compact SASE Source
(SCSS) Test Accelerator in the 60—40 nm range [14]. X-ray
FELs (LCLS [15], XFEL/SPring-8 [16], E-XFEL [17])
open the path to the imaging of biomolecules [18,19]
even at atomic scales [5].

In a FEL, a relativistic electron beam wiggling in the
periodic permanent magnetic field B, of an undulator
interacts with the electric field of an optical radiation.
The wavelength A of this radiation must equal the undu-
lator resonance wavelength, A, (1 + a2)/2v?, with a, =
0.934 X B,[T] X A,[cm], A, the period of the undulator
magnetic field and 7y the normalized electron beam energy.
The strong interaction between the high quality electron
beam and the optical wave leads to an energy modulation
of the electron bunch further converted into a density
modulation (microbunching). Several FEL schemes can
be implemented. In the self-amplified spontaneous
emission (SASE) [20] configuration, the optical wave ini-
tially corresponds to the spontaneous emission of the
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electrons in the undulator magnetic field. The micro-
bunches are uncorrelated and the light emitted has a lim-
ited temporal coherence. In the seeding configuration,
where the optical wave is an external conventional laser
[21,22] or a HHG source [23], the microbunches get corre-
lated, enabling a dramatic improvement of the temporal
coherence. The radiation then grows exponentially in the
linear regime until saturation when maximum modulation
of the electron bunch density is completed. Beyond satu-
ration, in the so-called deep saturation regime, the over-
modulation of the electron bunch density reduces the
temporal coherence [24]. Each regime is characterized by
a specific statistics of the shot-to-shot intensity [25].

The degree of transverse coherence of the FEL radiation
increases during the amplification process and can be
calculated using the three-dimensional analytical theory
[26,27]. A statistical approach [28] enables also to interpret
the transverse coherence growth as the emergence of spe-
cific TEM modes [29]. Transverse coherence and wavefront
quality of the FEL beam are essential not only to probe the
FEL physics, but also for user applications requiring tight
focusing of light and high illumination on target. Two
Young slits experiments enabled the authors of [30,31] to
estimate the degree of transverse coherence. Nevertheless,
the averaging over few dozens shots was required to coun-
terbalance the pointing instability of the beam, making this
experimental approach pointless for single-shot diagnosis.
Wavefront analysis using the Hartmann technique was also
proposed to assess the spatial characteristics of the FEL
source in single-shot regime [32] and also as suitable
metrology device for optics alignment [33-35].

In this Letter, we investigate the emission process
of a SASE FEL at the SCSS Test Accelerator using a
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specifically designed Hartmann Wavefront Sensor (HWS).
Single-shot wavefront measurements are performed di-
rectly on the FEL giving access to the beam optical quality,
the source characteristics and the related instabilities from
shot-to-shot. Relevant information about the FEL dynamic
are also retrieved at different stages of amplification.
Finally, the operation of the HWS in the Fresnel rather
than usual Fraunhofer diffraction regime is proposed for
further analysis of the FEL transverse coherence.

The SCSS Test Accelerator layout is presented in Fig. 1.
The SASE radiation is generated, with a 10 Hz repetition
rate, between 61.5 nm and 50 nm wavelengths, by tuning
the two undulator gaps. The HWS spatially samples the
incident beam with an array of square holes of /=
150 um size each. The resulting beamlets propagate up
to a CCD camera, located at a distance d = 200 mm
behind, leading to individual spots in the detection plane.
The wavefront local slopes (i.e. the wavefront derivative
values) are retrieved by measuring the positions of these
spots centroids with respect to reference positions given by
a well-known reference wave. The reconstruction of the
wavefront from its local gradients is then based on an
iterative algorithm [36]. The reference wave is usually
generated by spatial filtering of the incident beam
[33,37]. For the present purpose and in order to achieve
absolute wavefront measurements of the FEL direct beam,
the HWS and the two flat deflection mirrors were first
calibrated at 61.5 nm on the nearly perfect spherical part
of the wave diffracted by a 50 um spatial filter pinhole.
In this preliminary calibration phase, the accuracy of the
sensor could be measured at Ayyy /125 Root-Mean-Square
(rms) at 61.5 nm.

Figure 2(a) shows a typical Hartmann pattern of a SASE
pulse measured at 61.5 nm with the two undulator sections.
The beam intensity profile is reconstructed in (b) from the
integrated intensity of each luminous spot on the CCD.
Figure 2(c) gives the corresponding single-shot phase aber-
rations in terms of pptical path difference (tilts and focus
terms are subtracted). Over 60 successive pulses, the mea-
sured mean residual wavefront aberrations are of 3.7 nm
rms (A/17|,,s) and 17.7 nm peak-to-valley (PV) (A/3|py),
with a standard deviation about 15% over the whole

statistics. These measurements show that the optical qual-
ity of the SASE fundamental radiation can be optimized
below Ayyy/14|.ms, which defines the limit of diffraction
according to Maréchal’s criterion [38], and that imaging
and focusing experiments at the limit of diffraction get
accessible provided that the further beam line optics in-
volved for spatial conditioning of the FEL beam are also
diffraction limited. 0° astigmatism appears as the main
residual aberration component, revealing a slight differ-
ence between the horizontal and vertical sources longitu-
dinal positions.

Since both intensity and phase profiles of the beam are
known from the HWS measurements, Fourier optics back-
propagation of the complete electromagnetic field can be
performed up to the source location giving access to the
FEL source characteristics. Thus, the horizontal and verti-
cal sources could be located, respectively, 2.36 m and 2 m
(36 cm distance in between) upstream from the exit
of the second undulator, leading to a spread of emission
half-angle about 6, =203 urad. Over 60 successive
pulses, the source mean sizes are estimated at 73 um-rms
horizontally (with a standard deviation of 4.6 um) and
72 pm-rms vertically (with a standard deviation of 6 pwm).

The SASE FEL radiation emission process and propa-
gation down to the HWS were also simulated using the
synchrotron radiation workshop (SRW) [39,40] Fourier
propagation code, combined with the GENESIS 1.3 [41] FEL
emission code. These simulations [Figs. 2(d)-2(f)] are
found to be in good agreement with the experimental
measurements [Figs. 2(a)-2(c)] revealing nearly similar
Hartmann patterns, intensity and phase profiles, including
similar source size, source location and beam divergence.

The study of different configurations of the SASE emis-
sion reveals also the evolution of the FEL throughout its
different regimes. Indeed, the characteristic length of the

SASE FEL exponential growth is L, = 2B3k,p)"Y, p =

\7’ 7rongaz A7/ (4kyy?) being the Pierce parameter, r, the
classical radius of the electrons, n, the electron peak
density, k, =2m/A, and A; = Jy(a}/(2 + 2a}))—
J1(@2/(2 + 2a2)), where J, is the Bessel function. In
particular, it was shown that for a given undulator period,
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FIG. 1 (color).

SCSS test accelerator layout: a 11 m-long 250 MeV accelerator, two in-vacuum undulators (each 4.5 m long, 300

periods of A, = 15 mm) [43], quadrupoles (Q-poles), beam position monitors (BPM) and optical transition radiation (OTR) screens.
HWS located at 17.5 m from the end of the second undulator, behind two 5° grazing incidence Au-coated flat mirrors; uniform grid
array made out of a 50 um thick nickel plate and composed of 35 X 35 square holes (150 pwm size squares, rotated by 25° to avoid
cross-talking between adjacent spots in the measurement plane, and spaced by 450 wm over a 15.75 X 15.75 mm? effective area);
back-illuminated thinned 16-bit XUV detection CCD camera (1024 X 1024 pixels of 13 um), coupled to a 10 Hz operating fast
shutter and synchronized with the FEL pulse train, allowing for single-shot wavefront measurements.
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FIG. 2 (color). (a),(d): Hartmann patterns of a single-pulse of the
saturated fundamental SASE radiation at 61.5 nm. (b), (e):
Respective normalized intensity profiles. (c),(f): Respective phase
aberrations given in terms of optical path difference. (a),(b),(c):
Experimental data. (d),(e),(f): Simulations performed with
GENESIS and SRW (1.43 nm.rad emittance, 0.02% energy spread,
330 A peak current, 0.18 mm-rms bunch length). Because of shot-
to-shot beam intensity and size instabilities at the HWS position
and for relevant comparison of the wavefront measurements,
analysis pupils are limited to 1/e?> of the maximum intensity,
corresponding to 40 and 86% of a Gaussian incident flux.

the stage of amplification for the SASE regime depends
mainly on the parameter pN [26], with N the number of
undulator periods. At SCSS test accelerator, the saturation
occurs for pN = 1.1. Since N is fixed, tuning p via the
undulator parameter a, enables to select a given level of
amplification. The pN parameter could also be modified
using only one undulator out of the two. Figure 3 shows the
measured evolution of the SASE radiation transverse char-
acteristics, intensity fluctuation and power as a function of
pN. As expected from the theory, the intensity fluctuation
81/1 level significantly reduces after saturation. In addi-
tion, the transverse source size is found decreasing up to
the saturation regime and increasing after saturation, where
the wavefront deteriorates. Indeed, the measurements
showed that, at shorter wavelengths, secondary peaks ap-
pear in the transverse intensity profile, which probably
result from the insufficient number of gain lengths for the
TEM,, mode to dominate the dynamics [29]. For increas-
ing pN, the radiation spectral width (not shown here) was
measured increasing from spontaneous emission to satura-
tion and decreasing in the deep saturation regime.
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FIG. 3. Measured evolution of the SASE radiation character-
istics as a function of pN: (O) 81/I intensity fluctuation mea-
sured with a photodiode, (A) energy (uJ), radiation normalized
rms size o /o in ((J) x and (M) y. Line: calculated normalized
energy [26].

The diffraction pattern of the third harmonic (Ay; =
20.5 nm) through the HWS hole array has also been ob-
served after an aluminum bandpass filter, as illustrated in
Fig. 4(a). The pattern exhibits a cloverlike structure, as a
result of Fresnel diffraction through a square tilted hole.
Indeed, while at 61.5 nm, the Fresnel number F = [2/4Ad
is of the order of 0.46, it increases up to 1.37 for the third
harmonic, thus violating the far-field approximation of
Fraunhofer diffraction. The pattern is well reproduced by
simulation with SRW and GENESIS [in (b)]. Figure 4(c) also
shows the intensity distribution / that would be expected
at the HWS position by considering a fully transversely-
coherent radiation (i.e., point source) in the same geomet-
rical configuration. This distribution was calculated using
the analytical formula [42] derived in the framework of
scalar diffraction theory: I(x,y) = ID(xcosf — ysiné)
D(y cosf + xsinf), with

e /A Jk[dl + (1 — 2u)z0)])
22dzo(d + z9)

B Erf<ei”/4\/7<_[dl + (I + 2u)zo)]>
242dzy(d + z¢)

where £ is the radiation wave number and z;, the distance to
the source. The diffraction patterns diagonal cross-sections
have been retrieved [Fig. 4(d)—4(f)]. Comparison of the
SRW-GENESIS simulation [Fig. 4(e) with dotted line) with
the analytical calculation for a point source [Fig. 4(f)],
using the same spatial resolution of 1 pwm, shows a higher
fringe contrast for the fully transversely-coherent radia-
tion. This slight discrepancy opens up interesting possibil-
ities for a deep investigation of the SASE radiation
transverse coherence using Fresnel diffraction from many
holes. In particular, this method potentially enables recon-
struction of the entire transverse autocorrelation function
over the total wavefront at once, for a single SASE pulse,
which is not possible with other methods. Since, with
appropriate choice of the HWS parameters, there is no
cross interference of radiation from different holes, the

D(u) = |Erf(

2

i

234801-3



PRL 106, 234801 (2011)

PHYSICAL REVIEW LETTERS

week ending
10 JUNE 2011

(a) (®) (©)]

| %

-200 -100 0 100 200 -200 -100 0
X (um) X (um)

I'(arb.un,)
(=]
n

<o

100 200-200 -100 0
X (um)

100 200

FIG. 4. HWS diffraction pattern of a single-pulse of the SASE
radiation third harmonic at 20.5 nm: (a) experimental measure-
ment, (b) SRW-GENESIS simulation using the experimental spatial
resolution (13 wm), (c) analytical calculation considering a fully
coherent wave (point source) and using a 1 wm spatial resolu-
tion. (d),(e) and (f) Respective diagonal cross-sections (along the
white lines). (e) continuous line using the experimental CCD
13 pm resolution, dotted line using the analytical calculation
1 um resolution. HWS set with holes of 150 X 150 um.
Spectral selection with a 500 nm thick oxidized aluminum filter.

reconstruction algorithm can be relatively simple: it can be
based on the analysis of individual diffraction patterns
from each hole. For qualitative analysis of the degree of
coherence variation over the wavefront, comparison of the
fringe contrast in diffraction patterns from individual holes
with that of the fully transversely coherent case can be
used. Such a HWS signal could then be used to optimize
the transverse coherence by adjusting the gain length.

In summary, single-shot SASE wavefront measurements
of the SCSS Test accelerator have been performed with
a specifically designed Hartmann wavefront sensor.
Measurements enabled complete characterization of the
source and demonstrated the high optical quality of the
beam (A/17|,,, with a standard deviation about 15% from
shot-to-shot). An increase in stability of the radiated inten-
sity as well as a slight decrease of the temporal coherence
and transverse structure were demonstrated, providing a
further insight in the coupled evolution of the longitudinal
and transverse FEL dynamics during amplification and
saturation. Finally, the Fresnel diffraction patterns ob-
served for the third harmonic of the FEL radiation were
shown to contain information about the degree of trans-
verse coherence of the source. Such an observation can be
easily obtained with the fundamental radiation as well.
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