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free-electron lasers: A comparison
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The advent of x-ray free-electron lasers (FELs) drastically enhanced the capabilities of several analytical
techniques, for which the degree of transverse (spatial) coherence of the source is essential. FELs can be
operated in self-amplified spontaneous emission (SASE) or seeded configurations, which rely on a
qualitatively different initialization of the amplification process leading to light emission. The degree of
transverse coherence of SASE and seeded FELs has been characterized in the past, both experimentally and
theoretically. However, a direct experimental comparison between the two regimes in similar operating
conditions is missing, as well as an accurate study of the sensitivity of transverse coherence to key working
parameters. In this paper, we carry out such a comparison, focusing in particular on the evolution of

coherence during the light amplification process.

DOI: 10.1103/PhysRevAccelBeams.25.040701

I. INTRODUCTION

Several analytical techniques, such as coherent diffrac-
tive imaging [1], Fourier transform holography [2] and
x-ray microscopy [3] took great advantage from the advent
of x-ray free-electron lasers (FELs) and, in particular, from
their high degree of transverse coherence. In an x-ray FEL,
an electron beam with high peak current (up to a few kA),
low normalized emittance (<1 mm mrad) and low relative
energy spread (<0.1%) is accelerated in a linear acceler-
ator, up to ultrarelativistic velocities. The beam is then
injected into an undulator chain (radiator), where the
interaction between the electrons and the light they emit
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(“assisted” by the magnetic field from the undulator itself),
leads to the amplification of the latter. Here we consider
two distinct modes of FEL operation: one, in which
electrons are directly propagated through the radiator,
and another, in which they are prebunched following the
interaction with an external laser (seed). The first operation
mode, called self-amplified spontaneous emission (SASE),
results in the generation of high-power (tens of gigawatt)
radiation, with tunable energy, up to the hard x-ray spectral
range [4—11]. However, in SASE, the initialization of the
amplification process occurs from randomly distributed
electrons (shot noise) and results in a reduced degree of
longitudinal coherence. The latter can be drastically
improved when the FEL is seeded [12-20]. The most
common externally seeding scheme, called high-gain
harmonic generation (HGHG) [21], is the one in which
an optical laser imprints an almost monochromatic energy
modulation onto the electrons during the interaction in a
first short undulator, called modulator. Such a modulation
is then converted into density modulation, or “bunching”
when the electrons pass through the static magnetic field of
a dispersive section. A key point is that substantial
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bunching occurs not only at the fundamental (i.e., seed)
wavelength, but also at its higher-order harmonics. Finally,
the bunched electrons are injected in the radiator, which is
tuned to one of the harmonics of the seed, where they emit
in phase. Phase-locked emission results in the generation of
(almost) transform limited pulses [22-24]. As a condition
for this to occur, the bunching level at the considered
harmonic must be significantly larger than that due to shot
noise, which is present at all frequencies, otherwise the
HGHG output gets contaminated by SASE and the longi-
tudinal coherence drastically reduced. Since the bunching
level induced by the seed decreases with the harmonic
number, this limits the harmonic upshift and, therefore, the
shortest wavelength that can be obtained by means of a
single HGHG stage [25,26]. For both SASE and HGHG
configurations, the light amplification process lasts until
when, during the beam propagation in the radiator, the
phase matching condition enabling energy transfer from
the electrons to the light gets spoiled. When this happens,
the process reaches saturation.

Several studies have been carried out in the past, in
order to characterize the transverse coherence of SASE
[27-32] and HGHG [33,13] FELs. The outcome is that
both configurations allow reaching a relatively high
degree of coherence. However, while FEL theory and
simulations allow for a good theoretical understanding of
the principles behind transverse coherence formation,
some interesting questions concerning a direct experi-
mental comparison between these configurations remain
open: how do the two configurations compare in terms of
both maximum achievable transverse coherence and
transverse coherence length? How does transverse coher-
ence build up during the amplification process? What is
the sensitivity of transverse coherence to a controlled
variation of a key working parameter, such as the
electron-beam energy spread? In order to address these
questions, we have operated the FERMI FEL-2 [22]
both in SASE and HGHG regimes, at the same output
wavelength (14.8 nm) and with the same electron-beam
parameters, and measured the transverse coherence in the
two cases.

II. EXPERIMENTAL SETUP

The FERMI FEL normally works in seeded HGHG
mode, see Fig. 1(a). For the reasons explained above, in
order to reach short (<20 nm) wavelengths, a double
HGHG cascade needs to be implemented [22,34]. In such
a configuration, the light generated from a first HGHG
stage is used to seed a “fresh” portion of the electron beam
(i.e., electrons that did not participate to first-stage emis-
sion), selected by means of an electron delay line. This
triggers the emission process in a second HGHG stage. For
the reported experiment, the first HGHG stage was tuned to
emit light at 44.4 nm (sixth harmonic of the seed laser),
while the second HGHG stage was tuned to 14.8 nm (third
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FIG. 1. (a) FERMI FEL operated in HGHG (top) and SASE
(bottom) configurations. The layout consists of a first-stage
modulator (Mod.1) and a first dispersive section (DS1), only
used in HGHG mode, a first-stage radiator made of three
undulator sections (Rad.1) a delay line (DL), a second-stage
modulator (Mod.2), a second dispersive section (DS2) and finally
a second-stage radiator made of six undulator sections (Rad.2).
The different undulators are color-coded, based on their resonant
wavelength. (b) Typical HGHG and (c) SASE spectra at about
14.8 nm. (d) Electron-beam phase space measured at the end of
the linear accelerator.
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harmonic of first-stage output). A typical HGHG spectrum
obtained at such wavelength is shown in Fig. 1(b).
The FERMI FEL can also be operated in SASE mode, see
Fig. 1(a). In this scheme, the electron beam is directly
injected into the undulator chain (no seed interaction).
For the reported experiment, the first-stage radiator, the
second-stage modulator and the second-stage radiator were
all tuned to 14.8 nm. A significant enhancement of the output
emission was obtained by using the delay line and the
second-stage dispersive section, in order to boost the
bunching (self-) generated during the amplification process
[35]. A typical SASE spectrum obtained at around 14.8 nm is
shown in Fig. 1(c).

For implementing the two configurations, we prepared
an electron beam with the same energy (about 900 MeV),
the same peak current (about 1 kA) and energy distribution
(slice energy spread: about 100 keV) and used a similar
setting of the quadrupoles and magnetic elements deter-
mining the electron optics and transport. The electron-beam
longitudinal phase space (i.e., time vs energy distribution)
that was measured at the end of the linear accelerator is
shown in Fig. 1(d). Compared to typical SASE operation, a
relatively low peak current has been used in order to limit
the growth of microbunching instability and obtain a
relatively flat current over a few hundreds of femtoseconds,
as well as a smooth energy distribution. These conditions
are a prerequisite for an effective double-stage HGHG
operation [22], although they set a limit to the maximum
SASE output (see next section). However, note that a
higher current region is present at the head of the bunch.
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Such aregion is the one expected to contribute more to light
emission in SASE configuration.

In this study, data from one transverse dimension was
collected and analyzed to establish a framework for a
qualitative comparison between SASE and HGHG trans-
verse coherence properties.

ITI. ANALYSIS

The degree of transverse coherence was obtained using a
Young double-slit setup, see Fig. 2. The interference pattern
produced by the slits, spaced by a variable distance, i.e.,
0.4,0.6, 0.8 and 1 mm, was acquired using a CCD. The raw
images were processed as follows. First, we found the
maximum of the image profile along the vertical direction.
Then, we selected a 1D interference pattern at the position
of the maximum, by making a cut along the horizontal
direction. Such a pattern was then fitted using an analytical
function. Its derivation is detailed in the Appendix and is
based on the work carried out in [36], using the Fresnel
approximation. The function includes several parameters,
which are related to the geometry (slit width, slit spacing,
distance to CCD) and radiation properties (wavelength,
amplitude). It also includes, as a fitting variable, the degree
of transverse coherence, y., which is the parameter we are
interested 1in.

By definition, the transverse coherence length is the dis-
tance between two points r; and r,, for which y.g(ry, r5) =
e~'/2. In order to find the transverse coherence length in
the x plane, /.., one can fit y with a Gaussian profile,
depending on the slit separation (x) in the x plane:

re) = oxp (). 1)

Then, given the FEL spot size and the estimated
coherence length, one can find the total degree of coher-
ence, {,, for the considered plane. In the frame of the

Slits

FEL beam E Diffracted beam

FIG. 2. Young’s double-slit setup used to measure transverse
coherence. After the last radiator section, the photon pulse
reaches the slits. For the experiment, we used slits with different
separations, i.e., 0.4, 0.6, 0.8 and 1 mm, placed symmetrically
with respect to the center of the beam spot, whose dimension was
about 3 mm (FWHM). The pulse diffracted by the slits was
recorded using a CCD of 1024 by 1024 pixels, with pixel width
of 13.3 ym. The distance between the slits and the CCD was
about 8.6 m.

Undulator

Gauss-Schell model, described in [37], it is possible to
decouple the two components ¢, and ¢, of the total degree
of transverse coherence. The component {, can be
expressed in terms of the ratio between the transverse
coherence length and the transverse radiation size in the
X plane at the position of the slits, ¢ = I.,/o,, as

1
Syl 2

For each slit separation and FEL configuration, about

150 shots were recorded. As a measure of goodness of the

2

722(1(1":)2‘> , Where
I\ and Iy are, respectively, the experimental and the fitted
fringe profiles, thus well-fitted shots have a low R. The
average y.¢ of each configuration was calculated by taking
into account the best fitted 75% shots to avoid contributions
from interferograms that could not be fitted properly.

We cross-checked the fitting function [(A10) in the
Appendix] with similar functions derived in the
Fraunhoffer approximation [23,30,38] and found very good
agreement. In Fig. 3, we plot a typical fit for 0.6 mm slit
separation. We also estimated the FEL pointing jitter at the
slits’ position, for both SASE and HGHG, and found itto be 1
order of magnitude smaller than the FEL spot size. We denote
the intensities at the two slits /; and I, respectively. Based
on the relation between the effective, y. (i.e., measured),

_ 2L
— L+,

described in [29], we expect our estimates of y to be reduced
by less than 1% due to unequal illumination of the two slits
due to pointing jitter.

A finite temporal coherence in a Young double-slit
experiment may have the effect of reducing fringe visibility
(and, therefore, the estimated y.;) at the points in the

fit, we used the residual function R =

and intrinsic degree of coherence, y, i.e., Vs y as
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FIG. 3. Example of fitting the 1D experimental interference

pattern (black dots) with the analytical function given in
Eq. (A10) for the SASE full undulator chain, and for the case
of 0.6 mm slit separation.
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interference pattern where the path delay between the light
coming from the two slits is comparable with (or larger
than) the longitudinal coherence length. We estimate the
coherence time as t, = 1/Av, where Av is the rms spectral
width. The longitudinal coherence length is simply
ligng = tcc, where ¢ is the speed of light. We focus the
analysis of this effect on the SASE mode of operation
because, as seen in Figs. 1(b) and 1(c), the bandwidth of
HGHG is 1 order of magnitude smaller than the corre-
sponding values for SASE, and therefore the longitudinal
coherence length is 1 order of magnitude larger. In our
experiment, we measured a typical coherence length for
SASE of about 2.9 ym. The path delay of the light coming
from slits separated by 0.8 mm, 4 mm away from the center
intensity on the CCD is Al = 0.46 ym. Based on the fact
that [, is significantly larger at A, we can assume that the
interplay between transverse and longitudinal coherence is,
in our case, negligible.

The energy chirp present in the beam [Fig. (1a)] can lead
to an underestimation of the longitudinal coherence length
by broadening the bandwidth. Electrons from the head and
middle of the beam have different energies and thus radiate
at different resonant wavelengths. We estimate that due to
our chirp the electrons in the head and middle of the
electron phase space, —0.2 and O ps in Fig. 1(d) respec-
tively, have an energy difference of 1.5 MeV. This energy
difference will produce a wavelength shift of 0.02 nm
which is well within our SASE bandwidth. Furthermore,
since the tendency is to underestimate the longitudinal
coherence length, our assumption that we can neglect the
effect of longitudinal coherence effects on the transverse
coherence measurements is strengthened.

IV. RESULTS

Figure 4 shows the growth of the FEL power (gain curve)
and the total degree of transverse coherence, ¢, (here
normalized to its maximum), as a function of the number of
radiator segments tuned on resonance, for both HGHG and
SASE configurations. The measurements have been per-
formed by progressively tuning the radiator sections to the
resonant wavelength, and acquiring, for a given number of
active radiator sections, the average output power of around
50 shots and the corresponding interference patterns from
different slit separations. The curves showing the gain in
power are deliberately left without error bars as they serve
only to estimate the stage of the amplification process at
which each coherence measurement was taken. Due to the
low signal generated when only a few radiator sections
were tuned, we have been able to collect the interferograms
only in the case in which at least four undulators in the
second radiator [RAD.2 in Fig. 1(a)] were active.

As it can be seen in Fig. 4(a), a proper setting of the
dispersive sections and of the delay line allows the HGHG
gain curve (in red) to reach power saturation before the last
radiator module. Note that the trend of the total degree of
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FIG. 4. Gain curve (purple) and total degree of transverse
coherence ¢, (black) (normalized to unity), as a function of the
distance in the second-stage radiator, for (a) HGHG and
(b) SASE. Simulated total degree of transverse coherence for
SASE (blue) and HGHG (red) (c).

transverse coherence (plotted in black), measured using
four, five and six radiator sections is almost constant and
saturates before the intensity. This result is in qualitative
agreement with the simulation shown in the Fig. 4(c),
where the total degree of transverse coherence is calculated
[39] from the complex field generated by the numerical
code GENESIS1.3 [40].

Instead, the FEL did not reach power saturation operating
in SASE OK mode, see Fig. 4(b). Based on the calculation of
the gain length obtained from the exponential fit of the gain
curve, we estimate that SASE saturation could have been
reached, if two additional radiator sections were available.
However, as analytically predicted in [28], and through
simulations in [39], the transverse SASE coherence can be
assumed to saturate at about 77% of the power saturation
position. The results reported in Fig. 4(b) show that the total
degree of transverse coherence reaches maximum value well
before intensity saturation. Consistently with the simulations
shown in Fig. 4(c), The reported results provide a first
experimental confirmation of the early saturation of trans-
verse coherence in SASE. This allows us to draw a direct
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FIG. 5. The degree of transverse coherence 7. as a function of

slit separation, for SASE (blue circles) and HGHG (red circles)
and the fit for Gaussian decay HGHG (red) and SASE (blue) solid
lines providing the transverse coherence lengths.

comparison between the maximum degree of coherence
reached in HGHG and SASE configurations.

A quantitative comparison between the degree of trans-
verse coherence, 7.y, obtained in HGHG and SASE
configurations is reported in Fig. 5. The trend shows that,
while at the smallest slit separation the degree of transverse
coherence is virtually the same, for larger separation the
degree of transverse coherence obtained in HGHG is
higher. In other words, HGHG is characterized by a larger
transverse coherence length. We note here that we mea-
sured the transverse size of the FEL beam in HGHG
and SASE modes, and found &545E ~1.25 4+ 0.05 mm
601G ~ 138 4 0.1 mm. Fitting y.; (x) to Eq. (1), we
obtained transverse coherence lengths of [345F = 1.93 &
0.02 and [HSHG =220 +0.01 mm. Using Eq. (2) we
calculate similar total degrees of transverse coherence
ESASE — 0,60 4 0.03 and ¢HGHG = 0.62 £ 0.02 for SASE
and HGHG, respectively.

Finally, we studied the sensitivity of the total degree of
transverse coherence to the electron-beam energy spread.
The latter was varied by means of a laser heater (LH)
system, which is normally used to slightly increase the
effective energy spread during the early part of electrons’
acceleration in order to avoid the detrimental effects on
SASE [41] and HGHG [42] emission due to self-induced
microbunching instability. Figure 6 shows the behavior of
HGHG and SASE total degree of transverse coherence,
normalized to the maximum value, for different values of
LH-induced energy spread. Both configurations show
sensitivity to microbunching, which needs to be reduced
by means of an appropriate tuning of the LH energy and in
both cases the maxima of transverse coherence and FEL
intensity occur near the same LLH-induced energy spread.
Notably, the degree of transverse coherence for the case of
HGHG remains constant also for LH energies larger than
optimum, which result in a reduced FEL intensity. This can
be explained by looking at the dependence of total degree
of transverse coherence along the amplification process, for
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FIG. 6. Normalized total degree of coherence {x (black) and
intensity (purple) in SASE (a) and HGHG (b) configurations, as a
function of LH-induced energy spread at the laser heater position,
before compression.

both HGHG and SASE configurations. Indeed, while for
SASE the total degree of transverse coherence is built
through the mode selection taking place during the ampli-
fication process [28], in HGHG the total degree of trans-
verse coherence, as the longitudinal one, is driven by the
seed laser and, therefore, is already close to maximum
when the electron beam starts emitting coherently at the
entrance of the radiator. For this reason, also when the
energy spread induced by the LH is large enough to inhibit
the FEL exponential growth, the total degree transverse
coherence in HGHG configuration is virtually not affected.

V. CONCLUSIONS

We have shown that, when operated at the same wave-
length and with the same electron-beam conditions, seeded
and unseeded free-electron lasers can reach a similar total
degree of transverse coherence. Our results demonstrate
that the process through which coherence is built is
fundamentally different in the two cases. Indeed, in the
case of seeded harmonic generation, coherence is inherited
from the seed laser and does not rely on the amplification
process to develop. The latter is instead essential to drive
mode selection in the unseeded case, although maximum
coherence is reached well before power saturation.

Data underlying the results presented in this paper are
not publicly available at this time but may be obtained from
the authors upon reasonable request.

The authors declare no conflicts of interest.
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APPENDIX: DERIVATION OF THE INTENSITY
PROFILE FROM A YOUNG DOUBLE-SLIT
EXPERIMENT IN THE FRESNEL
APPROXIMATION

We assume a spherical incoming wave,

x2
E() exp(—ikrl) i EO eXp[—ik(Zl + 2_111)]

r 71

ry = \(Z%—i_x%s

is diffracted by a double slit at distance z; from the focus.
The field after the two slits is given by

with

E(x1)=

d__Wsie |d | Wit
- , forxe(i2 S5+ ) }

0, otherwise
(A1)

The field at the plane of the screen (x;) is just the

superposition £ = E; + E,, where E; is the complex field
from slit j propagated a distance z to the plane of the
screen. According to the Huygens-Fresnel principle the
field at plane x, is

where E(x,) is the field at the plane x; (the plane of the
slits). We write the explicit field at the x, plane (the plane of
the CCD screen)

k explik(z —z
b — | exlie =)
27iz 20
» /—%1+W52"‘ exp ik(x; —x,)? n ikx? I
—d i 2z Z0

_f_l_,'_% ik _ 2 ik 2
+/2 exp{l (1 =x)" i xl]dx}. (A3)

d_ it 2z z0

2 2

The first integral corresponds to E; and the second one
to E,. To be able to reach a simple solvable equation we
write the exponential under the integrals in the form

W 2
E(x,) :A[/O ’ exp(i%n)dx
wii 2 w. 2
—/ exp i% dx—I—/ 22exp i% 7 )dx
0 2 0 2
Woi 2
—A exp(i%;r)dx]

These integrals are commonly known as Fresnel inte-
grals and take the notation

w 2 w 2
/ exp i(iiz dgo:/ cos ¢—ﬂ do
0 2 0 2

+i A " sin (‘%2 ﬂ> dg = C(w) + iS(w).

(A4)

(AS)

Carrying out the algebra we find that

k(zo — z) 20
o= |—x1—x
2Zom 20— 2

and an extra phase term

X2

Pexira = 1k
20 — <
which does not depend on x; and can thus be incorporated

in the complex amplitude outside the integrals. The new
limits of integration are

Wi = 5T, T &
7707 2 2 70— 2
_ k<20 — Z) d Wilit 20
Wiy = —+ — Xy
707 2 2 70— 2

707 2 2 70— 2
k(zo—z) (d = wgi 20
=4 /— = — — . A6
W2 o \2 + , -z (A6)

To reduce the notation complexity we make the follow-
ing substitutions:

Wik 4)2
/ exp i;n dp = Cj +iSy and
0

. ikx2
A | K explik(z — zo)] exp[ =]
277 20 ’

A further simplifying notation C;, — C;; = C; and S, —
S = S; gives a simple closed form for the field at plane x,:
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E()Cz, Z) = A(Cl + lS] =+ C2 + lS2> (A7)

Identifying the components with the field originating
from the two slits we find E; = A(C; + iS;).

The time average intensity is the measurable at the x,
plane:

I =(|E\ + E;*) = (|E\[*) + (|E2*) + (E\E}) + (ELE}).
(A8)

The mutual coherence function is defined as
G(ry,ry,7) = (E*(r,t + 7)E(r2, 1)).

For quasimonochromatic sources the mutual intensity
function G(ry,r,,7=0)= G, or its scaled version
Y12 = G //I| I, referred to as the complex degree of
transverse coherence, is used to describe the coherence in
the transverse plane.

Introducing this notation in Eq. (A7) we find

1 :Il +12+2R6{G12} :Il +I2 +2\/1112Re{}/}

or
1 = I] +12 +2\/1112|]/|C059,

where cos@ = Re{G,}/|G»|. € is the phase of the
complex valued Gy,.
Carrying out the math we identify

(A9)

L= {IER) = AR(C+iS2)
G =(|EE;|*)=|AP[C1Cy+ 518, +i(C1 S, —C,5,)]
Re{G,} =|A[*(C,C,+5,55)

(Gial =|A]2\/ C3C3 45253 + €353 + S3C.

Finally we have the closed form intensity in terms of C;,
S; and y:

I =|AP[C3+ C3 + 854 87+ |y[(C1C, + 5,5,)]. (A10)

The previous relation was utilized to fit the 1D inter-
ference patterns obtained from the CCD images (see
Sec. III).
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