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Abstract

The program of low charge mode of operation is under

development at free electron laser FLASH aiming in single

mode radiation pulses. A short pulse photoinjector laser

has been installed at FLASH allowing production of ultra-

short electron pluses with moderate compression factor of

the beam formation system. Here we present pilot results

of free electron laser FLASH operating at the wavelength

λ = 13.1 nm and driven by 70 pC electron bunches. Rele-

vant theoretical analysis has been performed showing good

agreement with experimental results.

INTRODUCTION

At the FEL2013 Conference we presented set of experi-

mental results from free electron laser FLASH obtained in

the framework of the program aiming production of ultra

short radiation pulses [1–3]. We used all available tech-

niques to derive parameters of the experiment. For the elec-

tron beam we took measurements of the energy, charge, emit-

tance and longitudinal tomography. Dedicated tuning of the

amplification process has been performed which provided

good optical matching of the electron beam with focusing

system of the undulator. For the radiation we performed

set of spectral measurements, and statistical measurements

of the radiation properties. At the next step of our studies,

described in the present report, we took experimentally mea-

sured parameters of the electron beam as input parameters

for the FEL simulation code FAST [4], produced many statis-

tically independent simulation runs, and compared obtained

results with experimental results containing similar data

volume. Very good agreement has been observed without

making additional assumptions (corrections) of the experi-

mental results or simulation data.

EXPERIMENTAL METHODS

Experiment has been performed at FLASH at the electron

energy of 689 MeV and bunch charge 70 pC. Radiation

wavelength was equal to λ = 13.1 nm. FLASH undulator is

fixed gap device with period length λU = 2.73 cm. It consists

of 6 modules of 4.5 m length. FLASH facility has been

described in details in several references [5, 6]. The only,

but very important difference of our experiment is using of

a short pulse photoinjector laser with 2.4 ps pulse duration

(versus 20 ps standard pulse duration). A reduced photo

injector laser pulse duration helps to reduce compression

factor of the beam formation system thus relaxing the RF

Table 1: Measured parameters of FLASH FEL operation

Transverse laser shape Flat-top

Longitudinal laser shape Gaussian

Injector laser pulse duration (FWHM) 2.4 ps

Electron energy 689 MeV

Bunch charge 70 pC

rms electron bunch length 78 fs

Radiation wavelength 13.1 nm

Linear regime (20 m):

Radiation pulse energy 2.1 µJ

Fluctuations of pulse energy 40%

Number of modes 5.7

FWHM radiation pulse duration 40 fs

FWHM spectrum width 0.35%

Full length (30 m):

Radiation pulse energy 25 µJ

Fluctuations of pulse energy 12.5%

FWHM radiation pulse duration 60 fs

FWHM spectrum width 0.42%

Figure 1: Measured longitudinal bunch duration using the

transverse deflecting cavity during SASE performance for

70 pC. Bunch head is on the left-hand side.

tolerances which scale linear with the compression factor.

The commissioning of the new laser system is described in

detail in [7, 8].

The temporal bunch distribution was determined during

the SASE performance by a transverse deflecting cavity (see

Fig. 1). Additionally, the longitudinal distribution of the

bunch was measured using a broadband THz spectrome-

ter [9]. Both measurements show a peak current of 700 A

and similar axial profile of the electron bunch. The emit-

tance of the electron bunch has been measured for this setup

after the first bunch compressor, and relevant simulation

analysis has been performed [10]. Measured values of the

projected emittance are 0.7 mm-mrad in vertical direction

and 0.9 mm-mrad in horizontal direction. It does not dif-

fer strongly from the values derived from start-to-end sim-
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Figure 2: Average energy (solid line) and fluctuations of the

radiation energy (dashed line) versus undulator length (sim-

ulations with code FAST). Circles (for energy) and triangles

(for fluctuations) represent measured values after 4 and 6

undulator modules.
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Figure 3: Single shot radiation spectra at full undulator

length. Left and right plot refer to the measured spectra and

simulation results with code FAST, respectively.

ulations used machine settings as input parameters: 1.26

mm-mrad (horizontal) and 0.8 mm-mrad (vertical).

Schedule of the experiment did not allow us to perform

detailed measurements of all FEL properties along the un-

dulator, and we performed extended set of measurements in

the end of the exponential gain regime (4 undulator mod-

ules, undulator length 20 m, radiation pulse energy 2.1 µJ),

and at full undulator length (6 undulator modules, undula-

tor length 30 m, radiation pulse energy 25 µJ). Results of

measurements are summarized in Table 1.

-0.5 0.0 0.5
0

1

2

3

 

 

N
or

m
al

iz
ed

 s
pe

ct
ra

l p
ow

er

  [%]

 = 13.1 nm
Q = 70 pC

Figure 4: Averaged experimental spectra after 6 undulator

modules (bold black curve). Blue and red curves represent

averaged spectra calculated with simulation code FAST. Blue

and red curve refer to 6 and 4 undulator modules, respec-

tively.

Figure 2 shows gain curve with simulation and experi-

mental results. Average pulse energy has been measured

with gas monitor detector (GMD) [11], and statistical mea-

surements have been performed with MCP detector [12, 13].

Saturation length of 25 m has been determined from quick

statistical measurements. Radiation from SASE FEL op-

erating in the linear regime holds properties of completely

chaotic polarized light [14], and measurements of fluctua-

tions of the radiation pulse energy, allows us to derive the

number of modes by M = 1/σ2, and radiation pulse du-

ration following Ref. [15] as L ≃ M × λR × Lsat/(5λU ).

Measured fluctuations in the linear regime are equal to 42%

which corresponds to the number of modes M = 5.7, and

FWHM radiation pulse duration 40 fs. Fluctuations drop

to 12.5% at full undulator length (see Fig. 2), and radiation

pulse stretches to about 60 fs FWHM.

Radiation spectra have been measured with Plane Grating

Monochromator Beamline (PG2) [16]. Figures 3 and 4 show

single-shot spectra and averaged spectra at full undulator

length. Measured averaged FWHM spectrum width dω/ω

is 0.35% for linear regime (after 4 undulator modules), and

0.42% at full undulator length (post-saturation regime).

NUMERICAL SIMULATIONS VERSUS

EXPERIMENTAL RESULTS

We took experimentally measured parameters of the elec-

tron beam: bunch charge 70 pC, pulse shape from LOLA

measurements with peak current of 700 A and energy chirp

along the electron pulse of 10 keV/fs (see Fig. 1). We as-

sume electron beam to be perfectly matched in the undula-

tor. In this case average beta function (geometrical mean

of periodic) is equal to 7.5 m. These data has been used

for simulation of the FEL process with three dimensional,

time-dependent FEL simulation code FAST [4].

With these initial conditions we performed statistically

independent runs with FEL simulation code FAST (800 for

linear regime, and 240 for full undulator length), and de-

rived parameters for comparison with experiment. Figure 2

shows evolution of the radiation pulse energy and its fluctua-

tions along the undulator. Measurements of the pulse energy

and fluctuations after the 4th undulator module (20 m) give

2.1 µJ and 42%, respectively. Relevant simulation numbers

are 2.3 µJ and 38%. Difference in terms of the number of

radiation modes is 5.7 versus 6.9. Such an agreement can

be considered as pretty good. The same quality of the agree-

ment refers to the full undulator length, 25 µJ (30 µJ) and

12.5% (10%) for experimental (simulation) results.

Probability distributions of the radiation pulse energy have

been derived form simulation data as well. One can see from

Fig. 5 that perfect agreement of the details of probability

distributions of the radiation pulse energy E takes place -

gamma distribution in the linear regime [14]:

p(E) =
MM

Γ(M)

(

E

〈E〉

)M−1
1

〈E〉
exp

(

−M
E

〈E〉

)

,

where M = 1/σ2 is number of radiation modes.
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Figure 5: Probability distributions of the radiation energy

after 4 and 6 undulator modules (top and bottom raw, respec-

tively). Left and right column represent experimental and

simulation results with code FAST, respectively. Blue curve

is gamma distribution with parameter M = 5.7

Figure 3 shows single shot spectra from experiment (left

plot) and from simulations (right plot). We see good quali-

tative agreement of spectra in terms of the number of spikes.

Averaged spectra are presented in Fig. 4. Bold black curve

shows experimental results at full undulator length. Relevant

simulation results are presented by blue curve. Width of the

spectra are pretty much close to each other. Bandwidth of

the simulated spectra for the linear regime (red curve) is

equal to 0.34% which agrees well with measured value of

0.35%. We note that spectrum bandwidth is close to the nat-

ural bandwidth of SASE FEL with monoenergetic electron

beam. Thus, lasing part of the beam is not disturbed by a

chirp, which is typically caused by beam formation proce-

dures or collective effects. Due to the weak compression

these effects could be avoided.

SUMMARY

Free electron laser FLASH with shot-pulse photoinjec-

tor laser demonstrated nearly perfect operation in terms of

stability and quality of the radiation. It is important that

measurements with both, electron and photon beam diagnos-

tics are consistent between each other. Using of measured

parameters of the electron beam as input parameters for the

FEL simulation code allows to reproduce all features of the

radiation. This gives us firm basis for future developments.

The next steps are scheduled in the experimental program

aiming improving technical reliability of the laser from one

side, and demonstration in experiment the reducing of the

radiation pulse length to the Fourier limit.

ACKNOWLEDGEMENTS

We thank the FLASH team for collaboration and support

of the experiment.

REFERENCES

[1] J. Roensch-Schulenburg et al., in Proc. FEL’13, New York,

NY, USA, Aug. 2013, paper TUPSO64.

[2] B. Marchetti et al., "Preliminary Study of Single Spike SASE

FEL Operation at 0.26 nm Wavelength for the European

XFEL", in Proc. ICAP’12, paper THACC3.

[3] M. Rehders et al., "Investigations on the Optimum Accel-

erator Parameters for the Ultra-Short Bunch Operation of

the Free-Electron Laser in Hamburg (FLASH)", in Proc.

IPAC’12, New Orleans, Louisiana, USA, paper TUPPP053.

[4] E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov, Nucl. In-

strum. and Methods A 429 (1999) 233.

[5] W. Ackermann et al., Nature Photonics 1(2007)336

[6] S. Schreiber and B. Faatz, High Power Laser Science and En-

gineering, Volume 3 (2015) e20. DOI: 10.1017/hpl.2015.16.

[7] T. Plath et al., "Commissioning and Diagnostics Development

for the New Short-Pulse Injector Laser at FLASH", in Proc.

IBIC’13, paper TUPC03.

[8] U. Mavric et al., "Precision Synchronization of Optical Lasers

Based on MTCA.4 Electronics" in Proc. IBIC’13, paper

TUPC34.

[9] A. Kuhl et al., "Comparative Analysis of Different Electro-

Optical Intensity Modulator Candidates for the New 40 GHz

Bunch Arrival Time Monitor System for FLASH and Euro-

pean XFEL", in Proc. IBIC’13, paper WEPC41.

[10] M. Rehders, S2E simulation of the electron bunch BT

2013/01/11 – ASTRA/CSRtrack simulations, unpublished.

[11] K. Tidtke et al., New Journal of Physics 11 (2009) 023029.

[12] A. Bytchkov et al., Nucl. Instrum. and Methods A 528

(2004)254.

[13] O.I. Brovko et al., "MCP-based Photon Detector with Ex-

tended Wavelength Range for FLASH", in Proc. FEL’07,

Novosibirsk, Russia, 2007, paper WEPPH007.

[14] E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Opt. Com-

mun. 148 (1998) 383

[15] C.Behrens et al., Phys. Rev. ST Accel. Beams 15, 030707

(2012).

[16] N. Gerasimova et al., J. Modern Optics, Volume 58, Issue 16,

2011. doi:10.1080/09500340.2011.588344.

MOPOW011 Proceedings of IPAC2016, Busan, Korea

ISBN 978-3-95450-147-2

734C
o

p
y

ri
g

h
t

©
2

0
1

6
C

C
-B

Y
-3

.0
a

n
d

b
y

th
e

re
sp

ec
ti

v
e

a
u

th
o

rs

02 Photon Sources and Electron Accelerators

A06 Free Electron Lasers


