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Scheme for Time-Resolved Experiments Based on the Use of Statistical
Properties of the Third Harmonic of the SASE FEL Radiation

W. Brefeld?, B. Faatz?, J. Feldhaus®, M. Korfer?, J. Krzywinskib, T. Moller?, J. Pflueger?, E.L. Saldin?,

E.A. Schneidmiller?, S. Schreiber?, M.V. Yurkov®

2Deutsches Elektronen-Synchrotron (DESY), Notkestrasse 85, D-22607 Hamburg, Germany

PInstitute of Physics, Polish Academy of Sciences, Warsaw, Poland

¢Joint Institute for Nuclear Research, Dubna, 141980 Moscow Region, Russia

A closer inspection of the statistical properties of the third-harmonic radiation from the SASE FEL reveals that it is possible
to select single, temporary coherent radiation spikes by using a simple intensity trigger. A carefully designed optical system
for splitting, delaying, filtering, and recombining the radiation would then allow time-resolved measurements with resolution
down to the coherence time of the FEL, i. e. a few femtoseconds in the case of the TTF FEL.

The field of synchrotron radiation research has
grown rapidly over the last 30 years due to push of
the electron (positron) storage ring technology. Three
successive generations of synchrotron radiation facil-
ities have provided an increase in brilliance by more
than ten orders of magnitude. However, the storage
ring technology itself approaches its theoretical limits
of performance with respect to average and peak bril-
liance, as well as to minimal pulse duration. Recently
a new era of synchrotron radiation research has begun
with first user experiments on the free electron laser
(FEL) based on self-amplified spontaneous emission
(SASE). The results have been obtained at the Tesla
Test Facility (TTF) at DESY using radiation pulses of
80-120 nm wavelength with 30-100 fs pulse duration
and peak power at GW level [1]. Compared to present
day synchrotron radiation sources its peak brilliance
is more than a 100 million times higher, the radiation
has full transverse coherence and pulse duration is re-
duced from the 100 picoseconds down to the sub-100
femtosecond time domain. Furthermore a soft X-ray
SASE FEL project with wavelengths down to 6 nm
was started at DESY. Commissioning of this facility
starts in year 2003.

The discussion in the scientific community over the
last two years has produced many ideas for novel ap-
plications of the soft X-ray SASE FEL at the TESLA
Test FAcility. Brilliance, coherence, and timing down
to the femtosecond regime are the three properties

which have the highest potential for new science to be
explored with soft X-ray FEL. It is obvious that stud-
ies of time dependent phenomena can be tackled for
the first time which relate the structural aspects with
the transition states of those electrons which are re-
sponsible for the formation process of intra-molecular
bonds, clusters, nanoparticles, liquids, solids and hot
dense plasmas. This can possibly show us directly
how matter is formed out of atoms.

In this paper we describe a new scheme for time re-
solved experiments. SASE FELs are capable to pro-
duce powerful radiation not only at fundamental fre-
quency, but also at higher harmonics. When a beam
is strongly bunched in the sinusoidal ponderomotive
potential (formed by the undulator field and the radia-
tion field of the fundamental frequency), the electron
beam density spectrum develops reach harmonic con-
tents. Coherent radiation at the odd harmonics can be
generated in a planar undulator and significant power
levels for the third harmonic can be reached before
the FEL saturates [2]. It is expected that the power
of the transversely coherent third-harmonic radiation
can approach 1% of the fundamental power level at
the TTF FEL [3 4].

Using the results of numerical simulations, we il-
lustrate statistical properties of the third-harmonic
of SASE FEL radiation. Analysis of data obtained
shows that the statistical properties of the third-
harmonic radiation from the SASE FEL, operating in
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Figure 1. Illustration of the results of a nonlinear
transformation (a) sample function of fundamental
harmonic instantaneous intensity for SASE FEL; (b)
the nonlinear transform of Fig. (a) representing the
third harmonic instantaneous intensity

the linear regime, can be used for selection of radi-
ation pulses with a single spike in time domain (of
about few femtoseconds in the TTF FEL case). The
selection of a single third harmonic radiation spike is
based on the specific, instantaneous intensity varia-
tion within the radiation pulse. This is illustrated in
Fig. 1 for a simple example. Consider the inten-
sity function I(¢) of a SASE FEL pulse at the fun-
damental frequency shown in Fig. 1 (a). In the linear
regime of the SASE FEL, the instantaneous intensity
of the third harmonic is proportional to [I(¢)]® plotted
in Fig. 1 (b). Due to the nonlinear transformation the
intensity variation becomes much more pronounced,
leading to a distribution which is dominated by a sin-
gle spike in this case. In practice this will not oc-
cur for every pulse, and for those cases where single
spike is left, we expect a large intensity fluctuation
from pulse to pulse. The main question is how likely
we are to observe a single bright spike in the intensity
of the third harmonic radiation. Clearly, a necessary
condition for this event is that the energy E'(3) in the
third-harmonic radiation pulse is much larger than the
average energy (E (3)). The results of numerical sim-
ulations confirm these simple physical considerations.
The predicted probability for the TTF FEL is about 1
%. This is completely acceptable for practical appli-
cations because the superconducting TTF accelerator
can deliver up to 72 000 electron bunches per second
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Figure 2. Experimental setup to obtain single spike
pulse duration. Signals from a non-destructive third-
harmonic energy pulse detector are used to give trig-
ger. The energy threshold is used to reject events with
E smaller than 10{E)

such that a kHz-level average repetition rate of fem-
tosecond third harmonic pulses can be obtained

In practice single-spike third-harmonic pulses can
be identified by measuring their total pulse energy
E(3) using a nondestructive technique such as gas ion-
ization. The schematic arrangement of a pump-probe
experiment employing these femtosecond pulses is
shown in Fig. 2. A multilayer singles out the third
harmonic radiation, a gas cell at low pressure mea-
sures the pulse energy, then the pulse is split into two
parts which are delayed with respect to each other and
then recombined on the sample. Only such data are
selected for which the pulse energy exceeded a cer-
tain threshold, typically of the order of 10 (E(3)).

To describe the single-spike selection, we should
define the degree of contrast. Because of our lack
of knowledge of the detailed microscopic structure
of the radiation pulse intensity profile, it is necessary
to discuss the properties of single-spike selection in
statistical terms. SASE radiation is a stochastic ob-
ject and at a given time it is impossible to predict
the amount of energy which flows to a detector. First
we should remember that the initial modulation of the
electron beam is defined by the shot noise and has a
white spectrum. Second, we obtain that the high-gain
FEL amplifier cuts and amplifies only a narrow fre-
quency band of the initial spectrum Aw/w < 1. In
the time domain, the temporal structure of the funda-
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mental harmonic radiation is chaotic with many ran-
dom spikes, with a typical duration given by the in-
verse width of the spectrum envelope. Even without
performing numerical simulations, we can describe
some general properties of the fundamental harmonic
of the radiation from the SASE FEL operating in the
linear regime. Indeed, in this case we deal with Gaus-
sian statistics. As a result, the probability distribution
of the instantaneous radiation intensity I should be
the negative exponential probability density distribu-
tion: p(I) = (I)~!exp(—I/(I)). Here one should
realize clearly that the notion of instantaneous in-
tensity refers to a certain moment in time, and that
the analysis must be performed over an ensemble of
pulses. Also the energy in the radiation pulse E
should fluctuate in accordance with the gamma dis-
tribution [5]:

=i () aree ()

where I'(M) is the gamma function of argument M,
and 1/M = ((E — (E))?)/(E)? is the normalized
dispersion of the energy distribution. These properties
are well known in statistical optics as properties of
completely chaotic polarized radiation [6].

If we define the contrast C' as the ratio of number
of photons in main spike to the total number of pho-
tons in the pulse we find that (C') asymptotically ap-
proaches unity at the ratio E.}, /(Es3) increases, where
E, is the threshold level of the third-harmonic energy
pulse discriminator. Clearly, the larger the threshold
level of discriminator Ety, /(Es), the larger the num-
ber of shots per one trigger pulse Ng,. Note that
the number of degrees of freedom M of the funda-
mental radiation pulse is a parameter of the functions
(C) = F(M, B /{Es)) , (Nuw) = (M, B /(E3))
as indeed we might have anticipated.

In Fig. 3 and 4 one can see the basic characteris-
tics of the single-spike pulse selection process. The
dependence of the degree of the contrast (C) on the
value of energy threshold Eyy,/(Es3) is presented in
Fig. 3. It is seen that the contrast increases with an in-
crease in the value of energy threshold and it asymp-
totically approaches to unity. Simulations at differ-
ent values of M show that the degree of contrast does
not differ significantly when the number of modes is
within the limits 10 < M < 20. Figure 4 shows plots
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Figure 3. Degree of contrast (C') versus energy
threshold Ey, [ (Es5)

of the number of shots per one trigger pulse (Ngp)
on the Eyp, /(Es) for several values of parameter M .
From Fig. 4 it is quite clear that the dependence of
(Nsn) on the number of modes M is rather strong and
can not be ignored.

With the preceding results in hand, it should now
be possible to estimate, for example, the pump-probe
pulse repetition rate. In the TTF SASE FEL case, the
number of modes in the fundamental radiation pulse
at wavelength 30 nm is about A/ ~ 10 — 20. Sup-
pose that we wish to achieve a degree of contrast of
80%. The discriminator threshold required to achieve
this contrast is about Eyy, /(E3) ~ 9. If the number
of modes is close to M ~ 15, plot in Fig. 4 shows
that number of shots per one trigger pulse required is
about 500 shots. Hence the pump-probe pulse repeti-
tion rate is still high ( of about 50 single-spike pulses
per second). On the other hand, if the contrast of
interest is only 70% , the number of shots is about
(Ngn) ~ 100 and pump-probe pulse repetition rate
increases up to a few hundred per second.
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Figure 4. Number of shots per one trigger pulse (N gp,)
versus energy threshold Eyy, /{Es)
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