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Abstract: High bunch charge, femtosecond, electron pulses were
generated using a 95 kV electron gun with an S-band RF rebunching cavity.
Laser ponderomotive scattering in a counter-propagating beam geometry is
shown to provide high sensitivity with the prerequisite spatial and temporal
resolution to fully characterize, in situ, both the temporal profile of the
electron pulses and RF time timing jitter. With the current beam parameters,
we determined a tempora Instrument Response Function (IRF) of 430
fs FWHM. The overal performance of our system is illustrated through
the high-quality diffraction data obtained for the measurement of the
electron-phonon relaxation dynamics for Si (001).
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1.

Introduction

The dream of atomically resolved structural dynamics has become areality with the recent ad-
vent of high brightness electron [1] and x-ray sources [2]. Ultrafast electron and x-ray diffrac-
tion have both demonstrated successin resolving many fundamental questionsin physics[3-6],
chemistry [7], and biology [8]. There is great interest in pushing the time resolution to the 10
femtosecond domain with sufficiently high flux to capture even the fastest nuclear motions
involved in chemical and biological reactions. For electrons, the primary challenge was to
overcome the effects of space-charge broadening, imposing a fundamental trade-off between
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electron density and pulse duration. For non-relativistic electrons, the main approach to bring
electron diffraction to the fs regime was to either significantly sacrifice bunch density for high
(kHz - MHZ2) repetition rates [9-11], or use acompact electron gun concept to conserve moder-
ate bunch charge densities [1]. The minimum number of electrons to achieve atomic resolution
istypically on the order of 10* electrons for high-Z systems and small unit cells. These require-
ments increase with the size of the unit cell and smaller Z materials. For irreversible samples
and semi-reversible samples, the finite number of photo-excitation cycles severely limits the
use of high repetition rate, low density sources. However, even for reversible samples, there
are problems with rapid photo-excitation. For example, in many materials with poor thermal
conductance (most organic samples), the time scales for the dissipation of heat from the laser
excitation can range from hundreds of microseconds to hundreds of milliseconds, rendering
MHz and even kHz probe sources unusable. In this regard, the importance of high intensity
structural probes has been amply demonstrated with the large number of systems that can be
studied at atomic resolution within the single shot limit using the compact electron gun con-
cept [12,13]. Theimportance of high intensity sourcesfor structural probesisalso well appreci-
ated in the x-ray community and has been adriving force in the devel opment of next generation
light sources.

In terms of scaling non-relativistic electron sources to higher intensities, the key new in-
sight that came from an effectively exact solution to the electron propagation dynamics at high
charge density was the realization that non-relativistic electrons naturally develop an extremely
linear chirp in relatively short propagation distances [14]. Theinitial spatial correlationsin the
longitudinal direction are conserved up to very high bunch charge densities and the energy
dependence of the velocity distribution in the non-relativistic regime creates a highly linear
velocity-spatial correlation in the electron bunch. Given the high linearity in the chirp, this
work pointed out that it should be fairly straightforward to use standard compression methods
to reverse the linear chirp and dramatically increase the electron source brightness [14]. There
are various methods from reflectron designs to dispersive chicane bunchers that are formally
equivalent to prism pairsin optics for dispersion compensation [15, 16]. A particularly elegant
solution was proposed that takes advantage of high electric field gradients possible within ahalf
cell RF cavity or standard pill lensto invert the velocity spread in the electron distribution [17].
This approach provides compression solely along the propagation axis and removes spatial
chirp issues. Numerical modelling of the RF compression illustrated the pill lens method has
the potential to produce low-emittance, sub-100 fs, 0.1-1 pC bunches at the sample position,
a dramatic improvement in brightness and pulse duration. The drawback with this approach
is that the system becomes highly susceptible to RF phase noise, which ultimately limits the
timing resolution of the instrument. In all cases, pulse compression of non-relativistic electron
pulsesleads to a strong dependence of the pul se duration along the beam propagation path. New
means of characterizing the temporal profile of this class of electron pulsesis needed to enable
precise determination of the instrument response, ideally with 10 femtosecond time resolution
and sub-100 micron spatial resolution to meet all design criteria.

The RF pulse compression method using a pill lens has recently been demonstrated [18] us-
ing a synchronized RF streak camera for characterizing the pulse-compression process. How-
ever, the RF-laser timing jitter is difficult to decouple in these measurements as the arrival time
is much more sensitive to changes in the RF phase (near ¢ = 0) than the pulse width. 1t isfully
expected that the biggest challenge in exploiting RF pulse compression methods to obtain the
highest possible time resolution is the inherent difficulty in minimizing thistiming jitter. Thus,
for femtosecond electron diffraction experiments using RF compression systems, it isno longer
sufficient to only determine the electron pulse duration, but rather the temporal Instrument Re-
sponse Function (IRF), which includes the full convolution of the electron and laser pulses, as

#165118 - $15.00 USD Received 21 Mar 2012; revised 17 Apr 2012; accepted 17 Apr 2012; published 11 May 2012
(C) 2012 OSA 21 May 2012/ Vol. 20, No. 11 /OPTICS EXPRESS 12050



well as factors affecting RF timing jitter. In this paper, we use the counter-propagating grating
enhanced ponderomoative scattering method [19] with the aforementioned temporal and spatial
resolution to directly probe the IRF of our RF pulse compression system. The higher bunch
charge density in this new regime allows high quality femtosecond diffraction data to be col-
lected with orders of magnitude fewer excitation cycles, opening the door to the study of irre-
versible processes and ultrafast chemical reactionsin organic and biological systems. The high
diffraction quality and temporal resolution of the systemis clearly demonstrated by measuring
the photo-carrier relaxation dynamics into lattice phonons for single crystalline silicon, as will
be shown below.

2. RF pulse compression system

3 GHz RF Cavity

Magnetic Lens 1

Fig. 1. General Schematic of the Two Lens Hybrid DC-RF Pulse Compression System. A
270 nm UV pulse back-illuminates a gold photo-cathode and generates an electron pulse
with a bunch charge up to 200 fC. The electron bunch is accelerated through a 95 keV
extraction field, collimated by the first magnetic lens, rebunched in the 3 GHz RF cavity,
and then collimated again towards the sample by a second magnetic lens. The electron-optic
elements are labelled and their respective distances are given in cm from the cathode.

A schematic of the electron gun is shown in Fig. 1. UV back-illumination of a gold photo-
cathode generates a dense electron pulse (100e™ per um?) that is subsequently accelerated at
95 keV toward a Si disk anode with a 700 um aperture. The silicon is boron-doped for high
electrical conductivity to avoid charge accumulation, and polished to optical flatness to avoid
high-voltage discharges. Space-charge broadening during propagation quickly imposes alinear
chirp [14] on the electron pulse within afew centimetres of travel. The exceptionally highly lin-
ear nature of this chirp makes it possible to compress the pulse by a sinusoidally time varying
electric field synchronized with the arrival of the electron pulse. The time-dependent electric
field for this purpose is generated by the standing wave TMoio mode at f = 2.998 GHz of our
cylindrically symmetric RF cavity. The cavity geometry was optimized to efficiently couplein
RF power such that a solid state amplifier can be used instead of a klystron typically used for
higher power requirements. The duty cycle load limit of the amplifier restricts operation to un-
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der 100 Hz. However, our setup is currently optimized for 10 Hz to avoid sample heating issues.
We can switch to 100 Hz without major modifications. To synchronize the oscillator with the
RF signal, we use an electronic synchronization system (Acctec B.V.), which picks off a high
harmonic from the laser oscillator pulse train using a fast photodiode and phase locks a 3 GHz
VCO (Voltage Controlled Oscillator) output that drives the RF cavity after amplification. The
longitudinal electric field inside the cavity is given by:

E, = Eosin(27 ft + ¢o). 1)

The phase, ¢, must be carefully tuned such that the center of the electron pulse is passing
the center of the cavity when E; = 0. This phase relationship ensures that the front edge of
the pulse experiences a decrease in velocity; while the back edge experiences an increase, and
there is no net energy gained by the entire pulse. The curvature in the field lines at the entrance
and exit points of the cavity produce a net defocusing effect in the transverse direction. Thus,
a second magnetic lens is required to re-focus the electron beam towards the sample position.
GPT [20] (General Particle Tracer) simulations have demonstrated that this system is able to
achieve sub-100 fs pul se durations with approximately 5 nm transverse coherence at the sample
position.

3. Ponderomotive measurement system

The experimental setup for the counter-propagating grating based ponderomotive scattering
method is shown schematically in Fig. 2. Thetemporal response of thisapproach isonly limited
by the laser focusing geometry and the laser pulse duration, implying 10 fs temporal resolution
is achievable with conventional femtosecond laser systems with reasonable focusing conditions
[21]. The electron pulse is effectively cross correlated with the known laser pulse through the
spatial perturbation imposed on the electron distribution by the laser induced ponderomotive
potential. In this respect, the ponderomotive force describes the process by which a charged
particle in an inhomogeneous oscillating electric field drifts towards the weak field region. It is
proportional to the gradient of the light intensity [19], i.e.

eA?

(r,t); 2
where 4 is the laser wavelength, & is the permittivity of vacuum, and I(r,t) is the spatial-
temporal dependence of the light intensity. For reasonable 800 nm Ti: Sapphire laser parameters
(100 fs, 10 um focus), tens of millijoules of pulse energy are required to produce a detectable
ponderomotive signal using a single beam interaction [21,22]. This power requirement exceeds
the capabilities of small frame laser systems. Previously, we demonstrated that the effective
interaction can be dramatically increased by adopting a counter-propagating beam geometry
to form a standing wave with the maximum number of fringes in the interaction region. The
strong spatial modulation in thelight intensity along the grating direction increasestheintensity
gradient by several orders of magnitude. The effect was first predicted by Kapitzaand Dirac in
1933 [23,24]. This optical grating produces a comb of scattering centers with a periodicity of
half the wavelength of the light.

Given the many complex tuning parameters (amplitude, phase, temperature etc.) of the RF
electron pulse compression system, we designed a compact modular setup that can be used
on a day-to-day basis, requires minimal effort for alignment, and can be used in situ with
pump probe measurements. The entire device, as schematically shown in Fig. 2 is built on a
5" by 7" breadboard, weighs <2 kg, and rests entirely in vacuum (at 10~ torr) on 3-axis
trandation stages. The path length between the beamsplitter and the scattering point is only

#165118 - $15.00 USD Received 21 Mar 2012; revised 17 Apr 2012; accepted 17 Apr 2012; published 11 May 2012
(C) 2012 OSA 21 May 2012/ Vol. 20, No. 11/ OPTICS EXPRESS 12052



Pump
Beam

Fig. 2. Compact Grating Enhanced Ponderomotive Cross Correlation Setup. This compact
system alows in situ measurements of the electron pulse duration and timing jitter in the
t=0 position, essential to fully determining the true time resolution in the use of electron
probes to atomically resolve structural dynamics (DL = motorized delay line; BS = beam

splitter).

20 cm, making the transient grating highly insensitive to pointing instabilities. Samples can be
mounted directly underneath and in the same plane as the ponderomotive scattering region to
allow quick switching between pump probe experiments and ponderomotive measurements. A
laser pulse (300 uJ, 50 fs, 800 nm) is split into two paths by a 50/50 beamsplitter (BS). Thefirst
path (upper) passes by adelay line (DL) for path length matching. Both beams are focused by 3
cmlensesto 10+ 3um FWHM (Full Width Half Maximum) spots at the interaction region. The
spot sizes are measured with a knife edge directly at the interaction region. The electron beam
propagates 11 cm from the center of the RF cavity to the sample position where it is stripped by
a 30 um dlit before scattering from the ponderomotive grating. The dlit is placed 8 mm before
the scattering region to avoid contact with the laser grating. Since the transverse length (x-axis)
of the grating is only 15 um (50 fs), the dlit removes the majority of unscattered electrons
that do not contribute to the ponderomotive signal. This procedure removes the background to
greatly facilitate detection of the ponderomotive effect on the electron distribution. The final
signal is picked up by a phosphor-plated CCD detector.

4. Ponderomotive scattering results

4.1. Ponderomotive signal and instrument response measurement

Figure 3 shows the ponderomotive scattering signal for agiven time delay such that the maxima
of the laser grating isformed in the center of the electron bunch (middle), and no signal is seen
when the grating is formed before (Ieft) or after (right) the arrival of the electron bunch. To
extract the IRF information from the images, we used the method from Hebeisen et al. [19].

Sit) = / IX|Dy(X,Y)dXdY. @®)
Equation (3) definesthe scattering signal Sat timedelay t whichisgiven by the integration of

the pixel intensities weighted by the scattered distance X from the center. Figure 4(a) shows S(t)
for the optimally compressed pulse for 2200 fC bunch. We determined the optimum amplitude
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Fig. 3. The ponderomotive signal for a 200 fC bunch charge stripped by a 30 um dlit at
various time delays, asindicated (-500 fsto +500 fs). The field amplitude inside the cavity
is 0.67 MV/m. At optimal temporal overlap between the ponderomotive grating and the
electron beam (0 fs), the electron are almost entirely depleted from the center and scattered
in the transverse direction. The color code is chosen to provide a difference map of the
electron spatial distribution with and without laser excitation; where the intensity in the
blue color represents a negative change in density and the red color represents positive
change in density. The dlit appears dlightly tilted due to the detector orientation. These
images are scaled to fit the margins of the paper and do not represent the scale of the
original data.

by varying the field amplitude inside the cavity and found the minimum IRF. Figure 4(b) shows
the measured compression curve for different RF field amplitudes. The most meaningful figure
of merit that can be extracted from the time-dependent scattering signal is the effective electron
pulse duration o, which is a convolution between the true electron pulse duration and the
timing jitter. Since the transit time of the electron pulse across the transient grating broadens
the ponderomotive signal, we must first remove these contributions to recover o;. We can
assume that the laser is Gaussian shaped in both longitudinal and transverse directions such
that the deconvolution of the geometrical factorsissimple:

O-esz = Oé - Gtz—laser - Gv%/—laser/véectron; (4)
where 6 _jaser aNd Oy _jaser @€ the laser pulse duration, and spot size, respectively, and Vigectron
is the electron velocity. The deconvolution also sets a lower limit on the resolution of our
measurement due to the transit time of the electrons across the laser pulse. For 50 fs FWHM
laser pulses, focused to a 10 um FWHM spot size, the resolution is approximately 35 fs (in
o). For the optimal RF field amplitude, we measure an effective pulse duration of 430 + 75
fs FWHM. Since our laser pulse duration is 50 fs FWHM (much smaller than o), this value
represents a direct measure of the temporal instrument response in a pump-probe experiment.
We note here that this measurement is broader than that inferred using streak camera measure-
ments [18]. We attribute this difference to the fact that the streak camera measurements do not
provide adirect measure of the IRF but rather information on the electron pulse duration.

4.2. Longtermstability and jitter measurement

The IRF is determined by both the electron and laser pulse durations, aswell asthe timing jitter
between the electron and laser pulses. There are two major contributionsto the timing jitter: a)
temperature drifts slowly changing path lengths and phases of the RF components leading to
slow variations in the average time trace; and b) electronic noise, mechanical vibrations, and
laser cavity instabilities that lead to fast variations in the phase of the RF. The former case, (a),
can be fixed by temperature stabilizing the RF electronics, the RF cavity, and cables etc. Figure
5 shows considerably improved performance of the system over 1.5 hours of operation after
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Fig. 4. (a) The time averaged scattering signal S(7) is obtained with 200 shots per point
for a 200 fC bunch charge. This results in an IRF of 430 + 75 fs FWHM following de-
convolution using Eq. (4). The field amplitude is 0.67 MV/m. (b) The IRF measured by
ponderomotive scattering vs field amplitude at E;(0,r = 0). The minimum in the field de-
pendence corresponds to the cross correlation shown in (a). The red line is a smoothing
curvetoillustrate the shape of the focus.

temperature stabilization. The latter case, (b), is more difficult to control as it aso limits the
intrinsic IRF of the system. Since we operate our RF cavity at 10 Hz, any phase jitter will be
effectively integrated in the noise spectrum > 10Hz and show up as shot-to-shot noise in the
ponderomotive signal.

We can examine the distribution of ponderomotive signal intensities to estimate the high
frequency or fast jitter characteristics. Empirically, the distribution of the scattering signal for a
giventimet should beafunction of thetiming jitter width o; and the pulse duration c; assuming
thejitter has a gaussian distribution with amean at the center of the pulse and variance sz_ We
can model the ponderomotive scattering signal with the inclusion of jitter by:

_(t=9)?

Y(t)=Ae 27 ; (5)

where J is a random variable with distribution function f3(j) = Norm(0, ojz). Then we can
perform a transformation by the CDF (Cumulative Distribution Function) method to find the
distribution function for Y (t) using fy (y) = %Fj (Y=1(y)). The result depends only on theratio
oj/or and the position of t. A subset of the solution is shown in Fig. 6(a) for t = 0. Taking
o = oj/ot, then for the case @ <« 1 (the case where jitter is small compared to the pulse
width), the signal is very stable and distributed close to the maximum signal (unity). For the
case o > 1, thejitter islargeand the signal israrely seen so it ismore closely distributed around
0. Since both the pulse duration and the jitter are gaussian shaped in their respective temporal
distributions, we know the effective pulse duration o4 = of + 7, we can fit the distribution
asafunction of o andt, and therefore extract avaue for oj.

To extract the fast jitter, we made a series of fast single shot scattering measurements in
succession (several minutes) to avoid slow timing drifts as much as possible and examined
the resultant distribution of intensities. To minimize contributions from the background, the
measured signal is the differential amplitude between a portion of the slit where the scattering
occurs and where it is absent. Figure 6(b) shows the normalized histogram of the measured
signals. We performed a least squares fit in a 2 parameter space of (o,t) with the constraint
o4 = 6f + 0?7 and converged on the result shown by the red linein Fig. 6, giving oo = 0.28+
0.05 and t = 238+ 30 fs. This fit results in a fast jitter value of 125+ 70 fs FWHM. This
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Fig. 5. Effect of Temperature Stability on Timing Jitter. Successive ponderomotive traces
were taken on 3 minute intervals. The top plot shows temperature instabilities leading to a
large overall phase drift of 2 psover the course 1.5 hours. The bottom plot shows that after
temperature stabilizing the RF electronics and cables, we were able to maintain average tp
stability of 70 fs RMS (Root Mean Squared) over the course of the same period of time.

determination represents a lower limit as there are drift contributions during the measurement
that must be properly statistically weighted. The most important parameter with the respect to
time resolution is still the IRF that takes all contributions to the effective time resolution into
account.

5. Electron-phonon dynamicsin silicon

To demonstrate both the temporal resolution and the ability to perform pump-probe experi-
ments, we measured the ultrafast heating (Debye-Waller) dynamics of single crystalline silicon.
In this case, we used 40 fC per pulse and focused the electron beam to 200 + 20um FWHM
at the sample position. The signal was collected with 10 shots (total 400 fC) to produce the
high-quality diffraction pattern in Fig. 7(a). We pumped the sample with 400 nm laser pulse at
afluence of 3.5 mJYcm?, well below the damage threshold, and recovered the structure dynam-
ics shown in Fig. 7(b). The bi-exponentia fit of 74 = 880+ 110 fsand 72 = 94 0.9 ps shows
good agreement with previous measurements at comparable excitation intensities [25, 26]. In
the previous experiment by Harb et. al [25], the diffraction quality was only sufficient to fit
to a single relaxation component that would weigh the decay to longer values as observed in
comparing the two results. Here we are able to clearly observe two relaxation time scalesin the
lattice dynamics. This experiment shows that extremely high quality diffraction patterns can
be collected with merely afew shots. Equally important, the excellent SNR, even with thislow
number of shots per time point, enabled the observation of a multicomponent relaxation process
involving the initial relaxation of photocarriers into optical phonon lattice modes (fast compo-
nent) followed by subsequent optical phonon acoustic mode coupling (slow component) that
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Fig. 6. Timing Jitter Measurement. (a) simulated distributions fy (y) for the scattering signal
att = Ofor agivenratio of thejitter to the pulsewidth o = o / ot and setting 64 = o¢ + o 7.
(b) The measured distribution for a given timet normalized such that the maximum signal
is 1. Theleast squaresfit (red line) gives o« = 0.28+0.05andt = 238+ 30 fs

give different RM S atomic displacements. This work should be compared to the similarly high
quality, static, diffraction results obtained recently with arelativistic source [27] for Si. In this
respect, the quality of the time-resolved diffraction orders in the present case is notable. Here,
we are able to obtain comparable quality of diffraction patterns out to even higher diffraction
orders and have been able to resolve the relatively small amplitude displacements involved in
the slower relaxation processes of optical phonons into acoustic modes.
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Fig. 7. Femtosecond Electron Diffraction Study of Photocarrier-L attice Relaxation Dynam-
ics in Si(001).(a) Diffraction pattern of single crystal silicon collected from 10 shots (40
fC per shot), 200 + 20 um FWHM electron beam. (b)Photocarrier relaxation into lattice
phononsiis clearly observed as a decrease in the intensity of the (400) peak with increased
RMS motion of the atoms.

6. Conclusion

We demonstrated the temporal compression of 200 fC electron bunches by using an RF re-
bunching cavity. The grating enhanced ponderomotive method was used to fully characterized
the IRF and jitter properties of this system. With the present state of the system, the system
gives an IRF of 430 + 75 fs FWHM, and is stable over time periods sufficiently long to collect
high quality diffraction patterns with less than 200 fs time resolution (i.e. one standard devi-
ation of the FWHM |RF) as exemplified by the data obtained for single crystal Si(001). This
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work illustrates the importance in fully characterizing the system response function. With im-
provements to the electronic synchronization, using additional phase lock loopsto control laser
frequency stability, and better RF amplitude and phase optimization, it should be possible to
achieve sub-100 fs FWHM temporal resolution with a high intensity compact electron source.
This system has now achieved high enough bunch charge densities and time resolution to open
up atomically resolved reaction dynamics of even complex, low Z, materials such as organic
molecules and proteins that are generally irreversible.
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