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Our understanding about dynamical processes in chemistry, materials science and
biology on the picosecond and sub-picosecond time scale stems almost exclusively from
time-resolved spectroscopy. Structural changes, on atomic length scales, can only be
inferred indirectly from the analysis of spectra. Both x-ray and electron diffraction share
the goal of ‘imaging’ molecular structures with a time resolution that captures the
motions as systems evolve, whether they be solids, liquids or gases. Lab scale
experiments in both electron diffraction™?and x-ray scattering® have produced impressive
results. Recently, in anticipation of the construction of the Linac Coherent Light Source
(LCLS) at the Stanford Linear Accelerator Center (SLAC), an experiment using the
electron bunch from the SLAC Linac to produce spontaneous undulator radiation* has
shown the possibilities for ultrafast x-ray scattering from condensed systems with 100 fs
time resolution.> This has encouraged us to approach ultrafast electron diffraction (UED)
using experimental techniques based on electron sources developed for particle
accelerators, with the aim of obtaining single-shot diffraction patterns on a 100 fs time
scale.

Electron diffraction is complementary to x-ray scattering, but features much larger
cross sections that allow the study of surface phenomena, the bulk structures of thin foils
and membranes, as well as molecular structures of gas phase samples.® As with linac
based x-ray sources there has been significant development of electron sources for UED
based on the use of photocathodes.” Unfortunately, the space-charge interactions of the
electrons within a pulse, and the initial kinetic energy distribution with which the
electrons are generated, have made it difficult to obtain pulses much shorter than 1

pS8,9,10

the time resolution one could use fewer electrons per pulse, but that requires longer data

,in ‘conventional” UED experiments using ~30 keV electron beams. To improve

acquisition times to obtain the necessary signal-to-noise ratio.!' Alternatively, it is
possible to increase the electric field inside the electron gun, while reducing the flight
distance between the gun and the target.'? Both tend to reduce the time of flight of the

electron pulse, thereby giving the electron pulse less time to spread. Even so, this



approach is limited because the maximum DC and pulsed electric fields are 12 MV/m

and 25 MV/m, respectively.****

In the present work we take a fresh approach to ultrafast time-resolved pump-probe
diffraction by using MeV electron beams generated in a gigahertz RF photocathode
electron gun.”>'® The concept stems from the development of RF electron sources for
free electron lasers. The physics of these sources is well understood and combines the

following advantages:

1) Electron energies of 5-6 MeV are easily accessible. Intense, well-collimated electron

beams can be generated.’

2) The electric fields in the gun can exceed 100 MV/m,"” so that the electrons reach
relativistic speeds within a few millimeters. Once relativistic, the Coulomb repulsion
stops playing an important role in longitudinal pulse broadening, because the impulse
required to change the speed of a relativistic electron is much higher than that for a
non-relativistic electron. In addition, relativistic beams have little velocity spread,

implying minimal pulse broadening between the gun and the target.

3) With proper timing of the laser pulse with respect to the field in the RF gun, the
electron bunch can be significantly shorter than the laser pulse used to generate the

electrons.®

Our experiments use the SLAC gun test facility (GTF),"® shown schematically in
figure 1, which was designed to deliver a high brightness electron beam for the LCLS
project. The GTF gun routinely produces low divergence, short duration electron
bunches. The GTF beam line configuration consists of a 1.6 cell photocathode rf gun and
magnetic solenoid, followed by a 3 m linac, both operating at the s-band radiofrequency
of 2.856 GHz. For this experiment, the linac is not powered and serves as an electron
drift tube. The gun rapidly accelerates photoelectrons in an rf field with peak amplitude
on axis of 104 MV/m to an energy of 5.4 MeV, preserving the short pulse lengths and
transverse beam quality. The copper photocathode of the RF gun is illuminated by a

quadrupled Nd:glass laser, at 263 nm, with a pulse duration of 2 ps FWHM, and a flat-top



spatial profile with 2 mm diameter. The 160 nm thick Al sample is placed 0.75 meters
downstream of the cathode, and a view screen is 3.95 m downstream of the sample. A
solenoid at the gun exit is used to minimize the divergence at the Al sample, and a
magnetic quadrupole lens doublet produces a parallel-to-point imaging between the

sample and the detector.

The transverse? and longitudinal® beam quality produced by the GTF gun have been
previously reported. Measurements are typically performed with the linac on,
accelerating the beam to approximately 30 MeV. The beam parameters determined from
these measurements can be translated upstream to the position of the Al sample, where
the beam energy is only 5.4 MeV. Although measurements were not made with the exact
accelerator settings used in the diffraction experiment, the estimated beam parameters are

listed in Table | based on previously reported data with similar accelerator settings.

The estimated rms bunch length is 560 fs and the total energy spread is 36 keV or
0.65%. The pulse length is much shorter than the roughly 800 fs rms (2 ps FWHM) laser
pulse that generates the electron beam. The electron bunch length can be controlled by
adjusting the laser arrival time at the cathode with respect to the applied rf field.
Additional compression can be achieved by optimizing the laser pulse arrival time at the
cathode.

The electrons were detected with a thin, phosphor coated Al substrate. The screen is
mounted at 45 degrees with respect to the incident electron beam and photons are emitted
at 90 degrees through a standard quartz viewport. The video system consisted of a Pulnix
TMT7EX analog camera with a C mount lens adjusted to image the screen onto the CCD.
The working distance was 182 mm and the numerical aperture was approximately 0.15.
Images were captured with an 8 bit frame grabber. The DQE of the detector used in the

present study is estimated to be between 0.01 and 0.1.

Simulations of the complete GTF system were carried out in order to model the
diffraction experiments. We used the General Particle Tracer program* (GPT) to
calculate the trajectories of a swarm of 832,195 “particles’ with a total charge adjusted to

match that of the electron pulse.? Figure 2 shows both the experimentally measured and



the simulated diffraction patterns from the polycrystalline foil. The simulations include
the full six dimensional phase space of the electron beam from GPT. The inset shows the
observed image together with a false color map of the simulation results. It is clear that
even the single, ultrashort electron pulse is sufficient to record the powder pattern of the
foil. However, time resolved images will require thinner foils to match the typical laser
penetration depth (20 nm for Al as used by Siwick and collaborators*? for example) and
the number of electrons scattered will scale with the thickness. The reduction in signal

strength should be compensated by a detector with a DQE approaching one.

In general, there is a good agreement between the simulations and the experiment. All
peak positions and the overall intensity profile are well reproduced. The experimentally
observed width of the diffraction peaks is broader than calculated. This is due to
differences in the actual versus simulated electron beam phase space. These differences
arise from differences between the simulation input and the actual parameters for the
experiment ranging from non-uniformity of the laser illumination of the photocathode,
errors in rf phase, magnetic field errors to name a few. The simulations clearly indicate
that with better control of these parameters the (111) and (200) peaks can be easily
resolved. These improvements are beyond the scope of this proof of principle
experiment. Also, the differences between the measurement and simulation can be used
to extract the actual electron beam phase space as pointed out by Wang, Xiang, Kim

Ihee®,

In summary, we have shown that diffraction patterns are obtainable from a single,
ultrashort pulse with MeV energy. Use of relativistic electrons greatly reduces the space-
charge limitations that constrain diffraction with smaller beam energies. It is possible to
maintain a 500 femtosecond electron pulse with a charge that is sufficient to obtain a
single shot diffraction pattern. Finally, pulse compression within the RF gun counters
temporal broadening effects, and simulations® suggest that a time resolution exceeding
100 fs is possible. Atomic scale ‘movies’ of molecular structures, phase transitions in

solid films and liquid dynamics are thus within reach.



ACKNOWLEDGEMENTS

DD, JH, JS, JC, SG and HL are supported by Stanford University for the Department of
Energy under contract number DE-AC03-76SF00515. PMW acknowledges funding by
the Army Research Office, contract number DAAD19-03-1-0140, and the Department of
Energy, contract number DE-FG02-03ER15452.



References

1.

see for example, A. A. Ischenko, V. V. Golubkov, V. P. Spiridonov, A. V. Zgurskii,
A. S. Akhmanov, M. G. Vabischevich and V. N. Bagratashvili, Appl. Phys. B 32,
161 (1983); A. P. Rood and J. Milledge, J. Chem. Soc., Faraday Trans. 11 80, 1145
(1984); J. D. Ewbank , Rev. Sci.Instrum. 55, 1598 (1984)

W. E. King, G. H. Campbell, A. Frank, B. Reed, J. F. Schmerge, B. J. Siwick, B. J.,
B. C. Stuart, P. M. Weber, J. Appl. Phys. 97, 111101 (2005) and references therein.
A. Cavalleri, C. W. Siders, F. L. H. Brown, D. M. Leitner, C. Toth, J. A. Squier, C.
P. J. Barty, and K. R. Wilson, K. Sokolowski-Tinten, M. Horn von Hoegen, D.
von der Linde, and M. Kammler, Phys. Rev. Lett. 85, 586 (2000); A. Rousse, C.
Rischel, S. Fourmaux, I. Uschmann, S. Sebban, G. Grillon, Ph. Balcou, E. Forster,
J.P. Geindre, P. Audebert, J.C. Gauthier, D. Hulin, Nature 410, 65 (2001); Klaus
Sokolowski-Tinten, Christian Blome, Juris Blums, Andrea Cavalleri, Clemens
Dietrich, Alexander Tarasevitch, Ingo Uschmann, Eckhard Forster, Martin
Kammler, Michael Horn-von-Hoegen and Dietrich von der Linde, Nature 422, 287
(2003).

A. L. Cavalieri, D. M. Fritz, S. H. Lee, P. H. Bucksbaum, D. A. Reis, J. Rudati, D.
M Mills, P. H. Fuoss, G. B. Stephenson, C. C. Kao, D. P. Siddons, D. P. Lowney, A.
G. MacPhee, D. Weinstein, R. W. Falcone, R. Pahl, J. Als-Nielsen, C. Blome, S.
Dusterer, R. Ischebeck, H. Schlarb, H. Schulte-Schrepping, Th. Tschentscher, J.

Schneider, O. Hignette, F. Sette, K. Sokolowski-Tinten, H. N. Chapman, R. W. Lee,



7.

8.

T. N. Hansen, O. Synnergren, J. Larsson S. Techert, J. Sheppard, J. S. Wark, M.
Bergh, C. Caleman, G. Huldt, D. van der Spoel, N. Timneanu, J. Hajdu, R. A.
Akre,1E. Bong, P. Emma, P. Krejcik, J. Arthur, S. Brennan, K. J. Gaffney, A. M.

Lindenberg, K. Luening, J. B. Hastings, Phys. Rev. Lett. 94, 114801 (2005).

A. M. Lindenberg, J. Larsson, K. Sokolowski-Tinten, K. J. Gaffney, C. Blome, O.
Synnergren,J. Sheppard, C. Caleman, A. G. MacPhee, D. Weinstein, D. P. Lowney,
T. Allison, T. Matthews, R. W. Falcone, A. L. Cavalieri, D. M. Fritz, S. H. Lee, P.
H. Bucksbaum, D. A. Reis J. Rudati, P. H. Fuoss, C. C. Kao, D. P. Siddons, R. Pahl,
J. Als-Nielsen, S. Duesterer, R. Ischebeck, H. Schlarb, H. Schulte-Schrepping, Th.
Tschentscher, J. Schneider, D. von der Linde, O. Hignette, F. Sette, H. N. Chapman,
R. W. Lee, T. N. Hansen, S. Techert, J. S. Wark, M. Bergh, G. Huldt, D. van der
Spoel, N. Timneanu, J. Hajdu, R. A. Akre, E. Bong, P. Krejcik, J. Arthur, S.

Brennan, K. Luening, J. B. Hastings, Science 308, 392 (2005

I. Hargittai and M. Hargittai; “Stereochemical Applications of Gas-Phase Electron

Diffraction” Verlag Chemie, New York, 1988.

G. Mourou and S. Williamson, Appl. Phys. Lett., 41, 44 (1982).
R. Srinivasan, V.A. Lobastov., C.-Y.Ruan and A. H. Zewail, Helv. Chim. Acta

86,1763(2003).

R. C. Dudek and P. M. Weber, J. Phys Chem. A 105, 4167 (2001).

10. B. J. Siwick, J. R. Dwyer, R. E. Jordan, R. J. D. Miller., Science 302, 1382 (2003) .

11. J. C. Williamson, J. Cao, H. Ihee, H. Frey, A. H. Zewail, Nature 386, 159 (1997).



12

13.

14.

15.

16.

17.

18.

19.

B. J. Siwick, J. R. Dwyer, R. E. Jordan, R. J. D. Miller, J. Appl. Phys. 92, 1643
(2002); B. J. Siwick, J. R. Dwyer, R. E. Jordan, R. J. D. Miller, J. Appl. Phys. 94,
807 (2003); J. Cao, Z. Hao, H. Park, C. Tao, D. Kau, and L. Blaszczyk, Appl. Phys.
Lett. 83, 1044 (2003).

H. Park, S. Nie, X. Wang, R. Clinite, and J. Cao, J. Phys. Chem. B 109, 13854

(2005),

P. Gallant, P. Forget, F. Dorchies, Z. Jiang, J. C. Kieffer, P. A. Jaanimagi, J. C.
Rebuffie, C. Goulmy, J. F. Pelletier and M. Sutton, Rev. Sci. Instrum 71, 3627
(2002)

J. B. Hastings unpublished; S. J. Park, J. H. Park, Y. W. Parc, C. B. Kim, C. D.
Park, J. S. Oh, J. Y. Huang, I. S. Ko, D. Xiang and X. Wang, in Proceedings of
FEL2005, Stanford, CA, 2005, J. Galayda, I. Lindau, eds., eConf and references
therein;
X.J. Wang, D. Xiang, T. K. Kim and H. lhee, J. Korean Phys. Soc., 48, 390 (2006)

and references therein.
W. Wuensch, in Proceedings of EPAC 2002 (European Physical Society

Interdivisional Group on Accelerators and CERM, Geneva, 2002), pp. 134.

T. Wangler, RF-linear accelerators (Wiley series in beam physics and accelerator

technology) ISBN: 0471168149

J. F. Schmerge, P. R. Bolton, J. E. Clendenin, F.-J. Decker, D. H. Dowell, S. M.
Gierman, C. G. Limborg and B. F. Murphy, Nucl. Instrum. Methods Phys. Res. A

483, 301, 2002.



20.

21.

22,

23.

D.H. Dowell, P. R. Bolton, J. E. Clendenin, S. M. Gierman, C. G. Limborg, B. F.
Murphy, J. F. Schmerge, SLAC-PUB-10727 (2003).

D. H. Dowell, P. R. Bolton, J. E. Clendenin, S. M. Gierman, C. G. Limborg, B. F.
Murphy, J. F. Schmerge and T. Shaftan, Nucl. Instrum. Methods Phys. Res. A 507,

331, 2003.
General Particle Tracer, www.pulsar.nl.

F. M. Rudakov, J. B. Hastings, D. H. Dowell, J. F. Schmerge, and P. M. Weber, in
“Shock Compression of Condensed Matter — 2005,” the Proceedings of the 14th
APS Topical Conference on Shock Compression of Condensed Matter, AIP

Conference Proceedings Vol. 845.

10



Table I: The estimated electron beam parameters from an S-band photo-cathode

rf gun used in the experiment.

Parameter

Charge

Energy

rms Energy Spread

rms Pulse Length
Longitudinal Emittance
Normalized Emittance
Geometric Emittance
Minimum rms divergence
Solenoid Field

Gun Gradient

Laser Gun Phase

Value

2.9
5.4

560
2.5
0.85
0.075

1.7
104
40

Units

pC
MeV
keV
fs
keVps
um
um
urad
kG
MV/m

degrees
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Figure captions

Figure 1. Layout of the GTF beam line and the electron diffraction experiment.

Figure 2: Diffraction pattern of 160 nm aluminum foil observed with single electron

pulse of ~ 500 fs rms duration and beam energy of 5.4 MeV, solid line, and simulated

pattern, dashed line. Inset: Pie slices of the observed and simulated patterns.
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