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The electron beam from a photocathode RF electron gun is usually used to drive a free electron
laser (FEL) after acceleration and to generate coherent radiation from IR to X-rays. Building
on our earlier proposal that such an electron beam itself can be used as scattering particles to
produce a time-dependent diffraction signal, which contains structural information on a femtosecond
resolution, here we further elucidate several important practical factors relevant to realizing electron
diffraction on this time scale. A higher electrical field on the cathode of the RF gun can provide
a larger number of electrons per bunch with a shorter temporal width compared to a typical DC

gun, owing to a significant reduction in the space-charge effect.

The near-relativistic speed of

the electrons will further reduce the velocity mismatch and significantly improve the overall time

resolution.

However, the de Broglie wavelength of near-relativistic electrons at ~2 MeV is one

order of magnitude shorter than that of the electrons generated by a typical DC gun operated
at 30 keV. Consequently the Bragg angle is one order smaller and is comparable to the beam’s
intrinsic divergence, significantly blurring the observed diffraction pattern. Our simulations show
that it is possible to restore the ideal diffraction pattern from the observed, blurred diffraction
pattern; therefore, femtosecond electron diffraction using a photocathode RF gun can be a useful
and practical tool. In addition, the sensitive dependence of the diffraction pattern on the electron
beam divergence can be utilized to measure the divergence with high accuracy.

PACS numbers: 34.50.-s, 29.27.Ac
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I. INTRODUCTION

X-ray and electron diffraction are two of the most
powerful tools for characterizing atomic-scale molecu-
lar structure. The development of the electron-storage-
ring-based X-ray source and the electron microscope has
made it possible to observe matter with Angstrom resolu-
tion. On the other hand, the advancement of laser tech-
nologies has allowed us to monitor ultrafast processes [1],
and molecular dynamics is now studied routinely on pi-
cosecond (ps) and femtosecond (fs) time scales by using
various spectroscopic methods. However, direct struc-
tural information is generally not obtained from such
spectroscopic tools and requires a combination of ultra-
fast spectroscopy [2] and X-ray [3] or electron diffrac-
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tion. Examples of this fusion include the X-ray free elec-
tron laser (XFEL), now being developed in the U.S. [4]
and Germany [5], time-resolved X-ray diffraction [6-12]
and time-resolved electron diffraction (TRED) [13-22]
for investigating ultrafast structural transitions. Time-
resolved diffraction using either an electron or an X-ray
pulse is conducted in the pump-probe method: an ul-
trashort laser pulse is used to initiate a reaction and a
diffraction signal from a delayed electron or X-ray pulse
probes the progress of the reaction with atomic-scale spa-
tial resolution. Direct observation of fundamental struc-
tural transitions, such as bond formation and dissocia-
tion, is one of the ultimate goals in scientific fields in-
cluding nano-science, chemistry, and biology.

X-ray and electron diffraction are complementary
techniques. The Thompson scattering cross section is
the dominating factor for X-ray diffraction whereas the



Potential of Femtosecond Electron Diffraction--- — X. J. WANG et al. -391-

Rutherford scattering cross section is that factor for elec-

tron diffraction. The difference between X-ray and elec-

tron scattering arises from the scattering operator L [19]:
X-ray diffraction:

L,=) €, (1)
Electron diffraction:

L, = Z Zjeist _ Z eism. (2)
J (

The sums in these formulas span all particles of a
molecule. s is the momentum transfer vector, Z; is the
nuclear charge of atom j, and the distance vectors R;
and 7; for nucleus j and electron i, respectively. It can
be seen that the X-ray diffraction signal is the Fourier
transform of the electron density distribution within a
molecule. The electron diffraction signal is the Fourier
transform of the nuclear and the electronic charge distri-
butions. For gas-phase molecule and charge density dis-
tribution characterizations, electron diffraction is widely
used because its scattering cross-section is six orders of
magnitude higher than that of X-rays [23]. Electron
diffraction is also relatively compact and less destructive
to samples for the same information content.

The temporal resolution of time-resolved electron
diffraction (TRED) experiments has been improved by
several orders of magnitude over the last decade and
has now reached the near sub-picosecond region. Thus,
TRED is now a well-established technique [16-18, 20—
22] for studying molecular structural changes in chemi-
cal reactions. Although this time scale is short enough
to study the molecular structure of short-lived and long-
lived intermediate species with lifetimes longer than sev-
eral picoseconds [16], vibrational motions, as well as di-
rect bond-breaking and bond-making processes, [1] can-
not be captured. Therefore, the challenge for next-
generation TRED is to achieve a femtosecond time res-
olution (below 100 fs). Toward this goal, we proposed
femtosecond electron diffraction using a photocathode
RF electron gun [24]. In this contribution, we further
elucidate several important practical factors relevant to
realizing femtosecond electron diffraction using a photo-
cathode RF electron gun.

In the following section, a discussion of the time res-
olution of electron diffraction is given. We will then
present femtosecond electron beam generation using a
photocathode RF gun. Then, we conclude by discussing
various issues of femtosecond electron diffraction using a
photocathode RF gun.

II. CHALLENGES IN FEMTOSECOND
ELECTRON DIFFRACTION

For a typical TRED experiment, the total time reso-
lution (At) can be expressed as follows:

(At)Q = (Atlasev')2 =+ (Ate)2 =+ (AtVM)2 + (Atjit)2a(3)

where Atj,qer 18 the laser pulse length, At, is the electron
pulse (e-pulse) length, Aty s is the velocity mismatch,
and At;;; is the jitter between the pump laser pulse and
the probe e-pulse. Values for At;qser below 100 fs are
now obtained routinely. A typical electron gun (e-gun)
can generate sub-ps e-pulses (At < 1 ps) with a signifi-
cant reduction in the number of electrons [16]. If a good
signal-to-noise ratio is to be realized for a gas sample,
typically the electron pulse length, At., has to be longer
than 2 ps [16]. The value of At. has been improved
by an order of magnitude over the last five years [13]
by increasing the electron beam energy in conjunction
with reducing the number of electrons and the length of
the electron beam path. However, Aty s is extremely
hard to reduce by using present (or similar) e-gun de-
signs based on DC acceleration, where Aty s is at least
a few ps. The Aty is caused by the distribution of
time delays in the sample due to the difference in speeds
between the pump and the probe beams [25].

The value of Aty s is a function of the sample dimen-
sion, the laser beam width, the electron beam (e-beam)
width, the geometry of the interaction, and the speed of
the e-beam. It can be reduced by either using an e-beam
of higher energy, optimizing the geometry, or using a
thinner sample. One of the best ways simultaneously to
retain a good signal-to-noise ratio and keep Aty s small
(especially in the gas phase) is to increase the speed of
the electrons. For a parallel configuration of the laser and
the electron-beam and for a sample size on the order of
~200 pm, Aty s will be less than 100 fs if the e-beam
energy is increased from the current value of ~30 keV to
more than one MeV. We note that for samples with thin
enough thicknesses, such as thin films, the Aty may
already be sub-picosecond for tens of keV.

Time resolution is not the only limitation of DC ac-
celeration. In the DC configuration, an e-pulse has ~10*
electrons with At. =~ 4 ps, which corresponds to ~pA
only with a repetition rate of 1 kHz while ~nA cur-
rents are easily achieved in conventional CW electron
diffraction [16]. Therefore, it is highly desirable to in-
crease the electron flux, thus widening the applicability
of the TRED technique. If femtosecond electron diffrac-
tion (FED) is to be achieved, two requirements should
be met: (a) The kinetic energy should be increased con-
siderably (to at least 1 MeV) to reduce Aty . (b) Si-
multaneously, At, should be reduced significantly (~100
fs) while maintaining (or increasing) the electron flux,
which can only be realized by increasing the electron
beam’s energy.

In the following contribution, we will demonstrate that
a photocathode RF gun can satisfy these two conditions.
The timing jitter At;;; between the pump laser and the
electron beam must be considered for electron diffraction
based on a photocathode RF gun. We will show that it
is feasible to achieve a timing jitter below 100 fs with
present technologies. Fig. 1 shows a schematic of the
experimental set-up for our proposed time-resolved elec-
tron diffraction using an RF e-gun. The distortion of the
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Fig. 1. Schematic of the experimental setup for time-
resolved electron diffraction.

laser pulse shape and time slew for an oblique incident
angle can be easily corrected with optics although that
is not shown in this simplified figure. The transverse dis-
tortion can be corrected by using either a cylindrical lens
or a pair of prisms, and the time slew can be corrected
by using a grating.

III. FEMTOSECOND ELECTRON PULSE
GENERATION BY AN RF GUN

The main factor preventing an increase in flux is the
space charge effect caused by the exchange of energy be-
tween electrons. The space charge effect is most severe
when the density is high, such as near the photocath-
ode. Therefore, a high extraction electric field at the
photocathode is most critical. The problem lies in the
fact that a typical time-resolved e-gun extracts electrons
with a DC field. Currently, the TRED e-gun has an
extraction gradient of about 6 MV /m.

The extraction field can be boosted by at least an order
of magnitude by using a strong RF field instead of a DC
field. Laser driven RF e-guns [26-28] have been devel-
oped as potential sources of high-current, low-emittance,
short-bunch-length e-beams, which are required for X-
ray free electron laser (XFEL) and other applications.
In this scheme, the initial electrons are generated in the
photocathode and accelerated through an RF-field rather
than a DC field. The use of an RF-field alleviates the
electrical breakdown limit. Thus, the extraction field can
be higher than the DC field. Additionally, the higher ex-
traction field of the RF e-gun suffers less from the space
charge effect because the laser-generated electrons in the
photocathode are quickly accelerated to near-relativistic
speed, thus allowing the generation of an electron flux
several orders of magnitude higher than that supplied
by e-guns with a DC field.

Another important advantage of using a photocath-
ode RF gun to produce fs e-pulses is its capability of
compressing the e-pulse as it is being accelerated in the

5

4.5
100 MV/m
4l |
S 5 . 1
() 50 MV/m
=
S |
>
2
Q 2.5
c
w
€ 2
I
8 15 25MV/m
I /
O.Sx
0 . . .
0 20 40 60 80 100 120

RF Gun Phase (deg.)

Fig. 2. Photo-electron beam energy vs. RF gun phase for
three field gradients.
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Fig. 3. Photo-electron beam bunch length vs. RF gun
phase at the gun exit and the target station.

time-dependent RF field [28]. This permits use of a
longer laser pulse and further reduces the space charge
effect near the cathode region. Fig. 2 shows the photo-
electron beam energy as a function of the RF gun phase
and the field gradient on the cathode. By choosing the
proper field gradient and RF gun phase, the e-beam en-
ergy spread can be minimized. The photocathode RF
gun considered here is a 1.6-cell BNL S-band RF gun.
In Fig. 3, the electron bunch length at both the RF gun
exit and the target station (1 m downstream) is plotted
as a function of the RF gun phase for a field gradient of
50 MV /m (2 MeV). The number of electrons for this sim-
ulation is approximately 10°, and the laser pulse length is
about 500 fs. Our simulation shows if the number of elec-
trons is reduced to 10°, the electron bunch length at the
target station will be less than 100 fs (FWHM). Table 1
summarizes the expected performance of the photocath-
ode RF gun with a field gradient of 50 MV /m and allows
for comparison between it and a typical DC gun.
Besides the improved time resolution, there are other
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Table 1. Comparison of femtosecond electron diffraction using DC and RF guns.

DC gun RF gun
Time resolution (At) (ps) ~5 <0.2
Laser pulse width (Atiaser) (ps) ~0.1 ~0.1
Electron pulse width (At.) (ps) ~4 ~0.1
Velocity mismatch (Atvar) (ps) ~2 ~0.1
Field on the cathode (MV/m) DC field (~6) RF field (50 — 100)
Electron kinetic energy (MeV) 0.03 1.5 t0 4
De Broglie wavelength (A) 0.066 0.00637 to 0.00277
Speed of electrons 0.33-c 0.86-c to 0.94-c
Camera length 13 cm A few meters
Divergence (rad) 1073 to 1074 1073 to 10*
Chromatic coherence length (A) 33 to 330 10 to 50
Lateral coherence length (lower limit) (A) 10 to 100 0.4 to 10
Energy spread (%) 0.01 to 0.1 0.005 to 0.01
Number of electrons 10* 10° - 108

advantages of using an RF gun for femtosecond electron
diffraction. The electron energy boosted up to at least
1 MeV is capable of deep penetration and allows thicker
samples to be studied. This should widen the applicabil-
ity of time-resolved electron diffraction. In addition, the
cost for construction and maintenance are low compared
with that for the proposed XFELs because only an RF
gun, with no other accelerating components, is needed
for femtosecond electron diffraction.

IV. PRACTICAL CONSIDERATIONS

The near-relativistic electrons produced by a photo-
cathode RF gun approach the speed of light, resulting in
a de Broglie wavelength shorter than that generated by
the e-pulses from a 30-keV electron gun. For 2 MeV, the
de Broglie wavelength is reduced about 10 times. The
scattering intensity is proportional to the square of the de
Broglie wavelength. Therefore, the scattering intensity
for 2-MeV electrons is about 100 times smaller than that
for 30-keV electrons. However, the increased number of
electrons for 2 MeV compared with 30 keV compensates
for this deficiency. Due to the smaller wavelength, the
scattering angle will also be significantly reduced, and
the diffraction pattern will be severely contracted into a
small detection region. If the same size diffraction pat-
tern is to be recovered, the distance between the interac-
tion volume and the detection screen should be increased
from several centimeters to a few meters. Due to the
long distance, a devastating problem arises; the diffrac-
tion pattern may be highly smeared by the beam’s di-
vergence. Thus, the recorded diffraction pattern (RDP)
may deviate significantly from the ideal diffraction pat-
tern (IDP) and cannot be directly used for further inves-
tigation. Therefore, it is important to study this effect

Fig. 4. (a) IDP of polycrystalline Al and the RDP for rms
beam divergence of (b) 0.05 mrad and (c) 0.1 mrad.

more systematically and to investigate the feasibility of
restoring the IDP from the RDP. To simplify our dis-
cussion, we made the following assumptions: First, we
assume that the interaction between the electron and
the sample does not depend on the incident angle of the
electron. Second, the electrons incident upon the sample
in different directions are incoherent. Third, the RDP is
the IDP for a single electron convoluted with the beam’s
distribution at the detection plane when the specimen is
absent.

The IDP of polycrystalline aluminum and the RDP un-
der the influence of various beam divergences are shown
in Fig. 4. The IDP consists of four concentric rings rep-
resenting the four diffraction planes 111, 200, 220, and
331 with a combination of exponentially decaying back-
grounds. The radii of the rings are given by

= MK+ 12 +mH)Y2L/a, (4)

where ag = 4.05 A is the lattice constant, L is the dis-
tance from the sample to the detector, A is the De Broglie
wavelength of the electron, and k, [, and m are the Miller
indices. As we can see from Fig. 4, the RDPs strongly
depend on the beam divergence and deviate significantly
from the IDP. Since most of the theory for structure
analysis and refinement starts from the IDP, obtaining
it from the distorted RDP is necessary. In principle,
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Fig. 5. Restored IDP (a) after 100 iterations, (b) after
10000 iterations. (c) a comparison of the 1-D curve between
the IDP and that restored after 10000 iterations.

deconvolution of the RDP should allow retrieval of the
IDP, which will be further used for structure investiga-
tions. Thus, the effectiveness of the pattern restoration
is crucial to the validity of the subsequent ultrafast pro-
cess study. We have adopted the well-known Richardson-
Lucy [29,30] algorithm for pattern deconvolution, instead
of a linear inversion algorithm, to take advantage of its
intrinsic capability for suppressing noise amplification.
The restored IDP for Fig. 4(c) under different iteration
numbers is shown in Fig. 5. Fig. 5(c) is a comparison of
the 1-D curve between the IDP and that restored after
10000 iterations. The 1-D curve is expressed as a func-
tion of s, the magnitude of momentum transfer between
an incident electron and an elastically scattered electron:
s = 4{ sin g, where 6 is the scattering angle. The agree-
ment is satisfactory, though not complete. The discrep-
ancy is attributed to the so-called ‘Gibbs phenomenon’
[31], which arises due to finite discrete sampling of the
measured data. Actually, any feature in the pattern for
which the frequency is beyond that determined by the
sampling interval cannot be accurately extracted by de-
convolution. Instead, some ‘ringing’ occurs, as can be
seen in Fig. 5(c). It is worth pointing out that in our
simulation, the IDP is sharper than that obtained by ex-
periments, which indicates that our simulation is quite
conservative. For real data, the IDP is smoother due to
the finite particle-size and the instrumental-broadening
effects, so the high-frequency feature is not so severe,
and the restoration, we believe, should be effective and

accurate enough to provide a valid IDP for further inves-
tigations.

Besides the smearing of the diffraction pattern by the
beam’s divergence, several other new issues also arise
when using a photocathode RF gun: lateral incoher-
ence, chromatic incoherence, and timing jitter. First,
the lateral incoherence due to the finite size of the elec-
tron beam should be considered. For example, if we keep
the same camera length of 13 cm for 2-MeV electrons, a
beam size of 100 pm corresponds to 0.96 A=1. Then, the
observed diffraction pattern will be a superposition of all
diffraction patterns with beam centers over a wide range
(0.96 A=1). The net effect would be a reduced diffraction
intensity and a shifted phase. Fortunately, one solution
is to simply increase the camera length to reduce the ra-
tio of the incident beam size to the diffraction pattern
size.

Another important factor is the lateral incoherence
due to the finite size of the electron source. The spread
of s due to this effect can be estimated by As =
(47 /N) sin(a/2) =~ 2wa/\, where A is the de Broglie wave-
length and a is the angle determined by the size of the
electron source and the distance between the source and
the first pinhole (in the case of an RF gun, this cor-
responds to the solenoid). The angle is difficult to as-
sess, but the upper limit can be obtained by measur-
ing the divergence of the electron beam. The inverse of
this spread corresponds to the lateral coherence length,
X1 = M/ (2ma), which roughly estimates the maximum
internuclear distance [32,33] that can yield visible diffrac-
tion patterns. Since the de Broglie wavelength is about
ten times smaller for 2-MeV electrons than it is for
30-keV electrons, to retain the same lateral coherence
length, a has to be reduced accordingly. This adjust-
ment can be achieved simply by placing the first pinhole
further away from the electron source at the expense of
the electron flux.

Chromatic incoherence is caused by the finite spec-
tral width of the electrons. One can define the chro-
matic coherence length (X¢) as the distance of prop-
agation over which radiation of spectral width A\ be-
comes out of phase by 7 radians [34]. Chromatic coher-
ence is estimated from the energy bandwidth An, of the
electron beam: X¢ = n./(2-An) = (A\/2) - (A/AN) =
(\/2) - (E/AE), where n. is the speed of the electron
beam. Thus, a larger value for X means greater coher-
ence. The value of An for relativistic ultra-short electron
pulses is a few orders of magnitude larger than the energy
spread of ~0.4 eV in typical electron diffraction exper-
iments, but the relative energy spread is comparable at
about 0.1 %. The observed diffraction pattern is then
a superposition of patterns with frequencies over a wide
range, giving an artificial damping of the diffraction sig-
nal. If this damping is to be avoided, the energy spread
should be reduced to observe the diffraction patterns.
The energy spread depends on many factors, such as the
temporal width of the laser pulse striking the photocath-
ode, the laser spot size on the photocathode, the initial
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and the further broadening due to the space charge effect,
and the bunching process. As we pointed out earlier, by
properly selecting the field gradient (50 MV /m) and the
RF gun phase, an energy spread lower than 0.01 % can
be realized, which is comparable to the value for a DC
gun. For diffuse scattering from isolated gas molecules,
chromatic incoherence is not a serious problem. For ex-
ample, X-rays with a bandwidth of 2 — 5 % were used
successfully to record the diffuse scattering signals from
a liquid sample and did not show significant modulation
compared to that from monochromatic X-rays [6,35].

For typical pump-probe experiments employed for
time-resolved electron diffraction, the timing jitter con-
sidered is the arrival-time jitter between the pump laser
pulse and the probe electron pulse at the scattering point
of the sample. In the experiment, the same laser pulse
from a single laser system will be used to generate both
the pump laser pulse for initiating reactions in the sample
and the other laser pulse for generating electrons from
the photocathode RF gun. Therefore, the timing jitter
will be the jitter of the e-beam arrival-time at the scat-
tering point. Since the distance traveled by the electrons
is constant, the arrival time jitter of the electrons is dom-
inated by the velocity fluctuation, hence, by the energy
variation. The energy jitter of the electron beam could
come either from the timing jitter between the laser and
the RF system or from the RF amplitude fluctuation in
the RF gun. Fig. 2 shows that the electron beam energy
fluctuation will be less than 0.05 % if the RF gun is op-
erating below 30° and the timing jitter between the laser
and the RF clock is less than 1 ps. This corresponds to
an arrival time jitter less than 100 fs for a 50-cm travel
distance. When the electron beam speed, v., approaches
the speed of light, ¢, the arrival time jitter, At;;;, can be
approximated by

Aty =~ C,Tg(f)a (5)
where 7 is the relativistic factor, (1 —v2/c?)~/2,1 is the
distance from the cathode to the scattering point, and
(AE/E) is the relative energy fluctuation. If the arrival-
time jitter is to be kept below 100 fs, not only must the
timing jitter between the laser and RF system be kept
less than 1 ps, but also the RF amplitude fluctuation
must be stabilized better than 0.1 %, which is well within
the reach of the present RF technology.

V. CONCLUSIONS

In summary, use of a photocathode RF gun is sug-
gested as a means to achieve electron diffraction with
a time resolution less than 200 fs. The key aspect of
femtosecond electron diffraction is the use of a femtosec-
ond electron pulse with a near-relativistic speed along
with the high flux out of a laser-driven RF e-gun. The

near-relativistic speed of the electrons will further re-
duce the velocity mismatch and significantly improve the
overall time resolution. Our simulation shows that an
RF e-gun can generate 100-fs electron bunches with 106
electrons. The plausibility of this method was consid-
ered, as well as several other factors, such as the lateral
and the chromatic coherence lengths relevant to realiz-
ing this time scale. The timing jitter between the laser
pulse and the electron pulse was shown to be smaller
than 100 fs. The use of near-relativistic electrons offers
the additional advantage of a longer penetration depth.
However, the de Broglie wavelength of near-relativistic
electrons, which is one order of magnitude shorter than
that of electrons generated by a typical DC gun, makes
the Bragg angle one order smaller and comparable to
the beam’s intrinsic divergence, significantly blurring the
observed diffraction pattern. Our simulations show that
restoration of the ideal diffraction pattern from the ob-
served, blurred diffraction pattern is possible; therefore,
femtosecond electron diffraction using a photocathode
RF gun can be a useful and practical tool. In addition,
our simulations show that the sensitive dependence of
the diffraction pattern on the electron beam divergence
can be utilized to measure the divergence with high ac-
curacy.
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