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ABSTRACT

We present a novel x-ray streak tube design that uses a modest extraction field at the photocathode, axial time-of-flight
dispersion compensation, and transverse energy selection to achieve better-than-100-fs time resolution.
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1. INTRODUCTION

Historically the time resolution of optical detectors has kept pace with the time duration of pulsed sources, but in 1949,
Courtney—Pratt’s invention of the streak camera! allowed the diagnosis of events in the nanosecond regime, shifting the
balance far toward the detector side. In the 1960s shortly after the discovery of the laser, however, the capability to produce
ultrashort pulses had surpassed the direct measurement of their duration and remains so today. Notuntil 1973, with Bradley’s
introduction of an extraction-mesh electrode to increase the electric field at the photocathode,2 did the time resolution of
a streak camera improve to the picosecond regime. A demonstration of subpicosecond time resolution was published in
1975.3 This time resolution was available only near the long-wavelength cutoff of the photocathode sensitivity. The current
state of the art for optical cameras of 300 to 500 fs was reached in the late 1980s.4-% Meanwhile x-ray streak camera time
resolution remained at 5 to 10 ps’-8 until pushed to the 2-ps level by the capability to produce picosecond x-ray pulses in
1990.° Since then, x-ray time resolution has been demonstrated at the 500 to 600 fs level. 10-15 gti]1, the 10-fs instrumental
resolution predicted by Zavoisky and Fanchenko in 1965 remains elusive.!© In this paper we will review the many issues
that need to be resolved to break the 100-fs time resolution barrier and present a conceptual tube design that calculations
predict will achieve better than 50 fs.

2. BACKGROUND

Streak cameras operate on the principal of producing an electron analog of the optical or x-ray signal with a photocathode.
An electron lens is then used to focus the electrons to an image plane, typically a phosphor screen, but while in transit, the
electron beam is deflected to convert the time dimension to a spatial dimension. The streaked image is recorded with a high-
sensitivity, yet-straightforward photographic system. The limitation in time resolution can be stated as follows: electrons
emitted at the same time from a tiny spatial resolution element on the photocathode do not converge to a single point in the
image plane nor arrive at the same time. The static point spread function (PSF) of your typical electrostatically focused streak
tube is dominated by the aperture aberrations of the electron optics, specifically third-order spherical. This enters into the
technical time resolution defined as

T =0f vy H

where @is the FWHM of the PSF and v, is the streak speed. The potential for good time resolution is limited to the paraxial
region at best. Chromatic aberrations due to the finite spread in the initial electron energies € and their angular distribution
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ensure that a 5-function pulse of electrons emitted from the photocathode does not arrive at the screen simultaneously. The
time dispersion due to the time-of-flight can be separated into the three Cartesian components as T = f (8 €y €; ) , where
x and y are the transverse components in the spatial and temporal directions, respectively, and z is along the electron optic
axis. The general form up to order € may be written as

Toe = T, X Xg XJEx +Th XE,

Tgy = 1, XYy X J€, + T, XE,

= iSlnyvcxﬁ+S2y><ﬁ2,
Te, = —TIZXJSZ + T, x€, - Ty, XE,, )

where for the transverse components, the * sign is used if the initial velocity is directed away from/toward the axis, and
(Xp,Y() is the initial location at the photocathode. In this report 7 is in picoseconds, Xy and Yy are in millimeters and € is
in electron volts. When a slot is used for the acceleration electrode, it may be more convenient to calculate 7, in terms of
B, the angle the trajectory makes at the screen with the central ray from the same cathode point, and Y, the location at the
virtual cathode.!” The axial component T¢, has received the most attention, but when pushing the limits to <100 fs, the
transverse components also become important. The process of deflecting the electron beam introduces both a spatial
distortion and a temporal dispersion onto the signal, which can be lumped together as 7; Finally, we can have a spatial and
temporal distortion due to the space charge of the electron packet with itself during transit from the cathode to the screen
Tsp- The system response is then the convolution of these four components, Tgys = f (Tt, TesTasTsp ) Since the components
are interrelated, they cannot be simply added in quadrature.

It can be shown easily that as long as the electron optic axis is straight, electrons that start on axis with finite axial energy
will arrive at the screen before electrons emitted with less initial axial energy, independent of the axial potential distribution.
Yet, for the last few decades, the main effort to improve streak camera time resolution has been concentrated on minimizing
this time-of-flight dispersion with what may be termed the “brute force” method. One increases the dc electric field
at the photocathode to just below breakdown, around 6 kV/mm, and then resorts to pulsed-mode operation where fields of
25 kV/mm can be maintained for nanoseconds.!2-18 This process has resulted in the current state of the art, but future
improvements are doubtful since it ignores the time dispersion in the region from the extraction electrode to the deflection
plates. We may also assume that a magic x-ray photocathode material with a negligibly small electron energy distribution
will not become available, and that we continue to use the standard secondary electron energy distribution curves (SE-EDC)
published by Henke et al.! The usual x-ray photocathode materials of KBr, KI, and gold will be considered in this report.
The SE-EDC for KBris presented in Fig. 1. We also include the axial component and one transverse component, calculated
assuming a Lambertian angular distribution. These distributions are used with Eq. (2) to evaluate the time-of-flight
dispersion. To make further progress we must consider alternative techniques such as incorporating a spectrometer into
the tube design to select a narrow range of electron energies, or using a curved electron optic axis to correct the transit time
of the electrons, compensating for their initial velocities. As will be shown later, <100-fs designs must incorporate all of
the above techniques.

There are some notable examples of innovation in tube design that have addressed the above issues. The bilamellar streak
tube designs from the French, first published in 1974,20 eliminated the low-voltage focusing section of the classic “stack
of cylindrical tubes” design.!#2! Electrons were accelerated directly to the anode potential with only a minimal reduced
voltage section for focusing. This decreased the time-of-flight dispersion and improved any space-charge—induced
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distortions. The focusing in the spatial direction was dramatically improved with the quadrupole in this design; however,
the 1-D cylindrical lenses that are still used to focus the beam in the time direction have large aberrations and therefore
required a limiting aperture in front of the deflection plates to reject the skew trajectories. The size of this aperture has been

further reduced and now is also used to filter out electrons with a large 7, component and thereby improve the time
H 12
resolution.

In 1976, Lieber et al.”-*2 reported on their novel proximity focused streak tube design. The dc extraction field was brute
forced to a passive microchannel plate collimator. This collimator reduced the distance to the deflection plates to its own
thickness (about 1 mm) and filtered out electrons with large transverse energies. The tube had very limited success due to
a poor technical time resolution, although 7, could be improved by increasing the collimator thickness with the
corresponding reduction in throughput.

The magnetically focused tube design published by Kinoshita in 19874 had the distinct advantage that the time-of-flight
dispersion due to the transverse energy components reduced to zero on axis. This tube design also accelerated the electrons
directly to the anode potential and minimized the distance from the extraction mesh to the deflection plates.

In 1988 Niu ez al.23 published the only streak tube design that attempted to curve the optic axis, as the “half-open aperture”
tube. Realizing that there is a well-defined temporal shear in the y direction across the spatial profile of the beam at the anode,
an aperture was used to select an off-axis portion of the beam such that the shear partially corrected the axial time dispersion.
A further correction was then applied by using the temporal shear produced by a static voltage on a pair of deflection plates
(referred to as the compensation element). This deflection curved the optic axis prior to the beam reaching the streaking
deflection plates. Unfortunately no results implementing these two concepts have been published.

3. FOCUSING ABERRATIONS

Achieving <100-fs time resolution demands that particular attention be paid to the quality of the electron lenses used in the
streak tube. Not only is a tight spatial focus required for the technical time resolution, but also the time-of-flight dispersion
through the lens from the transverse chromatic aberrations must be minimized; if not, it will dominate the system resolution.
Recall that even a vacuum is dispersive for electron velocities. A comparison of the quality of spatial focus that can be
obtained with different electron lenses is presented in Fig. 2. These plots are from 2- and 3-D electron optics codes that
solve the Laplace equation and calculate electron trajectories and equipotential surfaces. The problem represented has a
15 kV/3-mm mesh extraction field at the cathode followed by a constant 15 kV potential to the screen. The nominal spatial
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Figure 2: Electron optics code calculations showing
the aperture aberrations for (a) simple cylindrical
tube lens, (b) quadrupole, and (c) quadrupole with a
front octopole corrector. Electrons are launched
froma 15-kV virtual cathode with in-plane transverse
energies of 0, 0.5, and 2.0 eV. Equipotential surfaces
on 1-kV intervals are shown in (a) as dashed lines.
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magnification is 1.5. The axial potential decreases to 5416 V in the central focusing section of the cylindrical tube lens of
Fig. 2(a) as shown by the equipotential lines but maintains at 15 kV for the quadrupole lens of Fig. 2(b). We launch electrons
from the 15 kV virtual cathode behind the true photocathode with in-plane transverse energies of 0, 0.5, and 2.0 eV.

The tube lens in Fig. 2(a) has a good spatial PSF over the central region, X, < +1.0 mm; the lens fill factor is <10%. Outside
of this region, third-order spherical aberrations cause the off-axis focus to be well in front of the screen. A curved screen
to compensate for the parabolic image plane is too tightly curved to be practical. The 1-D version of this tube lens that is
used in the bilamellar tubes for focusing in the temporal direction has comparable aberrations. One must also limit its use
to <10% fill factor, which becomes an issue when a slot is used for the extraction electrode because the beam is more
divergent than if a mesh were used. The quadrupole lens in Fig. 2(b) has superior imaging properties, which can be further
improved with a front octopole corrector?* as shown in Fig. 2(c). The lens fill factor now approaches 80%.

The details of the time-of-flight through the focusing lens are presented in Fig. 3 for the tube lens and the corrected
quadrupole. The abscissa 6y is the angle the trajectories make with the screen, and the ordinate is the transit time relative
to a zero-energy electron emitted on axis. The solid lines denote the streak curvature. Curvature of the isotemporal lines
due to the longer transit times for off-axis points may be problematic for the short streak durations (<20 ps) that are generally
used for subpicosecond time resolution. The streak curvature can be written as a parabolic function of the initial cathode
position. The tube lens has AT(ps)=0.698 X X&(mm) , and the quadrupole has A7(ps)=0.313x Xg (mm). Both tube
designs can be corrected easily by using a curved fiber-optic faceplate for the screen substrate.



Figure 3: Time-of-flight dispersion for the electron lenses in
Figs. 2(a) and 2(c) as a function of the angle the trajectory
makes with the screen. The solid curves are the isotemporal
lines. Electrons are launched from X =0, 1, and 2 mm for the
tube lens (triangles) and Xo = 0, 2, and 4 mm for the
quadrupole (squares). The initial electron transverse ener-
gies from each point are 0.0, £0.1, £0.5, £1.0, and £2.0 eV.
The time resolution —the spread about the isotemporal lines —
degrades quickly for points off-axis.
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The time dispersion is the spread in transit times about the isotemporal line and is shown for |8 x| <2eV,withinitial positions
of Xy =0, 1, and 2 mm for the tube lens (triangles), and X, =0, 2, and 4 mm for the quadrupole (squares). The dispersion
coefficients obtained by fitting the data to 7, from Eq. (2) are T, = 1.09 and 75, = 0.345 for the tube lens example, and
T1,=0.329 and 75, = 0.029 for the quadrupole. The T}, term dominates the PSF in time for these examples. The transverse
energy €, limit to obtain a time resolution <50 fs at X; = 1 mm can be determined as \/5 <0.025ps/T;, , or a few meV.
For such small €, values, the T, term can be ignored. Fortunately the crossover point offers an ideal location to limit €, since
at this location the transverse velocities are neatly dispersed in space [see Fig. 2 (c)] at z = 190 mm. Of course, clipping
the larger &, values will reduce the signal throughput. There is a similar issue with the time-of-flight dispersion from €,; the
beam divergence in the y direction must also be severely restricted. The scaling of the transverse chromatic aberration
coefficients with the beam potential is Tj, o< Va_l, T, o< Va_l's. Everything improves with higher beam potential.

4. DEFLECTION SYSTEM

There is a recurring theme among the reported subpicosecond cameras: the deflection plates must be a traveling-wave
system, typically a meander line. This is due to the limited bandwidth of a simple two-plate deflector. The other advantage
of the meander line is the increased deflection sensitivity. Further, one can reduce the fringing fields by placing ground
planes between the lines. Still, the aberrations inherent in deflecting the beam remain (we are not aware of any reports
showing otherwise). These aberrations can be illustrated with the static field parallel-plate deflector shown in Fig. 4. The
deflection angle o(rad) can be written as

o=LV,/2dV,, 3)

where L is the plate length, d is their separation, V,; is the total voltage on the plates, V,, is the anode or beam potential, and
we ignore relativistic effects. The fringing field contributes about 50% more deflection. When a beam of dimension 2w
traverses the field between the plates, the top part of beam will be at a different potential than the lower part. This difference
in axial velocities introduces a time shear across the beam given approximately by

Ty =wLV; /v, dV, =20aw/v,, “)
where v,, is the average electron axial velocity. Here we consider only the region delimited by the plate length, whereas in

practice the fringing fields will increase the time dispersion. The time shear changes sign as the beam crosses the axis,
resulting in a minimum in the time dispersion near the axis.2> With a meander line deflection system, each segment



Figure 4: Simple parallel plate deflection system
with static£200-V potentials and a 16-keV electron
beam. The dashed lines are equipotentials showing
the fringing fields.
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contributes a little to the deflection angle and to the time dispersion, but Egs. (3) and (4) will still give the total angle and
time dispersion. Any reduction in the fringing fields will affect both the angle and the time dispersion.

Restricting 7, to <50 fs limits the usable streak length on the screen to £ a few millimeters. Typical parameter values would
be a=1.0°, w=0.1 mm, V,=15kV, and a 100-mm deflection distance. These requirements on the beam size/divergence
are commensurate with limiting the time-of-flight dispersion due to €,. Again, increasing the beam potential is beneficial
to reduce 7, although it will decrease the deflection sensitivity. Any beam focusing by the deflection system is not an issue
for the small angles that one is limited to here.

5. MIRRORED SYSTEMS
The time-of-flight dispersion coefficients due to the electrons’ axial energy distribution from Eq. (2) are well known as

T, = k/E

z ex >
1/2
Tipe = le/zve)< s

T, = kiy[4V.),

where k= (2m/e)1/ 2233724107 in MKS units, E,, is the extraction field at the photocathode, V,, is the extraction

potential, and L,, is the distance from the extraction electrode to the deflection plates. The T, term assumes that the
potential is constant over L,, otherwise, the integral over the axial potential distribution must be used. The axial time-of-
flight dispersion for a 16 kV/4-mm extraction field and L, = 30-cm tube design is plotted in Fig. 5 (a) for three typical x-ray
photocathodes. We assume a Lambertian angular distribution and ignore the transverse components for now. The negative
dispersion T, (ps)=-0.843 1@ —0.1216¢, limits the time resolution to about 0.75 ps.

A normal-incidence electron mirror is the simplest technique to circumvent the straight electron optic axis conundrum.
The round-trip time-of-flight dispersion for a mirror is given as

Ty =13, X €, = (k/EmVel)iz)xgz ’
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Figure 5: (a) The axial time-of-flight dispersion calculated for KI, KBr, and Au x-ray photocathode materials for a 16-kV/4-mm
extraction field followed by a 30-cm focusing region at 16-kV potential. A Lambertian angular distribution is assumed. Time resolution

is 750 fs. (b) A positive time dispersion of 0.8 ps/eV from an electron mirror partially corrects the negative time dispersion in (a) and
improves the time resolution to 10 fs.

where E,, is the electric field of the mirror. The positive time dispersion provided by the mirror can be used to cancel the
T, term and partially compensate the T, term. A mirror with E,, = E¢, /120 will provide a T3, term of +0.8 ps/eV that
improves the time resolution to the 10 fs range as shown in Fig. 5 (b). Even the full width at the 10% level is <100 fs. There
are, however, two problems with this scheme. First, one must be concerned with the space-charge-induced broadening as
the beam is brought to a stop at the turnaround point. Second, the return beam intersects the cathode. Rempfer2® has
published an image-relayed electron optic system that incorporates a magnetic field perpendicular to the beam-propagation

direction to bend the electrons into (and, upon return, out of) a normal-incidence mirror. It is not clear whether such a
system can be incorporated into a streak camera.

The next-simplest electron mirror is a corner cube as shown in Fig. 6. Now the turnaround point is at potential V,, /2, which
is good for any space-charge issues; however, the dispersion for this mirror is negative:

Teer = —[ks/(ZVa)3/2] XE,,

where s is distance from the corner to where the £, =0 eV trajectory exits or enters the mirrors. The higher-energy electrons
travel a shorter diagonal distance across the corner, thereby canceling the positive dispersion gained in the mirror.
Additional problems with a corner cube mirror are the poor throughput traversing four meshes at 45°, the difficulty of
capping the ends with a linear gradient, and the focusing power for divergent beams.

6. DOUBLE CYLINDRICAL ANALYZER

The cylindrical analyzer formed with concentric cylinders has dispersive and focusing properties that can be used to form
the front end of a streak camera. The potential between the cylinders is given by

V(r)=V; +(V, + Vi) In(r/r;) /In(r, /1)

where the subscripts refer to the inner and outer cylinders. Typically the centerline potential is set to the beam potential, V.
The radial gradient can be varied independently and is used to tune the dispersive properties. An ideal cylindrical analyzer



is modeled in Fig. 7. Electrons that are started from the centerline with equal energy but with a range of angles converge
at the first focus, 127° around the arc, and then again at 254° with negligible time dispersion. Electrons that are started
tangential to the centerline with increasing energy follow longer paths (introducing positive axial dispersion) but converge
at the second focal position. The magnitude of the dispersion d7/dg, can be varied easily. It is proportional to the cylinder
radius. It scales with the beam potential as V' 32 , and as the voltage gradient is varied, it scales inversely with the potential
at the first focus. The arc length to the first and second focus increases by a few degrees as the beam potential and the gradient
are increased due to relativistic effects.

A realistic implementation of the cylindrical analyzer as the front end of a streak tube is presented in Fig. 8. The first issue
is capping the ends of the cylinders in a manner allowing the addition of a photocathode while preserving as much of the
dispersive properties as possible. The extraction electrode at the centerline potential forms the end cap; either a slot or a
mesh may be used. The ends of the cylinders are folded inward a small bit to minimize the end effects. The top and bottom
of the cylinders (spatial or x direction) are capped similarly at a total height at least four times the difference in cylinder radii.
The two cylinders are joined at the second focus of the ideal analyzer shown in Fig. 7. The axial time-of-flight dispersion
for the system is 7g =-0.906 X \/g +0.861x €,, which by itself results in a time response similar to Fig. 5(b). An
interesting property of the double cylinder is that the magnitude of the 7 term scales with the positive axial dispersion term;
in this example, sz =0.825.

A mesh extraction electrode is not recommended for optimum performance of this tube design. Electrons launched from
a point on the photocathode with equal energy but a range of angles enter the cylindrical section at different radii along the
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Figure 6: An electron optic corner cube mirror. Figure 7: An ideal cylindrical analyzer introduces positive

axial dispersion. Electrons that are started from the centerline
with equal energy but a range of angles converge at the first
focus, 127° around the arc, and then again at 254° with negligible
time dispersion. Electrons that are started tangential to the
centerline with increasing energy follow longer paths but con-
verge at the second focal position. The inset shows the very tight
second focal position.
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potential gradient. As was shown previously with the deflection plates, this causes a temporal shear across the y direction
of the beam. Its magnitude is about 10 ps/mm of photocathode/cylinder for the present example. The second cylinder is
oriented so that the temporal shear is effectively cancelled when the beam exits. The temporal shear for the double cylinders
is reduced to 0.5 ps/mm of cathode for this design. The T, term is 0.232, independent of cathode position, and there is no
good way to restrict €, to obtain femtosecond performance. A crossover point would be needed in the final imaging stage
before the deflection system.

When a slot is used for the extraction electrode, the virtual photocathode is the transverse velocity distribution of the
electrons emitted from the cathode. Thus at each image plane, one can use an aperture to restrict the transverse energy of
the electrons. As with the mesh, there is a residual temporal shear on the beam as a function of transverse photocathode
position. With a slot extraction electrode, however, the temporal shear goes through a minimum at an off-axis position.
Fortunately, the 7'}, term changes sign, going through zero, near the same position. The usable photocathode with (T, <
0.05) is about 30 um for a 20 fs contribution. A 25 um aperture is used at the exit image plane of the double cylinder to
restrict €, <25 meV. Aligning this aperture is a nontrivial mechanical task. The system time resolution is plotted in Fig. 9;
FWHM is 40 fs, half the signal arrives within 50 fs, and the signal level at 100 fs is 0.2.

The problem of imaging the X and Y object planes, which are 50 cm apart, simultaneously to the screen can be readily solved
with a quadrupole doublet. Magnifications are in the range of 0.5 to 1.0. This will increase the beam divergence to greater
than that required for the deflection system. An aperture may be installed to restrict the beam divergence but then the
throughput will be very small (few percent). An alternative that does work is the bilamellar tube, but using the F1 electrode
to focus in the time direction as presented in Fig. 10. Here we obtain M, = 0.2 and M, = 8.5. The time-of-flight dispersion
term, Tg = 1.3 X X[ X \/7 +4.7x €, istoo large and will dominate the system time resolutlon Therefore we propose that
there be no focusing in the x direction and allow the beam from a single point to expand to >10-mm size during the 15-ns
transit to the screen. Forgoing all spatial resolution is not unreasonable given the limited number of electrons that can be
transported to the screen in a 50-fs-time-resolution element.

Space-charge broadening is a major concern for femtosecond diagnostics. A simple calculation using 1% of the Child—
Langmuir current density limit at the photocathode (0.01 x 32 A/cm?2) emitted from a 2-cm x 30-um cathode area in 50 fs,
and assuming throughput values of 2/3 for X and 0.25 for Y, results in 100 electrons per time-resolution element. Given the
relatively large area of cathode that is used, this is feasible.2”-28 There is one caveat, a KBr photocathode has a 50%
probability of emitting more than one secondary electron per absorbed x ray. (We have measured a 1.4% probability of ten
or more secondary electrons per absorbed x ray.) This would of course result in spatial clumping of the emitted electrons.
As an alternative, gold photocathodes emit an average of 1.16 secondary electrons per x ray.
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7. CONCLUSIONS

We have presented a novel streak tube design that clearly has the potential for demonstrating 100-fs time resolution. It
utilizes a combination of a modest extraction field at the photocathode, axial time-of-flight dispersion compensation, and
transverse energy selection. Increasing the extraction field and/or the cylinder radii will allow the beam energy in the double
cylinder to be increased if space charge is a concern. Imaging the spatial dimension with negligible dispersion remains an
issue and would be highly desired for cameras operated in accumulating mode (nominal 1-kHz repetition rate) with a
<50-fs jitter streak ramp. ! Interestingly, the time resolution does not change significantly with x-ray photocathode material.
In fact, the narrower energy distributions generated off optical photocathodes are more difficult to compensate. This design
can also be applied to time-resolved electron diffraction experiments that use a photocathode as an electron source.?”
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