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Abstract
A prototype electron-optical image converter vacuum tube,
utilizing a sweep/compensation framing technique, has been imple-
mented into an experimental picosecond framing camera; the
Picoframe I. Picoseond risetime voltage gradients derived from
laser illuminated photoconductive element devices have been employed
in operating the camera in a single frame mode. Framed images of
130-200ps duration, demonstrating a dynamic spatial resolution of

up to 10 lp/mm at the photocathode have been observed.

Framing operation using the voltage-gradients produced by a
series chain of avalanche transistors has yielded single framed
image durations of ~200ps and a dynamic spatial resolution of
7 lp/mm (at photocathode). A shorted stub transmission line pulse
forming network has been used to generate ~2ns (FWHM) kilovolt
amplitude triangular waveforms, facilitating double sweep operation
of the Picoframe I. Doublet framed images each exposed for~200ps
and temporally separated by 1.2ns, with a dynamic spatial reso-

lution of < 10 Ip/mm (at photocathode) were recorded in this mode.

A theoretical study of the paths followed through the
Picoframe design by the energetic secondary electrons emitted
from an x-ray sensitive photocathode has been made. Deficiencies
in the imaging capabilities of the design under such conditions are
revealed, and a modified design compatible with imaging x-ray

photocathode secondary electrons is presented.

The performance of a repetitively operating Photochron IV-M
Streak camera is discussed. Hypershort optical pulses from a
colliding pulse mode-locked CW ring dye laser were observed with
a temporal resolution of 2.3ps. The contributory factors
responsible for degrading the temporal resolution from the

theoretically predicted value of ~0.5ps are reviewed.
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chap 1

CHAPTER 1

An Introduction to streak and framing cameras

1.1 General Introduction

The generation of ultrashort [1] and hypershort [2,3,4]
optical pulses by the phase-coupling of laser cavity modes (mode-
locking) is now an established procedure [5]. Pulses as short as
27fs duration have been generated directly by careful control of
the cavity parameters in a colliding pulse mode-locked (CPM) dye
laser [6,7]. Applying extracavity pulse compression, using a com-
bination of group velocity dispersion and self phase modulation
in optical fibres, optical pulses as short as 8fs have been pro-

duced [8].

The ability to generate such optical pulses has provided a
valuable tool to probe many ultrafast physical processes. New
fields of investigation now require diagnostic instruments cap-
able of providing information on a picosecond timescale [9]. In
many instances where the temporal-evolution of intensity in a
laser induced reaction or pulse is of prime interest, and not the
specific spatial origin of the intensity, one-dimensional
imaging is sufficient. In other cases the spatial distribution
of intensity in a reaction is an important parameter and a two-
dimensional time-resolved diagnostic is therefore required. Two
important linear-response diagnostic instruments capable of time-
resolved imaging on a picosecond timescale in one and two spatial
dimensions are the electron-optical streak and framing camera res-
pectively. The design, operation and evaluation of state-of-the-
art instrumentation in this field forms the subject matter of this

thesis.
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1.2 Introduction to the electron-optical streak camera

One of the most commonly used linear methods of recording
the temporal intensity profile of an optical pulse is the photo-
diode/oscilloscope combination. Fast photodiodes typically have
a risetime of < 20ps [10] and modern fast real-time oscilloscopes
a risetime of ~50ps (direct access Tektronix 7104), providing an
overall resolution of around 55ps. If the luminous event is rep-
etitive, as in the case of a CW mode-locked laser, a sampling
technique may be employed. Commercial sampling heads have a reso-
lution of < 25ps (Tektronix S4) yielding an overall temporal reso-

lution of around 35ps.

A dramatic improvement in temporal resolution is achieved by
utilizing non-linear optical effects [11] to generate correlation
functions. These include; two photon fluorescence [12], three
photon fluorescence [13], second harmonic generation (SHG) [12]
and third harmonic generation [14]. Autocorrelation techniques
[15] based on SHG have demonstrated excellent temporal resolution
into the femtosecond regime [16]. Unfortunately the correlation
function yielded by all these techniques is always symmetric re-
gardless of the input pulse profile. Thus unambiguous determin-
ation of the intensity profile and duration is prohibited. How-
ever these non-linear techniques currently represent the only
means of measuring the hypershort femtosecond pulses now being

generated.

The only currently available linear diagnostic instrument
permitting unambiguous interpretaion on the picosecond and sub-
picosecond timescale is the electron-optical streak camera.

The one-dimensional imaging characteristics of the instrument

allows the simultaneous recording of intensity profile and
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spatial [17] or spectral [18] informatipn along its spatial

axis (slit). As a device its superior sensitivity, demonstrated
by fluorescence studies [19], linearity of response and wide spe-
ctral coverage (IR/visible/vuv/x-ray) [20,21] through the choice
of photocathode, has enabled it to find many applications as a
picosecond diagnostic. Thése include; direct duration measure-
ment of mode-locked laser pulses [22], time-resolved spectrosc-
opic studies of molecular dynamics in liquids [23] and optical
excitations in solids [24], time-domain measurements of pulse
propagation in optical fibres [17], investigation of semiconduc-
tor diode lasers [25], temperature [26] and viscosity [19] depen-
dence of excited state dye fluorescence lifetimes, studies of
biological samples [27] and as a laser produced plasma diagnos-

tic in laser-induced fusion research [28].

Instruments possessing picosecond resolution have been re-
ported for some years now. However until the latest generation
of femtosecond image tubes with sub-picosecond resolution (~0.8ps)
had only been reported for illumination close to the photocathode
cut-off frequency [29,30]. The Photochron IV femstosecond single-
shot streak camera has demonstrated a deconvolved temporal reso-
lution of 700fs [31] and a recently reported magnetically focused

streak tube has claimed a temporal resolution of 440fs [32].
1.2.1 Principle of operation

Based on a proposal by Zavoiski and Franchenko [33] the op-
erating principle of the electron-optical streak camera is illus-
strated in fig. 1.1. An optical signal under study is incident
upon a narrow slit that is imaged via a relay lens onto the pho-

tocathode of the instrument.
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Fig. 1.1 Operating principle of the electron-optic streak camera

Liberated photoelectrons are accelerated and focused by an elec-
tron-optic lens [34] onto a luminescent phosphor screen where the
electron signal is reconverted into an optical signal for sub-
sequent recording. A linear time-varying voltage ramp applied

to a pair of deflector plates inside the instrument, sweeps the
slit image across the screen. Provided the photocathode response
is linear the spatial extent of the streaked image on the phosph-
or is directly related to the duration of the incident light sig-
nal. For calibration purposes an ultrashort light pulse is often
split into two equal components, and a known path difference in-
troduced between them before being incident on the camera. The
streaked output then consists of two replica pulses of known

temporal separation.
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i.2.2 Spatial resolution

In common with all imaging systems the image quality in an
electron-optic tube is limited by the geometrical aberrations of
the lens. The most important of these are astigmatism and field
curvature [34]; as image tubes generally incorporate a planar
phosphor screen any curvature of the image plane-will degrade
the spatial resolution. Modern computer aided design techniques
[35] have made it possible to minimize these effects and image
tubes exhibiting better than 50 line pairs per millimeter (1lp/mm)
static spatial resolution at photocathode are typical [36]. Most
current streak tubes employ rotationally symmetric electrostatic
focusing [36,37,38]. Although magnetic focusing has generally
been more popular in the past, it has recently been adopfed in a
new tube design [32]. A quadrupolar lens has been reported [39]
which permits independent control of the focusing in the spatial
and temporal dimensions. An x-ray sensitive tube employing this
type of electron lens has a predicted temporal resolution of 2ps

[40], although this has still to be experimentally demonstrated.

High intensity irradiation of the photocathode has been
shown to result in degradation of the spatial resolution [41], an
effect often referred to as 'blooming'. It has been proposed that
this is caused by a potential perturbation across the surface of
the cathode as a result of the high photocurrent extracted [42].
Depending on the cathode type either a diverging or converging
microlens is produced causing the image to become defocused at the
screen [43]. The effect is reduced by limiting the photocurrent
drawn from the photocathode by provision of a high gain intensifi-
cation stage. There is some evidence to suggest the phenomenon

may be minimized by fabrication of low surface resistivity
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photocathodes (< 10Q/square) [41], so reducing the potential per-

turbation for a given photocurrent.
1.2.3 Temporal resolution

The ultiméte temporal resolution of electron-optical chron-
oscopy is governed by the photocathode response time. General
theoretical considerations have indicated that for the multialkali
cathodes commonly employed the inherent response time of this

Mg [(44]. A more practical temporal

photoeffect should be < 10~
resolution limitation results from the fact that due to pair pro-
duction and lattice scattering [45], emitted electrons emerge

from the photocathode with a small but finite energy distribution.
This is typically ~0.6eV for multi-alkali type photocathodes

not illuminated close to threshold or cut-off. The absolute de-
gree of energy spread is a function of the particular photocathode,
illumination wavelength, cathode workfunction and other cathode
properties dictated by the type and method of processing. This

Is in effect an electron chromatic aberration which, unlike.in

conventional glass optics, cannot be completely eliminated by lens

design.

The result of this chromatic aberration is that electrons
emerging simultaneously from a common point on the photocathode
do not exhibit identical transit times to their respective image
point; an effect termed 'temporal dispersion'. Consequently
upon application of a linear voltage ramp to the deflectors the
electrons will be deflected to slightly different screen positions
as later electrons experience a greater deflection. Provided
the camera slit is narrow and can be ignored (<<dynamic spatial
resolution of the camera) this will result in a slit image of

width éx. For a given sweep speed v this will result in a
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contribution T to the temporal resolution given by:
X

v

For low sweep speeds approaching zero the temporal resolution is
obviously poor, for extremely high sweep speeds deflection dist-
ortion effects [35] degrade the spatial resolution and again the
temporal resolution is poor. Between the two extremes there

exists an optimum sweep speed [35,46] for maximum temporal reso-

lution.

In general the finite spread in photoelectron emission energy
cannot be eliminated:and it will degrade the temporal resolution
of the instrument. Early workers in this field [22] realising
that the detrimental effects of temporal dispersion accrued mainly
in the vicinity of the cathode, introduced a high extraction field
in that region to rapidly accelerate the photoelectrons, thus
minimizing the effect. This facility, generally provided by a
high potential.mesh electréde in close proximity to the cathode,
is commonly employed in all picosecond streak tubes today.
Although this technique yielded a dramatic improvement in tem-
poral resolution (30ps to < 2ps) further resolution enhancement
requires that the temporal dispersion in the whole imaging system,

not just the cathode-mesh region, be minimized [47].

In the special case of illumination close to the long wave-
length cut-off of a photocathode the energy distribution of the
emitted photoelectrons is low. Under such conditions streak
cameras exhibit their optimum temporal resolution. A Photochron II
camera activated with an S20 photocathode (sensitivity 0.4 - 0.8
um) and illuminated by 752nm wavelength light exhibited a decon-

volved temporal resolution of 0.8ps [30].
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The intrinsic response time of an electron-optical streak
camera, generally referred to as the instrumental function

(a7 +), is limited by the electron temporal dispersion (due to

ins
the initial energy distribution of the emitted photoelectrons)
and by the inherent aberrations of the imaging electron-optics
and deflection system. These two components are termed the

physical (AT

) and technical (AT temporal resolution

phys fech)

respectively. The former is composed of the individual contri-
butions to the temporal dispersion throughout the imaging region
(i.e. cathode-mesh region contribution, focusing region contri-
bution ... etc). The latter is defined by the time taken to
sweep the electron beam through one resolution element at the

screen i.e.,

1

AT = —
tech gv

where v is the sweep speed and § is the dynamic spatial resolut-

ion in the streak direction. Both referred to the screen.

In the past the instrumental function of a streak image
tube has been estimated by combining together these contributory
factors by application of the Guassian approximation [22,48],

usually in the form

ATFnsT = V(ATphys)z + (‘AT+ech)2

Under the approximation all the individual components are assumed

to be discrete, quasi-independent contributions of equal weight.
Although this has been a useful approximation it has been found
insufficient to describe fully the instrumental function of sub-
picosecond tube designs [49]. Thus a more elegant, physically

representative Modulation Transfer Function method (see section

5.2.3) has been developed. Experimentally the instrumental
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function is usually determined by evaluating the FWHM response

of the instrument to a delta function intensity input pulse [50];
1.2.4 Time resolution limited dynamic range

When analysing picosecond and femtosecond optical phenomena
with an electron-optical streak camera to achieve a recordable
image intensity significant photocurrents must be drawn from the
photocathode. Consequently current densities of ~100mA/cm? can
exist inside the tube [51]. It has been observed [45,51,52] that
under such conditions the temporal resolution deteriorated despite
good spatial resolution being maintained along the slit. ( At
very high input intensities photocathode effects do degrade the
spatial resolution, see section 1.2.2). The range of intehsity
over which the degradation in temporal resolution remains within
acceptable limits is referred to as the time resolution limited

(TRL) dynamic range.

The lower intensity limit of the dynamic range is dictated
by the noise level of the system. The upper intensity limit
is defined [53] to occur when the measured pluse duration (Tm)
becomes 20% larger than the duration of the input pulse (Ti),
within the limitations of the camera resolution. TRL dynamic
range is then defined as the ratio of the upper and lower inten-

sity limits:

I(Tm = 1.2Ti)

TRL dynamic range =
noise
It is well established that the TRL dynamic range is a fun-
ction of incident pulse duration [45]. The shorter the incident
pulse the greater the photocurrent drawn from the photocathode

and the lower the dynamic range. Experimental evaluation of the
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dynamic range of a number of different streak tubes has been
undertaken by a number of workers [45,54-57], but with poor
consistency in their results. A number of theories [51,58,59]
based on space charge effects in or near the photocathode have

failed to provide a complete description of the phenomenon.

A recent extensive theoretical analysis [60] of space charge
effects over the entire imaging region for the Photochron family
of streak tubes has demonstrated good agreement with observation.
The mode of temporal broadening may be understood by consideration
of the electron packet emitted when a picosecond light pulse is
incident on a narrow slit focused at the photocathode. Since the
spatial extent of the packet is only a few microns Coulombic rep-
ulsion will tend to accelerate the leading electrons but retard
the trailing ones, causing the packet to expand spatially. At
the deflectors this spatial spread is transformed into a temporal
spread at the phosphor screen. The effect becomes progressively

worse with higher current densities.

This detailed theoretical analysis confirmed that temporal
broadening accumulates over the whole electron path through the
image tube and not just in the vicinity of the cathode as had been
previously suggested [59]. It is notable, however, that space-
charge temporal broadening is most significant in regions of low
potential where the electrons are moving slowly. Hence this effect
is more severe in the vicinity of the cathode region and in other

low potential regions.

Recent results have shown [61] that the use of a fine-mesh
electrode in close proximity to the photocathode does not seem

to have any significant detrimental effect upon the lower limit
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of the dynamic range as had been reported earlier [62].

However the method of photocathode activation does seem to |
affect the dynamic range to some extent [61]. In-situ processed
photocathodes often results in alkali metal contamination of ele-
ctrode surfaces inside the tube which leads to a higher noise
level and hence reduced TRL dynamic range. Remotely processed
photocathodes do not result in this type of contamination and

are to be preferred as lower noise systems.
1.2.5 Dynamic slit curvature

At high sweep speeds curvature of the slit image has been
noted [51]. This effect, known as either 'dynamic slit curvature'
or ‘temporal distortion', results from the difference in time of
flight between on and off axis electrons emitted from the photo-
cathode. Off-axis electrons take longer to arrive at the sweep
deflectors and hence experience a larger deflection. The further
off-axis an electron is emitted the greater this effect will be.
Hence off-axis electrons suffer increased deflection and strike
the phosphor screen further along the time axis resulting in a
curved image. The main causes of this transit time difference

are:

(1) The physical distance travelled by off-axis electrons

is slightly longer than that for on-axis electrons.

(2) Particularly in the initial stagass of the focusing
region electrons emitted on-axis reach a particular
velocity earlier than their off-axis counter-parts

as they intersect the equipotential lines earlier.

These effects are illustrated in fig.1.2 for a three cylinder

electron lens. Effect (2) becomes less significant as the
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electrons approach the anode due to the closely spaced axial

potentials in that region being virtually normal to the axis.

Fig.1.2 On and off axis electron trajectories

The effect of dynamic slit curvature can be detrimental to
the temporal resolution particularly when a linear image sensor
is employed as a read out device (see section 1.2.8). These
devices consist of a series of closely spaced adjacent sensors,
hence a curved slit image might cover more sensor elements than
would be the case for a linear image. This would result in broad-
ening of the recorded pulse-width. It is common practice to limit
this effect by restricting the spatial extent of the camera slit,
although this inevitably results in some degradation of the

signal-to-noise ratio [45].

Dynamic slit curvature may be minimized and theoretically
eliminated by equalising the time of flight for on and off axis
photoelectrons. Two basically similar approaches have been inv-
estigated. Kinoshita et al [63] have designed and fabricated an
image tube incorporating a concave photocathode in place of the
more common planar variety. The radius of curvature is calcu-
lated such that the off-axis electrons do not have as far to travel,
thus reducing their time of flight. This tube has demonstrated a
temporal resolution of 2ps without noticeable image curvature.
However, since the mesh electrode remains planar the cathode-to-

mesh electric field is no longer uniform. A more elegant approach
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incorporating a curved cathode and mesh configuration has been
reported by Niu [64]. A prototype version of this tube has a
reported temporal resolution of 2.7ps without apparent temporal

distortion [65]
1.2.6 Single-shot operation

When it is desirable to record an isolated optical transient
the electron-optical streak camera may be operated in a single-
shot mode. A single fast linear voltage ramp is applied to the
sweep deflectors in synchronism with the luminous event. To
minimize any undesirable space-charge effects, and so maintain
dynamic’ range, the streak tube photocurrent is limited. It is
then necessary to incorporate a high gain intensification stage

(see section 1.2.9) to ensure recordable image intensities.
1.2.6.1 Generation of deflection voltage ramps.

To ensure optimal time resolution streak recording it is
necessary to derive high speed linear voltage ramps. Since the
phosphor screen of an image tube is typically about 50mm in
diameter, at high sweep speeds the viewable time window might
only correspond to a few hundred picoseconds. Thus reliable
synchronisation of the voltage ramp is essential to ensure the
optical event is recorded. Any temporal error in the generation
of the voltage waveform is referred to as jitter, and this should

always be much less than the available time window.

A variety of voltage ramp generations have been employed with
single-shot streak camera systems. The laser triggered spark gap
[51,66] can generate kilovolt pulses with ~150ps rise-times.
Unfortunately the trigger jitter of around 1ns is intolerable and

these devices are now rarely used. A kryton tube (EG & G KN22/B)

can produce < 8kV pulses rising in < 1ns, but again the jitter
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is poor. Hybrid avalanche transistor/kryton circuits [67] show
improved jitter characteristics of ~100ps but this is still rela-
tively large. Modern avalanche transistor circuits [68] have re-
cently demonstrated improvements in sweep speed and linearity

with trigger jitters of around 20ps now commonly attainable. This
performance combined with their ease of use makes them versatile
and convenient sweep generators. Their action is described more

fully in section 4.2.

The fastest source of voltage ramps currently available is
the laser illuminated photoconductive element (Auston switch) [69].
These devices are capable of switching kilovolt pulses in a few
ten's of picoseconds with picosecond jittef. This has ensured
their application in picosecond streak cameras [70] and ultrahigh
speed gated devices [71] a full discussion of these devices is

presented in section 3.2.
1.2.7 Repetitive operation

Although single-shot streak cameras are ideally suited for
operation with passively mode-locked pulsed lasers they do not
offer the best interface for CW mode-locked lasers. It had been
recognised as early as 1972 [51] that there were considerable ad-
vantages to be gained in terms of sensitivity and signal-to-noise
ratio by synchronising the operation of a streak camera to a
repetitive luminous event. In principle low intensity streaks
(with correspondingly low photocurrents) resulting from low power
laser pulses or low intensity laser induced fluorescence or
luminescence, are superposed at the screen 50 accumulating a
recordable image intensity. In such a scheme the temporal and
spatial resolution capabilities of the instrument are retained

although any jitter between the applied sweep voltage ramps and
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the incident luminous phenomenon will limit the temporal reso-

lution of the system.

Techniques for deriving the deflection voltage ramps for
single-shot cameras are not suitable for repetitive operation
due to their long recovery time. A convenient method by which
a repetitive sequence of voltage ramps can be derived is to apply
a high frequency (~ 100MHz) sinusoidal voltage to the deflectors
of the image tube. The central half of the peak-to-peak ampli-
tude departs for linearity by less than 5% and lasts for approx-
imately 1/6th of the period. An illustration showing the prin-

ciple of operation of a repetitively operating streak camera

NN\
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Fig.1.3 Principle of the repetitively operating streak camera
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The advantages of repetitive operation are:

(1) Compatibility with CW mode-locked lasers.

(2) The accumulation of streak images often alleviates
the requirement for further image intensification.

(3) The low-photocurrents associated with individual
streak images minimizes any detrimental space-charge
effects on the temporal resolution and dynamic range.

(4) Accumulation of images results in excellent signal-to-
noise ratio characteristics.

(5) Photoelectronic read-out devices are readily employed

to yield real-time monitoring.

The first experimental demonstration of a repetitively oberating

or 'Synchroscan' streak camera was reported by Hadland et al [72]
in 1974. A modified Hadland 600 streak camera successfully imaged
about ten superposed pulses from a mode-locked Nd:YAG oscillator.
Since then repetitively operating streak cameras have been success-
fully employed in conjuction with both synchronously and passively
mode-locked lasers [73]. To date the best temporal resolution
demonstrated for a camera operating in this mode is 1.2ps [74].
This was achieved with a Photochron IIA camera system operating

at 164MHz observing the pulses from a passively mode-locked ring
dye laser. It shoufd be noted that when a repetitively operating
camera is employed With a synchronously pumped laser system the
temporal resolution has been found to be degraded. This is thought
to be due to interference effects between the laser mode-locking
system and the camera deflection system or jitter in the synchron-
ously pumped laser [73]. The operation of a repetitively operating

Photochron IV-M streak camera is discussed 1in chapter 6.
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When only intensity information is required a constant velo-
city circular scan [72] technidue may be employed in place of the
previously described linear scan. This is achieved by driving
two pairs of orthogonally orientated deflectors in phase quadrature
and has the advantage that initial synchronisation to the optical
event is unnecessary as recording may start at any time. Streak
recording does however necessitate the use of photographic film
or specially designed photoelectronic read-out devices [75]. A
circular scan Photochron IIC camera is currently being evaluated

for implementation into a spaceborne laser ranging system [76].
1.2.8 Read-out devices

In the past the most commonly used streak recording .medium
was high speed photographic film. However this medium suffers
from a number of disadvantages in that it requires chemical
processing before being scanned by a microdensitometer to yield
quantitative results. Additionally in the normal operating inten-.
sity range of a streak camera system, below the onset of detrim-
ental space-charge effects, it forms the only system component to
exhibit a non-linear response. Thus each film must be individually

calibrated. 1Its use imposes a limitation on the dynamic range [45].

Increasingly photoelectronic read-out systems are being emp-
loyed to provide linear real-time representation of streak image
output. Considerable use has been made of vidicon [77] camera
tubes. Basically, the operation consists of focusing an electron
image of the observed optical scene (e.g. streak image) onto a
charge-storage target. Luminous areas of the image cause local
discharge of the target which is then detected by a slowly scan-

ning electron beam. A number of such devices have been incorpor-

ated into streak camera read-out systems.
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These include an image isocon TV tube interfaced to a micropro-
cessor display unit [78] and silicon intensified target (SIT)
cameras connected to either a one [80] or two [81] dimensional
optical multichannel analyser (OMA). Solid state integrated

photodiode arrays (ReticonTM) have also been employed coupled to

an oscilloscope for read-out purposes [82].

Advances in metal-Qxide-semiconductor (MOS) technology has
resulted in the development of charge coupled devices (CCD) [83].
These are essentially analogue shift registers composed of a
number of gate electrodes deposited in sequence on a substrate
material. Incident light quanta generate charge packets which
collect under the electrodes to generate a replica of the variation
in light intensity. These charge packets may then be read out by
the application of suitable clocking waveforms to yield an anal-

ogue video signal.

Linear array CCD devices have been intimately coupled to the
fibre-optic faceplates of streak image tubes and interfaced with
signal processing electronics to provide compact real-time read-
out systems [35]. A CCD device incorporated inside the vacuum
envelope of a streak tube as an electron detector has been re-
ported [85], this was only partially successful as the device
suffered damage during photocathode activation and demonstrated

a relatively low dynamic range of 10.

Although electronic read-out systems greatly facilitate the
ease of use of streak camera systems, their spatial resolution has
generally been poor. The measured static spatial resolution of
a SIT vidicon optically coupled to a streak tube was 6 lp/mm at
15% modulation [80]. This can impose a limitation on the temporal -

resolution of the camera system. Modern solid-state sensors



19 chap 1

do seem to exhibit improved resolution characteristics. Recent
analysis of a number of fibre-optically coupled CCD/intensifier

combinations has demonstrated that at 6 lp/mm static resolution

the modulation can lie between 30% to 70% depending on the manu-
facturer of the CCD device [86]. It is expected that continued

technological improvements in the field of solid-state read-out

sensors will ensure their wide application in picosecond and

femtosecond streak camera systems.
1.2.9 Image intensification

Historically several different types of image intensifier
have been used in conjunction with electron-optical streak tubes.
These include; magnetically focused cascade intensifiers t51],
electrostatically focused cascade intensifiers [67] and channel
plate intensifiers [45]. Various undesirable features of the
first two types, such as high current and voltage demands necess-
itating ancillary cooling and the need to apply inefficient lens
coupling to at least one end, has made them virtually obsolete
in this application. Where image intensification is necessary

most modern cameras incorporate channel plate intensifiers.

Channel plate intensifiers are composed of narrow bore
(~12um) glass tubules with a length to diameter ratio of around
100. The inside surface is composed of a high resistance layer
able to sustain a uniform electric field along its length provided
by electrodes at either end. Electrons entering a channel strike
the wall and cause secondaries to be emitted. These in turn strike
the wall further along the cylinder and are thus amplified in an

avalanche fashion. Many of these channels stacked together in a

parallel mosaic structure form a microchannel plate (MCP).
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For good spatial resolution it is an obvious requirement that the
channels have small diameter and dense packing. Current manu-
facturing technology can produce channel diameters of around 12um

with open area ratio of approximately 0.6:1

Microchannel plates may be incorporated into two basic types
of intensifier; inverting or proximity focused. In the inverting
type an image relayed onto a photocathode is focused by an invert-
ing electron-optical lens onto the MCP input. The output is in
close proximity to a phosphor screen. In the proximity focused
type the photocathode and phosphor screen are in close proximity
to the MCP input and output respectively. A moderately high
electric field between the MCP and the photocathode ensures good
focusing. Devices with useful diameters of up to 40mm are avail-
able. This second type, despite the advantage of being extremely
compact and essentially distortion-free, can suffer from a number
of disadvantages. The most serious of these occurs when ions
generated in the channel, due to contaminents, feed back and
eventually destroy the photocathode. To inhibit this MCP channels
usually have an angle of around 12° to the tube axis,and two MCP's

are often configured in a chevron geometry.

The gain depends upon the applied potential, the channel
length-to-diameter ratio and the secondary emission characteristics
of the channel wall [87]. At a potential difference of a few
kilovolts gains of up to 10° are achievable with the advantage
that by adjusting the potential the gain may be controlled with-
out affecting the focusing properties. Microchannel plates can
be easily gated by modulating the applied voltage which thus
allows optically contacted photographic film image recording

without fogging [45].
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A severe limitation of the MCP intensifier is channel satur-
ation [88]. If secondary electrons are stripped from a channel
wall faster than the charging current can replenish them, the
gain for later electrons will be reduced until the channel has
had sufficient time to recover. This has been found to limit the
dynamic range at high gain levels because of the reduction in the

linearity of the system [45].

Since the multiplication process is independent of the init-
ial event yielding the first slow incident electron, MCP's may
be employed to amplify any spatial distribution of electrons [88].
This has resulted in the direct incorporation of a MCP intensifier
inside a streak image tube to provide a compact camera system [74].
Although this has proved suitable for repetitively operating str-
eak cameras, gain saturation has been determined to limit the per-
formance of single-shot systems [74]. There is therefdre an adv-
antage to be had by exploiting the phosphor decay time by fibre-
optic coupling of an external intensification stage; this redu;es

the instantaneous current demand on the MCP.
1.3 A review of two-dimensional time resolved imaging
1.3.1 Introduction

Picosecond optical pulses have been amplified to terawatt
peak powers [83] in linear amplifier chains. The ability to gen-
erate such pulses has made the possibility of controlled thermonu-
clear fusion a reality as the confinement time: density product
criteria of Lawson [90] can in principle be achieved. High
energy laser pulses are absorbed in the outer surface of spherical
fuel pellets (e.g. Microballoons) in such a way as to produce at

the centre a small volume of highly compressed, high-temperature
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plasma, with an inertial confinement time of ~10"''s [91]. The
investigation of these laser produced plasma interactions are

the subject of intense study at various National ladoratories.

Although picosecond streak cameras and other diagnostic ins-
truments have provided valuable time-resolved information, there
remains an urgent requirement to supplement this one-dimensional
data with two-dimensional temporally resolved images of imploding
microballoon targets. Such a 'framing' camera would find useful

application in the study of implosion dynamic [28].

Since the luminous events of interest are generally unique
transients many of the factors already discussed for single-shot
streak cameras (e.g. spatial. resolution, deflection voltage gener-
ation, image intensification) apply to these framing camera systems.
Instruments permitting two-dimensional time-resolved imaging in
the nanosecond regime have been available for some years, (e.g.
IMACON 790*), but the development of picosecond resolution inst-
ruments has proved illusive despite concerted research effort.

The primary instrumental requirements of a picosecond framing
camera are; (1) frame exposure time < 100ps, (2) inter-frame per-
iods < 250ps, (3) dynamic spatial resolution > 10 Ip/mm and (4)
the potential for x-ray/visable/NIR spectral coverage. To satisfy
the above requirement several different approaches have been ex-
plored, but is is generally agreed that the problem has not yet
been solved. These techniques are now reviewed.

1.3.2 Mechanical techniques

At relatively low temporal resolution (ms) the recording
medium is generally scanned passed the image. In order to attain
improved resolution (us-ns) it is preferable for the recording
medium to remain stationary and the image be moved over it. This
can be achieved with a rotating mirror or prism.

* Hadland Photonics Ltd., Bovingdon, Herts.
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However, the basic problem with all mechanical systems is inertia.
In order to obtain shorter time analysis it is necessary to move
the mechanical components faster, thus to overcome the inertia
ever increasing force must be applied. Eventually the stress
limit of the materials forming the components is reached; that is
when the atoms composing the mirror or prism are torn away by

the centrifugal forces at the edge becoming comparable with the
atomic binding force. For a rotating mirror camera this restricts
the temporal resolution in the framing mode to~10"% s [44].
However this limit assumes perfect materials; when the best
structual materials currently available are used the limiting

framing resolution is~10"" s (e,q. CORDIN* model 114).
1.3.3 Electro-optic devices

Instead of accelerating whole bodies of material, individual
molecules can be reorientated by an external time-dependent elec-
tric field to provide a shuttering action. Kerr [92], Pockels'
[93] and Faraday cells provide a more delicate approach to light
control. Electrically driven Kerr cellé can operate with
exposures of 0.5ns [94], the main limitation being the
generation of high voltage( ~10kV) fast risetime ( ~100ps) pulses.
Shutters based on the optical Kerr effect make use of the large
electric field associated with high-power laser pulses to induce
transparency. A CS2 Kerr cell optical shutter has successfully
demonstrated a frame exposure duration of 5ps limited by the
gating optical pulse [95]. Multiple frames were achieved by oper-
ating the shutter in conjunction with a slow electron-optical st-

reak camera.

There is evidence to suggest that by a suitable choice of
active medium the technique may be extended to the femtosecond

* CORDIN, Salt Lake City, Utah, USA.
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regime [96]. However poor transmission efficiences of only a few
percent and the lack of suitable mediums to cover the whole spect-
ral range from IR to x-ray somewhat restricts the usefulness of

this technique
1.3.4 Electron-optical techniques

Many approaches to ultrahigh speed image gating utilize electron-
optical image converter tubes. The mass of an electron is extreme-
ly small and they thus have a low inertia which is favourable to
high-speed operation. Additionally they are easily deflected by

electromagnetic fields.
1.3.4.1 Gated image tubes

A common approach to ultrafast framed imaging is to gate an
image converter tube on and off with a high speed voltage pulse.
The simplist type of image converter tube is the proximity fo-
cused type consisting of aclosely spaced photocathode and phosphor
screen. An electric field between them extracts the photoelect-
rons from the photocathode which impinge on the phosphor screen
providing a one-to-one image correspondence with low distortion.
Good spatial resolution can be achieved with a moderate luminous

gain of about 30 for a single stage device.

The use of these devices in the field of high speed photo-
graphy was reported in the late 1960's with the Laboratories
d'Electronique et al Physique appliquee at Limeil, France, devel-
oping tubes initially capable of ~1ns gating [97]. Incorporation
of the photocathode into a transmission line configuration and de-
creasing the cathode surface resistance to around 10Q/square by
the deposition of a semi-conductive transparent substrate resul-

ted in a proximity focused tube capable of 300ps gating periods
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[98]. A major limitation of this tube was the high voltage

(12kV) fast risetime (~150ps) gating pulse required. The only
source capable of generating such a pulse was a 4-electrode

spark gap which suffered a considerable jitter of around 700ps.

Another restraint suffered by this type of device is that
for brief exposures (<1ns) of weak luminous phenomena it is
difficult to generate sufficient photons to yieid satisfactory
image recording on photographic film. The deposition of lumin-
escent phosphor's directly onto fibre-optic faceplates, permitt-
ing optically contacted film recording, improved photon collect-
ion efficiency but limited luminous gain remained a problem.
Cascading several proximity focused tubes together provided a
short term answer but this resulted in cumbersome, instrﬁments

with poor noise characteristics.

The development of MCP electron multipliers around 1960
resulted in small, rugged, proximity focused intensifiers being
produced (see section 1.2.9). These bi-planar 'wafer’' like
devices may be gated in four possible ways; (i) photocathode
gating, (ii) MCP gating, (iii) phosphor gating, (iv) combined
MCP - phosphor gating. The gating pulse energy requirements for
options (ii), (iii) and (iv) are significantly greater than for
option (i) which is usually adopted in practice. Using option
(i) gating voltage swings of <200V are typical, but the closely
spaced photocathode - MCP arrangement presents a moderately high
capacitative load which is likely to degrade the risetime of the
gating voltage pulse. Extinction ratios exceeding 10° can be
achieved, although if the rise and fall times of the gating pulse
are comparable to the pulse-width defocusing with resultant image

degradation will occur [99].

[t is now common for the photocathode-MCP interface to form
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part of a transmission line arrangement for optimal impedance
matching. An x-ray sensitive gated MCP intensifier was reported
by Fleurot et al [100] in 1982. This was gated using option (iv)
and an open time of ~250ps with a dynamic spatial resolution of
~8 lp/mm was demonstrated. Unfortunately the 7kV gating pulse
again suffered poor jitter which made operation at this fast gat-
ing speed difficult. By sacrificing image size five pinholes
could be employed to image the x-ray luminous event five times
across the photocathode. This facility was mainly used in conju-

nction with spectral filters to examine luminous events in differ-

ent spectral regions.

More recently another x-ray sensitive, proximity focused,
gated MCP intensifier tube has demonstrated an exposure fime of
< 100ps [71]. Again the photocathode formed part of a 50Q trans-
mission line. To minimize the problem of jitter and provide an
ultrafast risetime gating voltage pulse a laser illuminated photo-

conductive element (see section 3.2) was employed.

A major limitation of gated image tubes is their inability
to generate a sequence of time resolved images. The conventional
approach to this problem has been to employ several such devices
together synchronised to operate in succession. This has been
achieved on a nanosecond timescale [101] but has yet to be achieved

in the picosecond regime.

Lieber [102] presented a novel scheme for a 'plategate' pic-
osecond framing shutter using MCP technology. A passive, non-in-
tensifying MCP with straight channels is utilized as an electron
collimator [103]. The large aspect ratio (length - to - bore dia-
meter), typically around 100, restricts the acceptance angle of

the device such that a shuttering action is effected by a slight
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deflection of an electron beam from axial propagation. The ele-
tron beam is deflected by a composite stack of ribbon deflectors
and microchannel tubules to achieve the required deflection sensit-
ivity for a picosecond response time. Frame duration as short as

1ps are predicted but have yet to be shown in practice.
1.3.4.2 Image dissection techniques

A particularly ingenious approach to the generation of a si-
ngle fast two-dimensional frame by making use of the good temporal
resolution available in streak cameras was proposed by Baldwin
[104]. The technique, implemented into an experimental system by
Cheng et al [105], uses a fibre-optic image dissector to dissect
a two-dimensional picture line by line and place each line consec-
utively end to end so as to form a single linear array. This en-
coded information is then focused onto the slit of a streak camera
and swept in the normal manner. The streaked image is recorded
and processed by computer to decode the two-dimensional image.

In the prototype design a '20ps frame was recorded using a 7x7
element dissector yielding a relatively poor spatial resolution
of only 2 lp/mm. The inherent spatial resolution limit along
the camera slit (~100 pixels) is a restraint on the image reso-
lution. This scheme may be extended to the x-ray spectrum by
placing a thin subnanosecond plastic scintillator infront of the
dissector, although the requirement for data processing is an

undesirable feature.

A recently updated image dissection technique employing a
conventional streak tube has been reported by Niu [106]. The
input slit of the camera is replaced by a two-dimensional grid .
matrix to select out specific object points. After streak opera-

tion the recorded output is digitized prior to data processing.
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Five framed images each exposed for 13ps and demonstrating a
dynamic spatial resolution of 6 lp/mm (at photocathode) have
been reported for this technique. The considerable effort inv-
olved in decoding the streak information represents the main

disadvantage of this method of framing.

An image dissection framing technique which avoids the re-
quirement for elaborate computational processing has been inves-
tigated by Kalibjlain [101]. His design of dissector/restorer
image tube basically consists of two streak tubes one after the
other. The front dissector section consists of a modified RCA
C737435 tube with the phosphor screen replaced by a series of
slit apertures. This is followed by the restorer section consis-
ting of compensator deflectors, an electron lens, the restorer
deflectors and a phosphor screen. The principle of operation
is illustrated in fig.1.4, which has been reproduced from refer-
ence 107. A luminous event imaged at the photocathode generates

an electron image which is focused at the slit aperture plane.

Framed electron images —

/
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) 7 E" / 21
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\ | \_
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[ N (deflecting force
= downward)
/ Electron line images
E

=

Radiant time-
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lectron image

5

Photocathode Dissector deflectar

(deflecting force
upward)

Fig.1.4 Principle of operation of the dissector/restorer tube.
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A time-varying linear voltage ramp is applied to the dissector
deflectors which sweeps the image over the slit apertures dissec-
ting it line by line. Compensating deflectors remove the induced
transverse velocity spread and then the restorer deflectors re-

form the framed image line by line.

A prototype tube demonstrated a triplet 2.5mm x 2.5mm frame
capability with a frame duration of 135ps and spatial resolution
of 7 Ip/mm. [107] The ramp generator employed in generating
these results suffered from extremely poor jitter (> tns) so more
recent work [108] has concentrated on reducing the jitter to
around 10ps and increasing the object format to 3.2mm x 4.5mm.
Under these conditions three 250ps exposure frames with a dynamic

spatial resolution of about 5 lIp/mm were generated.

The main limitations of this approach result from the
highly complex nature of the device. This incorporates two inde-
pendent electron lenses and three different sets of deflectors,
which must each be accurately synchronised with respect to the
others. Additionally the restorer section electron optic results

in increased image distortion.
1.3.4.3 Shaped deflection waveform techniques

Electron-optical, pin-hole image converter tubes have been
satisfactorily employed in the streak mode readily achieving pic-
osecond and even subpicosecond resolution. Conventional commer-
cial framing cameras have employed this type of tube in the fram-
ing mode. A staircase type voltage waveform is applied to the
deflector plates which successively moves the image to different
positions across the screen. Exposures being obtained during
the plateau regions. In some cases the beam is blanked off dur-

ing the movement but in many cases this is considered unnecessary



30 chap 1

as the exposure between images is relatively low.

The IMACON 675 employs the English Electric P855 image con-

verter tube illustrated in Fig.1.5

Anode )
' |

Screen

Cathode — _
apan =
Focus __L_

Deflector
plates

Fig.1. 5 Framing operation with a 'stair-case' deflection waveform

Framing operation is achieved by continuously supplying a saw tooth
waveform to the first set of deflectors. When the camera is trig-
gered a linear deflection waveform is applied to the second set

of deflectors. The amplitudes of the two waveforms are arranged
such that the rising edge of the saw tooth is cancelled by the
linear ramp, thus resulting in a staircase deflection waveform

at the screen. In principle a staircase waveform supplied dir-
ectly to one pair of deflectors would function in the same

manner, however the two-deflector arrangement considerably simp-

lifies the drive electronics.

This type of framing camera has a limited time resolution

because of the transit time of the electrons through the deflector
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plates. This is because each part of the electron beam between
the plates experiences a different amount of deflection depending.
on the distance left to travel through the deflectors. Thus even
on application of a step voltage profile to the deflectors it
will not be until one transit time later that all the electrons
are deflected to the same screen position. This transit time

is typically about 400ps and in practice the inter-frame time
must be some three to four times longer to achieve a moderate
spatial resolution. Consequently the minimum inter-frame time
for the P855 tube is around 2ns. The IMACON 675 is capable of
frame exposures of ~Ins at a modest spatial resolution of < 3 lp/mm

[109].

The generation of shorter duration frames by the provision
of faster risetime deflector waveforms is prohibited by the def-
lector transit time. It is not feasible to merely shorten the
length of the defiectors; this would require dramatically higher
amplitude voltage waveforms which are not readily generated with

sub-nanosecond profile specifications.

The approach taken by Hall [110] has been to adapt the P855
image tube for the incorporation of a travelling wave deflection
structure (TWDS) in place of the parallel plate deflectors. The
deflection voltage signal is propagated in a helical transmission
line such that its passage along the axis of the tube is synchron-
ised to the passage of the electron beam. Essentially the defl-
ector plates are split into a series of shorter deflectors fed
sequentially so as to reduce the effective deflector transit time
to around 50ps whilst maintaining a similar sensitivity. The TWDS
can readily be impedance matched to the driving circuitry for

optimal performance.
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An x-ray sensitive version of the P855 incorporating a TWDS has
been operated in framing mode using deflection voltage ramps
derived from a laser illuminated, silicon photoconductive ele-
ment operated in the un-saturated mode. This instrument has
demonstrated a quadruplet frame capability with an exposure
duration of 350ps, intef—frame time of ~0.5ns and dynamic spatial
resolution of 4 1p/mm [110]. The moderate spatial resolution is
attributed to blurring when the image moves into and out of its
stationary position. An electron beam blanking system is now

being considered.
1.4 The Picoframe framing tube

To satisfy the rigorous demands on a new framing caﬁera
system for laser plasma interaction diagnostics, a new image tube
has been developed specifically for the purpose. The pin-hole
electron-optics of the familiar streak image tube has been retained,
but the framing scheme has been redesigned to circumvent deflector
transit time restraints. The basic concept has some features
which are similar to a design proposed by Walters et al [111] and
subsequently developed by Huston et al [112]. This design was
demonstrated in the nanosecond regime and implemented into the com-
mercial IMACON 790 camera [113]. The original tube was basically
a variant of the P855 streak tube driven continuously with a high
frequency sinusoid, generating two frames per cycle. Since it was
necessary to operate in the quasi-linear region of the sinusoid
the exposure duration was limited to approximately 1/6th of the
inter-frame time. At high speed the non-linearities in the

driving waveform degraded the spatial resolution to a poor 2 lp/mm.

The new tube design designated 'Picoframe', has been

developed using computer aided design techniques specifically
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as a framing image tube. Ultrahigh speed operation has been
attained through the use of fast linear voltage deflection ramps
produced by laser illuminated photoconductive elements and modern
avalanche transitor sweep generator circuits. The principle of
operation, design considerations and prototype construction are
discussed in chapter 2. Experimental evaluations in single and

multiple frame modes are presented in chapters 3 and 4.
1;5 Conclusion

The principle of operation and limitations of ultrafast
electron-optical streak cameras have been discussed. These
instruments currentiy provide the only linear intensity diagnostic
on the picosecond and subpicosecond timescales, combined with a
one-dimensional imaging capability. They are already used in
many areas of picosecond diagnostics and with the advent of truly
femtosecond resolution instruments it is expected that they will

be even more widely employed.

The temporal resolution of an electron-optical streak
camera is mainly limited by the finite energy distribution of
the electrons emitted from the photocathode. Femtosecond
resolution instruments incorporate high photocathode extraction
fields, and maximized potentials throughout the imaging region,
to reduce the effects of this spread. Under dynamic conditions
the camera performance suffers two principle restraints; TRL
dynamic range and dynamic slit curvature. At high photo-
currents coulombic replusion between the constituent photo-
electrons of a charge packet, emitted by a photocathode under
picosecond/subpicosecond pulse illumination, causes the packet

to spread spatially and so the temporal resolution becomes degradedf
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The intensity range over which this effect is minimal is termed
the TRL dynamic range. Dynamic slit curvature results from non-
isochronism of electron trajectories through the electron-optic.
Electrons emitted from off-axis cathode positions take longer to
reach the deflectors. They are subsequently deflected further

along the time axis resulting in a curved slit image.

The streak camera may be operated in two modes; single-shot
and repetitive. Under single-shot conditions detrimental space-
charge effects are usually limited by the provision of a high
gain intensification stage. This usually takes the form of a
fibre-optically coupled MCP intensifier. Repetitive operation
exhibits high sensitivity and excellent signal-to-noise ratio
characteristics. This mode is ideally suited for use with CW

mode-locked lasers.

Advances in laser-induced thermonuclear fusion research
have necessitated the development of picosecond camera systems
providing imaging in two-spatial dimensions. Most modern
approaches to the development of such cameras utilize image
converter tubes due to their good sensitivity, wide spectral

coverage and ease of use.

A number of different schemes have been reviewed. Gated
tubes can provide the required short exposure durations with
good spatial resolution but lack a true multiple frame capability.
Image dissection techniques are able to generate a sequence of
framed images, but require either undesirable data processing of
the output or complex instrument design, generally with poor
spatial resolution. The incorporation of a travelling wave
deflection structure into a conventional image tube has shown

some promise. However the generation of ultrahigh speed
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staircase waveforms with sufficiently fast rising edges and flat
plateaux, is technically demanding. As yet only moderate temporal

and spatial resolution have been demonstrated.

A new image tube, the 'Picoframe', has been designed
specifically for the purpose of picosecond framing. It employs
a multiple frame generation technique that has been devised to be
compatable with the ultrafast risetime voltage ramps available
from laser illuminated photoconductive elements. The development
of a new camera system based on this tube forms the bulk of the

subject matter presented in this thesis.
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CHAPTER 2

The Picoframe framing camera

2.1 Introduction

It has already been stated that particularly in the field
of laser - induced compression of matter there is a require-
ment for a two - dimensional time resolved imaging diagnostic.
The velocities involved in the laser induced implosions of micro-
balloon targets dictate that for a spatial resolution of 10 Ip/mm
frame exposure durations of ~100ps are necessary [1]. These
requirements represent roughly an order of magnitude improvement
on currently available commercial instruments. A new sweep/
compensation type image converter tube has been designed to
fulfil these rigorous demands. This design fabricated into a
prototype device, designated 'Picoframe I', has been incorporated

into an experimental camera system.
2.2 Principle of operation

The Picoframe [ is depicted schematically in fig.2.1. An
image formed at the photocathode is reformed onto a fluorescent
screen by an electron-optic lens [2]. To isolate the imaging
region from the remainder of the tube the anode electrode incorp-
orates a small axial aperture. In the simplist design a single
second aperture is located axially on the screen side of the anode
aperture. A pair of independent parallel deflectors are posit-
ioned after each aperture. These components constitute the

'shuttering mechanism' of the instrument.
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Fig. 2.1 Schematic of the Picoframe I image tube.

The first pair of deflectors (framing or sweep) are located
equally disposed about the axis just beyond the anode aperture

on the screen side. The second pair of deflectors (compensating),
are similarly arranged on the screen side of the second 6r

'framing' aperture.

In operation, prior to exposure, a DC bias voltage is applied
to the framing deflector plates. This deflects the electron
beam to a 'shuttered' position either above or below the framing
aperture. A time varying linear voltage ramp applied to the
framing deflectors sweeps the electron beam across the framing
aperture. The transmitted burst of electrons then proceed to
form an image on the fluorescent screen. This sweeping action has
the effect of imparting a transverse velocity component to the
transmitted electrons. If this were to remain uncorrected it

would result in a 'smeared' image.

This smearing of the image may be understood by considering
two photoelectrons emitted with identical characteristics from a
common cathode object point, see fig.2.2. Electrons A and B
are emitted at time t, and t, + &t respectively, where 8t < At

the time taken to sweep the beam across the framing aperture.
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Fig.2.2 The trajectories of two image forming photoelectrons A and
B emitted from a common object point.

A linear time-varying voltage ramp V(t) is then applied to the

framing deflectors. Provided the correct synchronisation is ach-

ieved, both photoelectrons are able to pass unimpeded and contri-

bute to the image formed at the screen. Since the time taken to

sweep the beam across the aperture is finite (At > 0), the voltage

supplied to the sweep deflectors will change between the passage

of electrons A and B. Thus electron B will experience a higher
electric field than electron A and so be deflected to a different

position on the fluorescent screen (see fig.2.3)

Fig. 2.3. Electrons A and B experience different electric fields
at the deflectors.

This effect whereby photoelectrons from a common object
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point are deflected to different positions in the image plane
results in image blurr. Fortunately the provision of an ident-
ical voltage ramp of opposite polarity to a pair of compensation
deflectors nullifies the imparted transverse electron velocity.
Thus the image 'smear' is removed and well resolved images may

be recorded at the screen. The necessary condition for no loss
in spatial resolution is that the sensitivities of the two pairs
of .deflectors must be identical [3]. It can be demonstrated that
for an identical driving waveform shape the sensitivities must

differ by less than 0.1% to resolve 12.5 lp/mm [4].
2.2.1 Generation of multiple framed images

Several different deflection arrangements were considered
to provide a multiple sequenced frame capability [5]. One of
these was the provision of a multiplex aperture plate with three
framing apertures in place of the one described previously. Each
aperture has associated compensation deflectors configured in a
manner such that their deflection sensitivity, associated capaci-
tance and inductance are identical to the sweep deflectors. Such

an arrangement is illustrated in fig.2.4.

compaensation
deflectors
Anode aperture —_—
Framing
deflectors
Multipiex aperture Screen

plate

Fig. 2.4 The triple aperture multiplex aperture plate design.

In this design three temporal exposures, a framed 'triplet',
would result from a single sweep of the electron beam across the

multiplex aperture plate. Again the exact inverse waveform must
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be applied to each of the compensator deflectors in order to
secure resolvable images. Spatial discrimination of the three

images at the screen is achieved by one of two methods.

(i) The provision of separator plates following the outer two
compensator deflectors suitably DC biased (see fig.2.5). This
approach has the disadvantage that the deflection structure

becomes more complex.

SN oK

SWEEP COMPENSATING SEPARATOR
PLATES PLATES PLATES
| — — +AV
— — XY
SWEEP
— OF Ea—
— ELECTRON | —
BEAM
_ —_— AV
— — + &V PHOSPHOR
SCREEN
MULTIPLEX

APERTURE PLATE

Fig.2.5 Image discrimination in the multiplex aperture plate
design by use of DC biased separator plates.

(ii) Careful dephasing of the waveform applied to the

compensating deflectors can establish a nett DC bias on the top

and bottom deflectors (see fig. 2.6).
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Fig. 2.6 Image discrimination by dephased deflection waveforms

Alternatively exact phasing of the waveforms together with an

associated standing DC bias on the outer pairs of deflectors

can be used (see fig.2.7).

RES

Fig.2.7 Image discrimination by DC bias on the outer pairs
of deflectors.
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Another approach to multiple sequenced frame imaging using
the sweep/compensation technique is multiple sweep operation.
‘Here only a single framing aperture with associated compensation
deflectors is employed; this considerably simplifies the deflection
arrangement. A symmetrical triangular waveform is applied to the
framing deflectors. This provides two transmissions of the
electron beam as it is swept across the framing aperture. Again the
provision of suitably dephased waveforms (see fig.2.8) results in
the discrimination of the framed 'doublet' images formed at the

scCreen.

RES

Fig. 2.8 Dephased 'triangular' deflection waveforms for the
discrimination of 'doublet' images.
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In all these arrangements orthogonally orientated shift
deflectors may be employed in conjunction with a staircase type
waveform to sequentially shift the images on the screen. A succ-
ession of 'triplet' or 'doublet' format framed images may then be

produced.
2.3. Design considerations

. Consider a tube-varying deflection voltage with a gradient
K = dv/dt (v/s). If applied to a pair of framing deflectors of
sensitivity S (m/V), the speed at which the electron beam is swept
across the framing aperture is given by
v = K.S
Using parameters defined in fig. 2.9, with an electron beam
acceleration potential of Va, the deflection sensitivity of a pair

of parallel plate deflectors is given by [2],

I(fl + L)
T T
Iy ]
g T
v
l -

Fig.2.9 A pair of parallel plate deflectors.

Thus the frame exposure duration At is defined by the time taken

for the beam to traverse the framing aperture of diameter a,
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a 2Vada
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Hence to minimize the temporal exposure it may be concluded [5]
that:-
(i) The deflection voltage risetime should be minimized.
(ii) The framing aperture diameter should be minimized.
(iii) The deflection plate separation must be small.
(iv) The distance between the framing deflectors
and the aperture plate should be large.

(v) The sweep plates must be as long as possible.
2.3.1 A theoretical image tube design

Conforming to these criteria Sibbett.et al [6] proposed a
theoretical tube design incorporating a low magnification electron
lens with an extended long narrow waist beam profile. A three
cylinder lens [7] was adopted with the extraction mesh electrode
electrically common to the first cylinder electrode. A photo-
cathode-to-mesh spacing of 2.5mm provides a relatively modest
extraction field of 20kV/cm for an applied potential of 5kV. The
tube was designed to operate at an overall potential of 15kV,
with a focus potential of 2kV yielding a paraxial focus a distance
of 434mm from the photocathode. The electron-optical crossover
position is located midway between the two aperture plates to

facilitate closely spaced deflectors for a high-fidelity response.

The internal diameter of the cylinder electrodes was selected
to be 58mm constrained by the commercial availability of non-mag-
netic stainless steel tube. Cylinder lengths for the combined
first/mesh, focus and anode electrodes were determined to be 76mm,
67mm and 29mm respectively by computer aided design optimisation [5].

The inter-electrode separation adpoted was 10mm.
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2.3.2 Deflector design

A simplified analysis was employed in designing the deflect-
ion assembly (see section 5.4). Considering first the more comp-
lex multiplex aperture plate design illustrated in fig. 2.10.

The parameter G was selected to be as small as possible within

the constraints of constructional viability.

—u—

T
d
.

__.{
ol

Fig 2.10 The multiplex aperture plate design

An iterative procedure for optimising the deflector dimens-
ions was then undertaken. Initial values for parameters L, and d‘
were pre-selected knowing the beam diameter at the anode aperture.
The deflection sensitivity of the framing deflectors was eval-
uated and equated to the sensitivity of the compensation deflec-
tors. By selecting d2 the value of L2 was then defined. A
series of calculations were carried out pre-selecting d] and d2
and them incrementing L,. The incremental limit was reached when
it was determined that one pair of deflectors had become so long
the electron beam was intercepted. Following this analysis the
deflector dimensions adopted were; L]=8mm, L2=1O.6mm, d,=4mm,
d2=3.8mm. The widths of the deflectors were determined to min-
imize: (i) the influence of edge effects, (ii) the plate capac-
itance. Values of 10mm and 7.2mm for the sweep and compensating

deflectors respectively result in a deflector capacitance of

~0.2pf (neglecting stray and cross-capacitance effects).
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A similar procedure was adopted in evaluating the deflector dimen-
sion for the simpler single aperture design. Here the beam had

to be deflected a distance of 1.8mm (equivalent to the framing
aperture diameter) at the aperture plane to 'shutter' the tube
off. The minimum framing deflector separation, dictated by the
beam diameter at the anode aperture (3.5mm), was selected to be
4.4mm. Suitable dimensions arrived at after the design analysis
were; d =4.4mm, L =11mm, w =11mm and d,=4.2mm, L =14.8mm,
w2=7.8mm. The calculated deflector capacitance, again neglecting

stray effects is 0.24pF.
2.4 Theoretical evaluation of static performance

The static imaging performance of the theoretical framing
tube design has been analysed computationally using a Modulation
Transfer Function (MTF) technique (see section 5.2.3). The
two-dimensional spatial imaging characteristics of framing image
tubes necessitate that object poin?s covering the whole of the
effective cathode area be studied. Axial symmetry however re-

quires that only one quadrant be studied explicitly.

To facilitate analysis a three dimensional cartesian co-
ordinate system is adopted. The cathode is considered to lie in
the x-y plane, where the origin is centred on the axis of rotat-
ional symmetry. This is referred to as the z axis. Object points
on the photocathode thus have coordinates (x,y,0), or more usually
just (x,y) where z is assumed to be zero at the photocathode. In
streak camera terminology the x axis is often referred to as the sweep
direction and the y axis referred to as the slit direction.
The five cathode object points examined explicitly in the

theoretical analysis are illustrated in fig.2.11.
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Fig.2.11 Cathode object points considered in the theoretical
static evaluation of the framing tube design.

The MTF method characterises fully the performance of .a
linear imaging system. Using this technique the static (non-swept)
imaging capabilities of the lens design were evaluated. It was
determined that for cathode object points within a radius of
~3.5mm the limiting spatial resolution at the screen remained
above 40 lp/mm. Taking into account the predicted electron-opti-
cal magnification of -1.5, this corresponds to a limiting spatial
resolution of not less than 60 Ip/mm at the photocathode, over a
émm x 6mm image format. Of course it is to be expected that the
dynamic imaging performance will be degraded due to deflection

defocusing[5], incorrect image compensation and space-charge effects.

The framing aperture diameter was determined by a compromise
between the frame exposure duration and the effective field of
view. The trajectories of 1000 electrons emitted from an extreme
cathode object point (x=3mm, y=3mm), by an S1 type photocathode
were evaluated. Analysing the radial coordinates of each electron
path at specific x-y planes enabled the number of electrons inter-
cepted for various aperture diameters to be ascertained. Using

this technique a framing aperture diameter of 1.8mm situated 60mm
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beyond the anode plane was adopted. This resulted in the inter-
ception of 8% of the photoelectrons emitted from the extreme ob-

ject point considered.
2.5 Construction of a prototype image tube

Due to the relatively demanding assembly requirements im-
posed by the multiplex aperture plate design, the constructionally
more simplistic single aperture design was adopted for fabrication
of the prototype. A sealed-off, optically sensitive image tube
designated 'Picoframe I' was constructed. The internal components
(e.g. Lens cylinders,deflection assembly) together with the con-
structional aids (mandrel, jig and spacers) were fabricated at
Imperial College. Tube construction was in collaboratioh with the

Electron Tubes division of Thorn—EMI.*

The three cylinders comprising the electron lens were posit-
ioned co-axially with the aid of a mandrel. Axial and concentric
tolerances were ~25um. Each lens electrode was secured by a
retaining annulus spot welded to the cylinder. This was then tack
welded in between the metal flange ends of two glass envelope
pieces. The sub-component so formed then had the metal flanges
argon-arc welded together on an industrial jig. Subsequent cyl-
inder electrodes were retained in the same manner until the whole
focusing section had been built up. The constructional details are

illustrated in fig.2.12.

The deflection assembly comprised two stainless steel side
arm supports, secured at one end to the anode aperture plate and

to a support annulus at the other. The annulus itself was retained

between two metal flanges of the envelope package.

* Thorn-EMI Electron Tubes Division, Ruislip, Middlesex.
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Fig. 2.12 Sectional view illustrating the construction of the
Picoframe I.
Each side-arm provided support for the deflectors and the framing
aperture plate. The deflector plates were each supported from
machinable glass ceramic spacers by means of a threaded stud on
the chk of each plate. Stainless steel bolts secured each cer-
amic spacer to the side-arms. The ceramic/steel joint was further
retained by a 'gun cement' compound. Before bake-out the posit-
ional accuracy of the deflector plate§ was ~bum. The aperture
plates and side arms were held together by spot welded right-
angle sections of molybdenum strip to form a one-piece subcomp-
onent. This was then located and spot welded to the anode

cylinder.

Telkoseal * feed-through pins penetrating the glass envelope
were electrically connected to the deflection plates with silver
plated nickel wire. Short straight lengths were used to minimize
inductance. The drift section of the tube was built up using cus-
tom made glass sections where necessary to locate the phosphor
screen at the optimum focal plane (z=434mm). A P.11 phosphor

deposited 49mm fibre-optic face-plate was argon-arc welded onto

* Telkon Metal Co., Crawley.
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the back of the tube. To provide a conductive path and enhance

light output the phosphor had been vacuum evaporated with aluminium.

The extraction mesh electrode (60 cells per mm copper
micromesh) was located in a mesh retaining flange spot welded to
the first electrode. An electron transmission of ~30% over the 17mm
diameter of the mesh was to be expected. This type of mesh is
constructed by sandwiching copper gauze between two support rings
which are then spot welded together. In extremely high field
applications (e.g. femtosecond streak tubes) the spot weld surface
imperfections can result in field emission [8]. However for the
relatively modest 20kV/cm field in the Picoframe I no difficulties

were envisaged.

Finally a crown glass front window was arc welded in place.
This window had a chromium layer vacuum evaporated onto it to
provide a conductive substrate for the photocathode when activated.
The central 12mm diameter was approximately 50% light transmitting

with the remainder opaque.

The constructed tube was baked-out under vacuum at a temper-
ature of 350° - 400°C for a period of about 48 hours. A zinconium
'getter' inside the tube could be 'fired' by application of a
large current for a short period ( ~10 Amps for ~10 sec), to absorb
any remaining gas. The final vacuum achieved being better than
107° Torr. By introducing chemical generators via side
processing ports an S20 photocathode was activated through the

mesh onto the front window.
2.6 Experimental evaluation of static performance

The image tube operating potentials were derived from a

potted voltage divider network, operated from a Brandanburg 807R
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high voltage supply unit. Potentiometers were used to derive the
variable voltages of -9/-11kV for the mesh electrode and -12/

-14kV for the focus electrode. A small mesh rupture was noted

soon after manufacture. To relieve stress on the mesh, which

might haye further propagated the rupture, the operating potentials.
were scaled down by a factor.%% . The tube was successfully oper-

ated at a potential of 13kV throughout many of the experimental

evaluations.

Focusing was carried out with the aid of a Baum projector
[9]. This enabled a test resolution chart to be accurately imaged
onto the photocathode. The tube was then optimally focused by
adjustment of the variable focus potential whilst observing the
screen image with the aid of a microscope. A limiting spatial
resolution of around 55 lp/mm at the photocathode in both the x
and y directions was observed. Typical focus potential are

shown in table 2.1.

Electrode Photocathode Mesh Focus Anode

Potential (kV) -13 -8.6 -11.4 0

Table 2.1 Typical 'reduced' Picoframe I focus potentials.

The electron-optical magnification was measured to be -1.4
(theoretically predicted -1.5) at the focus potentials stated.
This discrepancy is due to the reduced operating potentials.

The symmetrical DC deflection sensitivity for each pair of defl-
ectors was determined by applying symmetrical bias voltages to
one set of plates, with their counterparts maintained at anode
potential. 1Image displacement at the screen was then measured
with a travelling microscope. At an anode potential of 13kV the
measured sensitivities of the deflectors are shown in table 2.2.

[t is noted that the sensitivity of the framing deflectors
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exceeds that of the compensation deflectors by approximately 7%.

Framing deflectors 2.75mm/100V + 0.03mm/100V

Compensation deflectors 2.54mm/100V + 0.03mm/100V

Table 2.2 Measured DC sensitivities of the prototype Picoframe I
deflectors at an anode potential of 13kV. ‘
Limiting static spatial resolution (referred to the photo-
cathode) as a function of screen position was evaluated by first
optimally focusing the test chart on axis. The image was then
deflected to different screen positions by application of a symm-
etrical bias potential to the compensating deflectors. Screen
image displacement was meaered with the aid of a travelling
microscope. The resultant curves of limiting spatial resolution
(at photocathode) against screen position for directions x and y
are shown in figs. 2.13 (a),(b). There is particularly close
agreement between the theoretically predicted static spatial
resolution of 60 lp/mm at the photocathode and the experimental

observation.
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It can be seen from fig.2.13 (a), (b) that there is some
degree of asymmetric misalignment in the prototype tube. This is

probably in the focusing region and can have several causes:-

(1) Misalignment in the axiality and concentricity of the
electron lens cylinders. On construction this is good
but since the electrodes are supported by the glass-to-
metal flanges >f the envelope distortions can occur

during bake-out.

(2) Cathode and mesh misalignment. The photocathode is
particularly susceptable to non-normal axial alignment
as it is activated onto the front window of the vacuum
enclosure. It is well known that the front window is

sucked in and distorts under evacuation.

(3) Phosphor screen misalignment. Positioning of the screen
in a non-normal plane relative to the axis results in

image distortion.

No single cause can be attributed to the noted image asymmetry in
the tube. Due to the nature of the constructional technique used

all three effects are likely to be present to some extent.

The limiting spatial resolution is observed to deteriorate
off axis. This in common with other imaging systems is due to
geometrical aberrations, principally spherical aberration and
field curvature. There is also a defocusing effect due to

deflection of the electron beam, 'deflection defocusing' [5].
2.7 The experimental Picoframe I camera

The sealed off prototype image tube was mounted into a

camera chassis comprising two aluminium end plates, held together
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by aluminium spacer rods as illustrated in fig.2.14.
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Fig.2.14 Picoframe I camera chassis.

The image tube was operated such that the screen, anode and chas-
sis were maintained at earth potential with the cathode held
negative. To provide the necessary electrical insulation the
cathode end of the tube was seated into a nylon mount. A copper
clad sheet, with a central hole large enough to accept the tube,
was held in place at the anode plane via the spacer rods. This
facilitated fixing of the deflection circuitry and isolated the
imaging and deflection regions of the camera. The whole chassis
was then enclosed in an 18 SWG sheet aluminium skin for isolation

from RF fields and operator protection.

The prototype image tube was incorporated into a camera

configuration illustrated schematically in fig. 2.15.
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Fig.2.15 Schematic of the Picoframe I camera.
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An 80mm focal length f/1.5 input optic was arranged to provide

a demagnification of x1.5.

Thus the overall magnification be-

tween object plane and screen plane was approximately unity. In

order to minimize the detrimental effects of space charge de-

focusing [10] due to excessive photocurrents, a microchannel plate

image intensifier (Mullard type XX1330A) was fibre-optically

coupled to the image tube.

The intensifier had an extended S20

photocathode and a relatively low luminance gain of approximately

250 when coupled to the blue P.11 type phosphor of the tube.

During the experimentation the intensifier was gated on for

~200us to allow use of optically contacted film recording without

undue integrated noise. Image recording was either by Polaroid

film or 70mm Ilford HP5 held in intimate contact with the intens-

ifier fibre-optic output. The effect of combining the individual

component MTF's (see section 5.2.3) can be seen by the decrease

in limiting resolution caused by the addition of each component,

see table 2.3

Limiting spatial resolution in x (1p/mm)

Component
At screen At photocathode
Just tube 37 55
Tube + f/1.5 lens 22 31
Tube + f/1.5 lens + Intensifier 10 14

Table 2.3 The effect of combining individual component MTF's

2.8 Conclusion

The principle of operation of a sweep/compensation type

electron-optical framing image tube have been discussed. Noting

the requirements of laser fusion experiments for a two dimensional
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imaging diagnostic, with a temporal resolution of ~100ps and
spatial resolution ~10 1p/mm, a theoretical image tube design

has been developed. In the design, use was made of computer aided
design techniques to produce an electron-optical lens design of

low magnification and extended long narrow waist beam profile.

Two proposed deflection schemes have been reviewed. A mult-
iplex aperture plate design incorporating three linear framing
abertures, each with an associated pair of compensating deflect-
ors, permits the generation ‘'triplet' framed images. Three prop-
osals to prevent image overwriting were discussed; (i) discrimin-
ator plates, (ii) dephased waveforms, (iii) standing DC bias pot-
entials. A second tube design, greatly simplifying the practical
difficulties of construction, incorporates a single framing aper-
ture and pair of compensation deflectors. The action of the tube
is similar to that of the three aperture design, but sequenced framed
imaging requires multiple sweep operation. A triangular shaped
voltage profile allows the electron beam to be swept over the
framing aperture twice, resulting in 'doublet' framed images.
Frame discrimination is provided by careful dephasing of the app-

lied waveforms such that each image experiences a residual DC bias.

The relaxation in constructional demands resulted in the
simplified single aperture design being adopted for fabrication
of a prototype tube. The Picoframe I optically sensitive image
tube was thus constructed with industrial collaboration. At the
centre of the screen the limiting spatial resolution in both the
x and y direction exceeded 35 lp/mm. The image quality was
was observed to be asymmetrically degraded as the image was defl-
ected off axis. This asymmetry is attributed to distortiohs in
the electron lens region due to manufacturing tolerances and tube

processing.
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The static deflection sensitivities of the two pairs of
deflectors were observed to differ by around 7%. It is likely
that this will result a degradation of the dynamic spatial
resolution. Influence of the deflector sensitivities by direct
manipulation is of course prohibited by their enclosure inside
the vacuum envelope. It is one of the recognised facets of
experimentation with sealed-off image tubes that any post process-

ing modifications must be made exterior to the tube.
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CHAPTER 3

Single frame operation of the Picoframe I using laser

illuminated photoconductive elements

3.1 Introduction

Although the Picoframe I camera system has a multiple frame
capability through the provision of shaped deflection waveforms
it was felt advisable to first demonstrate the single frame
performance of the camera. This relaxed the deflection voltage
waveform requirement to the provision of a linear rising ramp.
Due to the linearity, fast risetime and earlier success in imple-
menting laser illuminated semiconductor elements in the generation
of deflection waveforms for streak cameras, their use was adopted

in the initial single frame evaluation of the Picoframe I camera.

Dynamic evaluation of the camera system required that both
the temporal and spatial resolution characteristics be evaluated.
As the temporal resolution was defined by the time taken to sweep
the electron beam across the framing aperture a scheme was devised
to evaluate this by operation of the camera in the streak mode.
Dynamic spatial imaging characteristics were evaluated by how well
the camera could reproduce a test resolution chart imaged at the
photocathode. The 1951 USAF test resolution chart was employed
during all the dynamic evaluations. A full size version of the test

target is reproduced in fig. 3.1.

Each target element consists of two orthogonal sets of three

parallel lines whose line width equals the spacing between the lines
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Fig.3.1 The 1951 USAF resolution test chart

Each group consists of six elements labelled 1 through 6.
The spatial resolution range covered by a standard size chart
is from 1 to 228 line pairs per mm (1p/mm) where each step is

separated by a factor of 1.1225.

3.2 Semiconductor photoconductive elements

The transformation of a picosecond optical signal into a
picosecond electrical signal by the use of a Semiconductor
Photoconductive Element (PCE) was demonstrated by Auston [1] in
1975. He inserted a thin wafer of intrinsic silicon into a
transmission line. Applying a voltage to one end of the trans-
mission line and monitoring the other, the PCE could be turned
'on' by illumination with the second harmonic from a Nd: glass
laser, and 'off' with the fundamental radiation. Since then
PCE's (Auston Switches) have been used for fast switching of
Pockels' [2] and Kerr [3] cells, operation of picosecond samp-

ling gates [4] and sychronisation of streak cameras [5].

3.2.1 Description

A simple model of the energy level structure in a semi-

conductor crystal comprises two allowed bands, valence and
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conduction, separated by an energy gap Eg. In a pure (intrinsic)
semiconductor at room temperature the valence band is heavily
populated, with the conduction band only sparsley so. Electrons in
the valence band are shared by all the atoms forming a metallic
bond. They are thus unavailable for conduction and the semi-
conductbr exhibits a large resistivity. Promotion of electrons
from the valence to the conduction band by absorption of suff-
icient energy to traverse the band gap, allows the electrons to
move freely under the influence of an external electric field
forming a current. ‘The vacancy in the valence band so formed

is called a 'hole' and may also participate in the conduction of

the crystal with an effective charge +e.

In the case of laser illuminated PCE's the absorption of
photons is responsible for the generation of charge carriers. If

the photon energy exceeds the band gap energy, i.e.

hv > E
g

the single photon absorption occurs, otherwise less efficient
multiphoton processes occur. With intense picosecond laser pulses
the number of carriers can be dramatically increased and the

conductivity modified over several orders of magnitude.

A typical configuration incorporates a gemiconductor PCE
slab. into a microstrip transmission line (fig.3.2). When
illuminated by an intense laser pulse the impedance of the PCE
drops dramatically due to the rapid creation of electron-hole
pairs, allowing the source voltage to be switched into the load.
Efficient switching occurs if the PCE impedance drops to very
much less than the characteristic impedance of the transmission

line (typically 50Q).
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Fig.3.2 PCE in a microstrip transmission line configuration
3.2.2 Gallium Arsenide PCE's

The semiconductor material employed in the fabrication of
the PCE's used in..work presented in this thesis was semi-
insulating chromium doped Gallium Arsenide (GaAs). A III-V
semicoductor demonstrated in the picosecond switching role by Lee
[6], it can readily be obtained with resistivities 10% acm.

The chromium dopant concentration is selected during manufacture
of the crystal to compensate for the undesirable properties intr-
oduced by impurities. The high resistivity of the material
enables it to insulate kilovolt pias potentials with very low

leakage current, implying good thermal stability.

The recovery time of semi-insulating GaAs PCE's, due to the
recombination of photoinduced carriers, has been measured using
correlation techniques and found to be between 50-150ps [7,8].
Since the response time of the capacitative deflector plates of
a streak or framing tube might be ~1ns, this can present some-
thing of a problem. A GaAs PCE incorporated into a 50Q trans-
missions line will start to recover before the deflectors have

had an opportunity to respond. This results in low sweep speeds
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and limited scan. Margulis [9] devised a novel solution to this
problem by incorporating the GaAs PCE between two resistors of
much greater resistance than the light impedance of the PCE, but
much less than its dark impedance. With a light impedance of ~1Q
and a dark impedance of ~100 MQ,resistor values of a few MQ proved
satisfactory. The open time of the PCE is thus extended as its
impedance must recover to a value comparable with the resistors

either side before switching efficiency fails.

The circuit employed in providing the deflection ramps for

the experimental framing camera (shown in fig.3.3).

M2 { M2
3KV —1 ] e ——
GaAs -
nfF =—— PCE —— nF
D.TLATTS
2M?2 M2
750V =750V

DC OFF-SET BIAS

Fig.3.3 GaAs PCE in symmetrical deflectioﬁ circuit

provided positive and negative going symmetric deflection ramps.
The provision of positive and negative bias potentials allowed the
fastest section of the voltage ramp to operate over the central

region of the screen. Writing speeds as fast as 4x1010

cm/s were
obtained using this arrangement on a Photochron IIA streak camera,

with a typical jitter of < 15ps [10].
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3.2.3 Fabrication

A slab of chromium doped GaAs was polished to a thickness of
0.25mm. It was then cut into chips, typically measuring 10mmx2mm
using a diamond saw. Each chip was retained on a glass slide by
means of optical wax which allowed easy removal by heating with
a hot air gun. A 3mm wide strip of aluminium foil was placed
centrally across each chip and secured to the glass slide with
adhésive tape. The glass slide could then be placed into a
vacuum evaporation chamber and a thick aluminium film evaporated
over the semiconductor. Once out of the chamber the masking foil
was removed, revealing a PCE chip with two aluminium electrodes
spaced by 3mm. Other electrode spacings could be obtained by

use of different width masking foil.
3.2.4 Operation

The deflection circuit described (fig.3.3), with its
associated resistors and capacitors was formed on a small piece
of double sided printed circuit board. The back surface of plain
copper acted as a ground plane, with 3mm copper tracks etched on-
to the front to provide a 50Q impedance microstrip transmission
line. A gap slightly longer than the PCE chip was left in the
transmission line. Optical wax then secured the PCE in position
with the electrical contact between the aluminium electrodes and
transmission line completed by conductive silver paint. The
Ccircuit capacitors and resistors were soldered directly to the

board to minimize inductance.

When in use care was taken to illuminate not only the whole
of the gap but also the electrodes as well. This was found to be
important probably because the contacts are not ohmic: an ohmic

contact occurs when the conduction bands of metal electrode and
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semiconductor overlap permitting easy electron flow in either
direction [11]. Effective illumination of the semiconductor -
electrode junction produces a large number of free carriers in the
semiconductor which transforms the junction characteristics to

conductor - conductor rather than semiconductor - conductor.

The activation energy for the PCE is dependent on; photon
energy, mobilities of the charge carriers, refractive index of the
material and the PCE gap dimensions. Kilovolt pulses have been
switched with a few uJ energy [12]. However, for efficient
saturated switching of devices of the dimensions described,
accounting foir optical losses in the system, laser pulse

energies of ~100uJ are necessary [5].

3.3 Single - frame operation using the series feed-in

configuration

The single fast, linear voltage ramps necessary for single-
frame operation of the Picoframe I were generated using a GaAs
PCE in the circuit described earlier.  To appropriately arrange
the timing of the voltage ramps, due account had to be taken of
the fact that the photoelectron transit time to the framing
deflectors was less than that to the compensating deflectors.
This was facilitated by a differential cable delay in the signals
applied to the deflectors. For reasons described previously
(chapter 2) image 'stationarity' relies upon the correct cancell-

ation of the imparted transverse electron velocity, by the

provision of equal but opposite deflection fields. In the first
instance this provision was made by driving the two pairs of
deflectors in series with the inter-connection between them re-
versed resulting in operation in the opposite sense. This

arrangement is referred to as the series feed-in configuration.
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3.3.1 The experimental arrangement

The experimental set-up employed is illustrated schemati-
cally in fig. 3.4. Due to the moderately high energy optical
pulse requirements for operation of the GaAs PCE use was made
of the amplified hypershort pulses for a colliding pulse mode-
locked, CW ring dye laser[13] (see section 6.7.1). Optical
pulse-widths as short as 200fs were measured for this system

using a nonlinear technique.

CW Ring 4 Stage dye 10%

. Picoframe |
dye Laser amplifier ©

To compensation

90% deflectors

To
framing
deflactors

GaAs PCE

Fig.3.4 Schematic of single-frame operation of the Picoframe I
camera using the series feed-in configuration

Low energy (~20pd) pulses from the CW ring dye laser were
amplified in a 4-stage amplifier [10] to energies of ~0.4mJ.
The amplifier consisted of three consecutive transversley pumped
stages followed by a longitudinally pumped stage. Kiton Red dye
was employed in the first stage cell with Rhodamine 101 in each
successive cell. To prevent excessive losses due to ASE, each
stage was optically isolated from the next by a combination of

spatial filtering and saturable absorbers. A 0.3mm thick Schott
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RG 630 filter was used between the first and secqnd stages with
Malachite Green in ethylene glycol saturable absorber jets
between each of the remaining stages. In addition to filtering
the ASE the saturable absorbers also helped prevent excessive
pulse broadening by sharpening up the leading edges. Each of the
four dye cell stages were pumped by-the frequency doubled output
from a Q-switched Nd:YAG oscillator delivering up to 200mJ

optical energy.

The amplified laser pulses were split using a pellicle beam
splitter. Approximately 10% was directed by a system of mirrors
through a diverging lens to illuminate the camera input. The
remaining 90% was directed via an adjustable optical delay line
onto the GaAs PCE. A cylindrical lens concentrated the light
onto the PCE gap and electrodes. Prolonged operation could be
maintained with the PCE biased at 2kV; higher bias voltages over

the same gap dimensions often resulted in break-down.

It was necessary to first synchronise the arrival of the
framing deflector waveform to the arrival of the image forming
electron packet at the deflection plates. This was achieved by
means of the adjustable optical delay line, whereby the genera-
tion of the voltage ramps could be delayed or advanced with
respect to the arrival of the photoelectrons. Sychronisation
was carried out in the streak mode, where the compensation
deflectors were maintained electrically common with the anode
and screen. A single linear voltage ramp was then applied to the
framing deflectors only. In this mode the quasi-normal re-
flections from a calibrated optical delay line illuminated a
40um slit situated at the camera input. When correct syn-

chronisation was achieved the streaked photoelectrons passed
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through the framing aperture and formed a set of slit images

at the centre of the phosphor screen.

Due to the limited screen area, restricted by the small
framing aperture diameter, only a short time window of between
100 - 200ps existed when anything could be observed at the screen.
This corresponded to a delay line change of 3-to-6cm, thus making
initial synchronisation difficult. However, due to the picosecond
jitter to be expected of laser illuminated PCE's once synchron-

isation was achieved it was highly reproducible.
3.3.2 Frame duration calibration

Determination of the frame exposure duration was carried
out by operating the camera in a streak mode using one set of
deflectors. The single input slit, used in setting up the camera
synchronisation, was replaced by a mask object illustrated in
fig.3.5. It consisted of a combined slit and open area, and was
fabricated by masking off half a glass blank and evaporating
with aluminium. The masking was then removed and a slit scribed
into the evaporated half. When correctly positioned at the input
plane of the camera and illuminated, an inverted 'mushroom' shape
image was observed at the screen. This was the superposition
of the mask image on the circular field of view of the camera,
where the field of view was defined by the diameter of the

framing aperture (see fig.3.5).

With the camera operated in the streak mode a linear voltage
ramp was supplied to the framing deflectors. Six sub-pulses of
20ps temporal separation from a optical delay line were used to

illuminate the mask object.
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Fig. 3.5 Scheme for streak calibration of frame exposure time.
Insert is a reproduction of an experimental result.

When correctly synchronised six displaced images of the mask obj-
ect were observed at the centre of the screen. The frame duration
was then evaluated by comparison of the known streak separation

to the diameter of the 'mushroom' head, as the field of view was
still defined by the framing aperture diameter. A typical result
is shown in fig. 3.5 (insert), which demonstrates a frame duration
of 190ps. Shot-to-shot variation in the amplified laser pulse

amplitude resulted in an open time variation of +20ps.
3.3.3. Framing operation

To measure the dynamic spatial resolution of the Picoframe I
in single frame mode the mask object used previously was
replaced by a standard size 1951 USAF resolution test chart.

The test target was then illuminated by a single amplified laser
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pulse (i.e. 20ps optical delay line removed). A single GaAs PCE
was connected via a 350mm length of 50Q coaxial cable (UR-M43) to
the framing deflector plate feed-through pins. A second length
of 50Q coaxial cable then inter-connected the framing and compen-
sation deflectors in the opposite sense, thus driving the deflec-
tors in series. It was necessary to choose the length of the
inter-connecting cable such that the signal transit time matched
the electron transit time between the deflectors. The length of
cable required was estimated by calculating the electron transit

time between the deflectors.

Equating the energy gained by an electron in accelerating
to an anode potential Va to its kinetic energy (assuming it starts

from rest, or that the initial energy is negligible) gives:-

eV = Imv
a

2

Where m is the rest mass of an electron (relativistic effects can
be ignored below acceleration potentials of 20kV), e is the

electron charge and v is the electron velocity, then

In the initial tests the anode potential was 12kV, thus substit-
uting for constants e and m gives v = 6.49 x 107 m/s. As it is
difficult to be sure exactly where the electrons are first
influenced by the deflection field, fringing fields will
influence the electron before it enters the parallel plate
deflectors, the distance between the deflectors was taken as the
centre-to-centre distance. For the Picoframe I this distance is
66mm which results in an electron transit time of about 1ns.
Since the group velocity in the 50Q coaxial cable was 0.66c a
length of about 200mm was necessary to introduce the required

delay.
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3.3.4 Results

Slightly different length inter-connecting coaxial cables
between the deflectors were employed and framed images for each
case recorded on Ilford HPS5 film which was push processed using
Il1ford Microphen developer. Exposures were bracketed by success-
ively stopping down the aperture of the camera input lens. The

spatial resolution results obtained are summarised in table 3.1

Cable length(mm) Limiting spatial res.
at photocathode(lp/mm)

180 <1
200 1
224 1.6
233 1.78
239 <1

Table 3.1. Dynamic spatial resolutions for different lengths

of inter-connecting cable.

Optimum spatial resolution was obtained using a 230mm length

of cable and by fine adjustment of the potential difference

across the resistive divider chain by a few hundred volts. This
slightly influenced the electron transit time between the two
pairs of deflectors with a discernible effect upon the spatial
resolution. A single frame recording of the USAF test chart is
reproduced in fig.3.6. This does not illustrate the best reso-
lution observed, but shows good contrast with the familiar test
target features clearly evident. Close inspection of the original
recording reveals a dynamic spatial resolution of 7 lp/mm

referred to the photocathode.
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Fig.3.6. A recorded two-dimensional, single frame image
of standard size USAF test chart.

The full size USAF chart was a 1itt1e too large to be conven-
iently imaged onto the restricted cathode format size with the
x 1.5 demagnifying input optic, thus a x2 demagnified copy of
test target was substituted. A typical recorded framed image
of this format is reproduced in fig. 3.7. It is noted that the
images do not suffer noticeably from astigmatism or other
spatial distortions. Examination of the original contacted film
indicates that it is possible to resolve the sixth element of
group one on the x2 demagnified target. This corresponds to a
dynamic spatial resolution of 7 Ip/mm at the screen. Taking
account of the image tube magnification this corresponds to a

resolution of 10.5 Ip/mm at the photocathode.
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Fig.3.7. A recorded, single frame image of a x2 demagnlfled USAF
test chart object.

3.3.5 Discussion

In this early evaluation it must be emphasized that although
the camera had an 'open' time of 190ps, the test target was only
illuminated for less than 1ps. This had the consequence of re-
laxing the constraints on linearity and synchronism of the deflec-
tion voltage ramps as a match had only to be achieved over a short
timescale. However, for a specific limit of detection (i.e. the
film speed) the photocurrent in the tube is inversley proport-
ional to the exposure time [14]. In this case since the illimin-
ation period was very much shorter than the tube 'open' time, the
exposure duration was governed by the length of the illumination
pulse. Thus the space charge effects (see section 1.2.4)
associated with high photocurrents were exacerbated. It was
likely then that in testing under longer illumination conditions
difficulties would be experienced in achieving a good match in the

deflection voltage gradients over an extended period and
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some loss in dynamic spatial resolution would be observed.

3.4. Framing operation with picosecond illumination

To more fully characterise the dynamiq framing performance
of the Picoframe I the ~10ps (FWHM) duration pulses from a pass-

ively mode-locked Nd: phosphate glass laser [15] were employed.

3.4.1 The experimental arrangement

The experimental set-up used is depicted in fig.3.8

Pulsed mode-locked Single pulse Second harmonic 2w
Nd:Glass Laser selector F’" generation crystal
w
GaAs
PCE
To compensation | To traming
deflectors , detlectors
Picoframe | //

Fig.3.8 Experimental arrangement employed in single-frame evaluation
of the Picoframe I using the parallel feed-in configuration

The single-shot Nd:phosphate glass (3.3% doped Hoya LHG5)

oscillator had a cavity round trip time of 7ns and produced mode-

locked pulse trains at a wavelength of 1.053um. The laser rod was

166.5mm long with a diameter of 9.5mm and Brewster-angle faces.

It was pumped by a single helical xenon flashlamp dissipating
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approximately 1kJ of energy stored in a 47uF capacitor charged
to around 6kV. A circulating water system around the rod
provided cooling, but even so the repetition rate was limited

to around one shot per minute. Fresh air pumped into the cavity

head displaced the ozone formed by the flashlamp discharge.

5 M solution of Eastman

Passive mode-locking was by a 2x10°
Kodak 9860 in 1,2 - Dichloroethane contained in a 250um cell in
optical contact with the 2.0m radius of curvature back mirror.
The dye cell window was made of red filter glass to reduce photo-
decomposition of the dye by short wavelength flashlamp radiation.
No transverse mode selection was employed with completely mode-
locked pulse trains obtained at a success rate of around 90%. A

typical mode-locked pulse train consisted of between 80 to 100

pulses with a total energy of ~100mJ.
3.4.2 Framing operation

The voltage waveform generated by the laser illuminated PCE
deflection circuit comprised a very fast rising edge (risetime
limited by the deflection circuit to a few 100's picoseconds)
followed by a relatively slow decay (~100ns). High speed framing
operation was achieved by sweeping the electron image using the
fast rising edge. Since further images would be swept back across
the framing aperture during the slow 'reset' period, obscuring
any recorded framed image, successive pulses from the mode-locked
pulse train were prevented from illuminating the photocathode.
This was achieved by selecting a single illumination pulse from
the centre of the pulse train, by means of a Pockels' cell
located between two crossed Glan-Thompson polarizers in a

standard single - pulse - selector (SPS) configuration.
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A small percentage of the laser output was incident on a
vacuum photodiode which provided a ~10V trigger signal for a hybrid
avalanche transistor/Kryton (KN22B) step voltage generator. This
was configured in a Blumlein arrangement to provide a 7ns long,
9kV square gating pulse for the Pockels'cell. Reliable pulse
selection from the centre of the wave-train was facilitated by
positioning a suitable number of neutral density filters in front
of the photodiode and by adjusting the trigger signal delay to

the hybrid step generator circuit.

The S20 photocathode activated prototype Picoframe I was
insensitive to the fundamental radiation, thus the second harmonic
was generated in an angle-tuned crystal of ADP, with a typical
conversion efficiency of about 10%. A dichroic beamsplitter
(coated for 100% reflectivity at 1.053um)
directed the fundamentai via an adjustable optical delay onto the
GaAs PCE. It is estimated that due to divergence of the multi-
mode beam, optical losses in the SPS and optical delay line
that the energy available for PCE activation was between 50ud to
100ud. As the photon energy was insufficient to permit single
photon excitation in the PCE less efficient multiphoton processes
occurred. The transmitted second harmonic radiation was then used
to illuminate the test chart. To permit more efficient use of the
émm x 6mm usable cathode format a f/3.5, 64mm focal length lens
operating at an increased demagnification of x2.2 replaced the

f/1.5 lens employed previously.
3.4.3 The parallel Feed-in configuration

Initial attempts at framed imaging using the series feed-in
configuration employed previously with hypershort pulse illumina-

tion proved unsuccessful in recording a truly stationary image,
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under longer illumination conditions. It was recognised that
mismatch effects arising from the different cable lengths and
from the deflector plate connections would cause the voltage ramp
to the compensating deflectors to be significantly distorted. As
such the gradients may only have matched over a small temporal

range.

To overcome this problem a new deflection feed-in arrangement
was devised; designated the parallel fead-in configuration.
Two separate 50Q coaxial cables were connected to the output of
a single GaAs PCE and used to drive the two pairs of deflector
plates. Of course, by necessity, the two cables had to be of
different lengths to achieve the correct synchronisation between
the electron beam and the deflection ramps. Initial synchronisation
of the camera was again carried out in the streak mode using the
framing deflector plates only. Framing operation was then carried
out and the differential cable length adjusted for optimum |

dynamic spatial resolution.
3.4.4 Results

The most promising results were achieved using a 350mm length
of coaxial cable to the framing deflectors and lengths between
540mm to 560mm to the compensating deflectors. This range was
investigated more thoroughly for different anode potentials and
deflector bias potentials. Optimum dynamic spatial resolution
was achieved using 350mm and 545mm lengths of cable to the
framing and compensation deflectors respectively. The overall
tube potential was 12kV with a bias of 2kV across the PCE and
deflector plate biases of +325V. A framed image of a full size
test resolution target obtained under these conditions is

reproduced in fig.3.9.
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Fig. 3.9 Single-framed image recorded using the parallel feed-in
configuration.

Careful inspection can resolve up to group 0, element 6 in both

directions, which accounting for the x2.2 demagnification of the

input optic, corresponds to a dynamic spatial resolution of 4 1p/mm

at the photocathode.

Temporal calibration was carried out in the streak mode
using a similar procedure to that described earlier. However,
on this occasion a two stage process was adopted. Instead of us-
ing a mask object combining an optical slit and open area region,
a single slit object was initially employed with the camera in
streak operation. Two subpulses temporally separated by 50ps from
an optical delay line resulted in two streak images recorded at
the screen by optically contacted film. The slit object was then
removed and the camera field of view uniformly illuminated.

This yielded a shadow image of the framing aperture at the screen
again recorded using optically contacted film thus ensuring a

direct correspondence between the recorded images.
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Provided the sweep speed in the streak and framing evaluations

was the same, ensured by maintaining identical experimental cond-
itions, comparison of the shadow image diameter to the calibrated
streak separation yields the frame exposure duration. The results
presented in fig.3.10 demonstrate a single frame duration of

around 150ps for the camera operated in this mode.

Fig. 3.10 Streak calibration of frame exposure duration of
Picoframe I operated with the parallel feed-in
configuration.

3.4.5 Discussion

Although it had proved possible to obtain a single framed
image of modesp spatial resolution with the parallel feed-in
configuration, it was evident that the recorded images suffered
from incomplete compensation. This was primarily caused by the
disparity between the sensitivities of the two pairs of
deflectors. It was also realised that dispersion in the unequal
lengths of coaxial transmission line might result in discrepancies
between the voltage waveforms arriving at the deflectors. This

was analysed by propagating a fast risetime step voltage profile
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along equivalent lengths of cable to those employed in the exper-
imental set-up. The resultant waveform was monitored at the
other end by a fast (< 25ps risetime) sampling head (Tektronix
type S4). The results illustrated in fig.3.11 show; (a) no cable
between the generator and sampling head, just the necessary conn-
ections, (b) the cable supplying the framing deflectors, (c) the

cable supplying the compensating deflectors.

Fig.3.11 Degradation of signal risetime for (a) no cable,
(b) 350mm, (c) 550mm lengths.

Inspection of fig.3.11 reveals that the compensation voltage
ramp has a 10% - 90% risetime about 10% slower than that of the
framing ramp. This effect tended to act in favour of the proto-
type tube where the sensitivity of the framing deflectors exceeded
that of the compensator deflectors by about 7% (see section 2.6).
The degraded signal risetime partially offset the disparity in
deflection sensitivity thus in this particular instance, probably
somewhat fortuitously, it was possible to find a region on the

voltage ramp which yielded a moderately well compensated image.

Clearly for longer illumination periods approaching the
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frame exposure duration such a fortuitous match in the effective
responses of the deflectors cannot be guaranteed. Since manu-
facturing tolerances and distortions caused by processing are
inevitable in this type of tube, it was unlikely that the sensit-
Aivities of the deflectors would be identical. Evidently it was
desirable to devise a scheme whereby exact compensation of the
imparted transverse electron velocity could be achieved, prefer-
ably by control of parameters external to the tube. The parallel
PCE configuration was a scheme devised to allow external control

and is discussed in the next section.
3.5. The parallel PCE configuration

A novel scheme to provide independent control of the deflec-
tion voltage gradient applied to each pair of deflectors, thus
varying the degree of compensation experienced by the electrons
was investigated. Each pair of deflector platés were connected
to an independent PCE via identical lengths of 50Q coaxial trans-
mission line. Independent control of the bias potential applied
across each of the switching elements permitted a corresponding

control of the voltage gradient applied to the deflectors.
3.5.1 The experimental set-up

Two GaAs PCE chips were cut from the same crystal and had
2mm separation aluminium electrodes evaporated at the same time.
Each was mounted onto a circuit board with optical wax; the
electrical connection between electrode and microstrip trans-
mission line being made by a conductive silver preparation.
Connection to each respective pair of deflectors was made by

350mm lengtns of 50Q coaxial transmission line.

The experimental arrangement is illustrated in fig. 3.12
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For fully saturated operation of both GaAs PCE devices optical
pulse energies of > 200uJ were necessary. To satisfy this re-
quirement the amplified output from a pulsed Nd: YAG mode-locked
oscillator operating at a wavelength of 1.06um in the TEM,, mode
was employed. A single pulse of ~35ps (FWHM) duration with an
energy of ~0.15mJ was selected from the mode-locked pulse train
using a Pockels' cell switched by a triggered spark gap. This

was then amplified in a double pass flashlamp pumped amplification
stage providing gains of up to x1000, before second harmonic

generation in an angle-tuned KDP crystal.

i
1
Double pass L 1 Single pulse aulilft Pulsed mode-iocked

AN
amplitiar ;\ selector NG:YAG Laser
| !
I
i«
£

4)’
N | Second harmonic 2w
generation crystal | \ I~

3——-// Picoframe |
I
T
j Micheison To traming To comoensation
arrangemaeant deflactors delleclors
tor temporal
calibration Gaas GaAs
Q PCE 1 PCE 2
i ! ‘
N /o
Y 7
50:50

Beam sphtter

Fig.3.12 Experimental arrangement employed in operating the
Picoframe I using the parallel PCE configuration.
Fundamental and second harmonic radiation were separated by a
dichroic beamsplitter coated to be 100% reflective for 532nm
radiation at 45° incidence. The second harmonic was directed,
via a Michelson optical delay arrangement, to illuminate the

camera input. Any harmonic leakage was removed by a Schott
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RG1000 filter inserted after the beam splitter. The fundamental
was then split into two beams of roughly equal intensity by a

50% beam splitter. One beam was directed onto the PCE providing
the deflection voltage for the framing deflectors, while the other
beam was directed by a 100% reflectivity mirror onto the PCE
connected to the compensation deflectors. Both PCE circuits were
mounted on translation stages such that their~effective separation
could be adjusted to advance or retard the relative timings of

the deflection ramps. The beam size at the PCE (observed with

the aid of an IR image converter) was such that it adequately
covered the PCE gap and electrodes. A calorimeter (NPL design
type 7471) was used to measure the energy in egch fundamental

beam incident on the PCE's. Each was determined to be 600ud

+ 100ud, which was found sufficient to ensure fully saturated

operation of both PCE devices.

Initial camera synchronisation was carried out in the streak
mode. Due to the relatively long pulse duration ( ~35ps FWHM).
the optical delay line was adjusted to provide subpulses
separated by 100ps for adequate rescolvability. As this was close
to the expected frame exposure duration the set-up procedure
was carried out using the compensation deflectors, with the
framing deflectors maintained at anode potential. This greatly
increased the viewable time window and considerably eased the

synchronisation procedure.
3.5.2 Framing operation

For evaluation in the framing mode one arm of the Michelson
delay line was blocked to providz single pulse illumination.
The input slit was replaced by a full size USAF test target, and

the framing deflectors reconnected to the first PCE. By
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differential variation in the positions of the translation stage
mounted PCE's, the timings of the deflection waveforms counld be
synchronised to the arrival of the imags forming electron packet
at each pair of deflectors. An optical delay of 0.97ns was found
to yield the best image 'stationarity' although the spatial resol-
ution was poor. Independent control of the bias potential applied
across each of the PCE deflection circuits then enabled the degree
of tfansverse velocity compensation to be varied, such that it was

possible to maximize the spatial resolution.
3.5.3 Results

The best spatially resolved image recorded using this scheme
is reproduced in fig.3.13. It was achieved while operating the
Picoframe tube at an overall acceleration potential of 12kV, with
1.8kV and 2.0kV potential applied across the framing and compen-
sation PCE devices respectively. The deflector plate bias poten-
tials were + 600V ensuring sweep operation over the fast, linear

central region of the deflection waveform.

Fig.3.13 Framed image recorded with the parallel PCE configuration.
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On inspection of the contacted film recording it is possible
to resolve up to group 0 element 6, which corresponds to a

dynamic spatial resolution of 4 lp/mm at the photocathode.

Reverting to streak mode operation under identical experi-
mental conditions determined the frame exposure duration. The
two stage scheme described in section 3.4.4 was employed to record
firstly, the temporally calibrated subpulses from the Michelson
delay line arrangement, and secondly the projected framing aper-
ture diameter. The result reproduced in fig.3.14 demonstrates
a camera 'open' time of approximately 130ps. This was the short-

est duration image recorded during the course of this work.

Fig.3.14 Streak calibration of frame exposure duration when
operated in the parallel feed-in configuration.

3.5.4. Discussion

Some idea of the criticality in the illumination alignment
is apparent from the fact that fig. 3.13 represents the best reso-
lution obtained in many shots. The laser must be extremely repro-

ducible, with any intensity variation in the illumination of the
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PCE's resulting in a drastic loss in spatial resolution. Thus
although this technique has beesn demonstrated to be fundamentally
sound, the indications are that critical matching of the PCE geo-
metries and use of a highly refined laser system are essential.
Generally therefore, this would be a difficult technique to imple-
ment into a standard laboratory system. Nevertheless, it has been
demonstrated that some form of correction, external to the tube,
can compensate for manufacturing tolerances in the sensitivities
of the deflectors. 1In the design proposed by Waters et al, the
compensation deflector plate spacing could be externally contr-
olled by means of bellows. This cumbersome added complexity has
been shown to be dispensible, if the gradients of the deflection

waveforms can be accurately and independently controlled.

3.6 Conclusions

A prototype Picoframe I camera system has been evaluated dyn-
amically in the single frame mode using the high speed, linear
voltage ramps generated by laser illuminated PCE's. Chromium
doped GaAs PCE chips were prepared from a semiconductor slab,
evaporated with aluminium electrodes and incorporated into a
symmetrical deflection circuit. The fast recombination time of
the material ( ~100ps) required that the PCE device be located
between two high value resistors, to improve the sweep speed
and range of scan. Three arrangements employing laser illuminated
PCE's in the generation of voltage ramps for the experimental

framing camera were evaluated.

In the series feed-in configuration a single GaAs PCE supplied

the symmetrical deflection signal for both pairs of deflectors,
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connected in series and operating in the opposite sense.

Although high quality spatially-resolved images of up to 7 lp/mm
resolution at the photocathode were achieved [16], the camera open
time of 190ps was very much greater than the illumination period
( < Ips). When the experiment was repeated using the longer dura-.
tion pulses ( ~10ps FWHM), only very poorly resolved images were
obtained. It was thus concluded that under ultrashort pulse
illumination the electrons experienced only a very small region of
the deflection waveform. Over this it was possible to select a
portion where the difference in gradient cancelled the discrepancy
in deflection sensitivity, thus generating a well resolved image.
When using longer illumination pulses the unpredictable effects

of impedance mismatch, made the repetition of such an instance

unlikely and only poor reproducibility of results was achieved.

To avoid the unpredictable effects of connecting the
deflectors in series, the parallel feed-in configuration was devi-
sed. Two coaxial transmission lines, of unequal length to account
for the difference in électron transit time to each pair of defle-
ctors, were connected to a single PCE device. In this manner an
identical waveform was launched into both cables, and delivered in

opposite phase to each pair of deflectors.

Due to dispersion in the transmission line, the risetime of
the signal arriving at the compensating deflectors was about
10% slower than that arriving at the framing deflectors. This
discrepancy had the somewhat fortuitous effect of off-setting the
~ 7% difference in the static sensitivities of the deflectors,
enabling moderately well resolved images of 4 lp/mm resolution
(at the photocathode), with frame durations of ~150ps to be

recorded [17]. Realisation that control of the deflection
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waveform gradient could be used to effect cancellation of the
imparted transverse electron velocity, despite manufacturing
tolerances in the sensitivities of the deflectors, resulted in

the third configuration evaluated.

In the parallel PCE configuration two independent PCE's were
connected via identical lengths of coaxial cable to their respect-
ive deflectors. The electron transit time delay between the
deflectors was accounted for by an adjustable optical delay between
the PCE activation pulses. By varying the voltage applied across
each PCE the amplitude of the voltage ramp was changed and the ramp
gradient (dv/dt) perturbed, thus permitting accommodation of the
response differences of the deflectors. Using this scheme it was
possible to generate framed images demonstrating a spatial reso-
lution of 4 1p/mm at the photocathode when the test object was
illuminated for at least 35ps [17]. As each PCE device was only
required to provide the deflection ramp for one set of deflectors,
the current demand was reduced. This permitted the generation of
shorter duration framed images, with typical 'open' times of around

130ps.

Unfortunately, although this technique demonstrated the
viability of achieving good image compensation by independent
control of the ramp gradient applied to the deflectors, there were
severe practical problems in ensuring identical operation of two
PCE devices. As such the implementation of the camera as a versa-
tile experimental diagnostic would be limited. To ensure a more
practical and useful arrangement, it is necessary to develop a
more elegant mechanism for achieving control of the waveform
gradients and subsequently demonstrate the multiple frame
capabilities of the Picoframe design. This is the subject matter

of the next chapter.
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CHAPTER 4

Single and double frame operation of a Picoframe camera

4.1 Introduction

A major advantage of the 'Picoframe' framing camera system
over a gated image converter tube is the ability to generate
multiple framed images. In this chapter two alternative
techniques for the generation of 'doublet' framed images are
described; (i) the twin aperture Picoframe II, (ii) double sweep
operation of the Picoframe I. The Picoframe Il is a simplified
version of the multiplex aperture plate design discussed in

section 2.2.1.

For reasons presented earlier (section 3.1), lasér
illuminated photoconductive devices were employed in generating
the deflection voltage ramps for the Picoframe I camera in the
single-frame mode. However, the use of these devices has the
disadvantage that moderate energy (~100uJ), picosecond laser
pulses are required to efficiently activate them. This might not
be a significant limitation in the practical implementation of the
camera as a laser fusion diagnostic, where high energy pulses
are available, but it can be a disadvantage in preliminary
characterisation of the instrument. Where ease of use and only
moderate temporal resolution are required, single-shot streak
camera systems have successfully utilized electronic avalanche
transistor sweep generator circuits [1,2]. In subsequent instru-
mental evaluations it was thus decided to for-go some degree of
sweep speed and proceed with a low trigger energy electronic sweep

circuit. It is realised however, that for ultrahigh speed
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framing operation (on the sub 100ps timescale), laser illuminated
photoconductive devices are currently the only source of the fast,

linear voltage ramps required.
4.2 Transistorised sweep generators

Avalanche multiplication in certain types of transistor has
formed the basis for high voltage, nanosecond pulse generation
for a number of years. This type of generator has been utilized
in picosecond streak camera systems with sweep speeds of'~10'°cm/s
and trigger jitters of less than + 20ps reported [1]. Modest
trigger requirements of a few volts can readily be derived from
a laser illuminated photodiode for relatively weak optical pulses
of around 1uJ energy. Pulse repetition rates are generaliy low
(typically <1kHz), but they readily opefate at a few Hertz which

is quite satisfactory for framing evaluation.
4.2.1 Avalanche operation

Avalanche action in transistors [3] is due to ionization by
collision which creates additional electron-hole pairs within a
reversed biased pn-junction. This increases the available curr-
ent; an action which becomes greater as the collector-base volt-
age is raised above the normal operating value. The increased
electrostatic field across the collector-base junction extends
into the base region increasing the width of the depletion layer.
Within this extended layer the majority carriers gain sufficient
energy to ionise fixed lattice atoms into electron-hole pairs.

If the depletion layer is sufficiently wide and the electrostatic
field sufficiently strong, these carriers can themselves gain
enough energy to cause further ionization. This process is

called avalanche breakdown. When it occurs the reverse current
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rises rapidly and becomes independent of voltage, generally being

limited by the external circuitry.

Not all transistors demonstrate avalanche effects. Usually
the most suitable transistors are those designed for high-speed
switching which have a thin ﬁniform base region and radial symm-
etry. Once a promising range of transistors has been chosen,
careful selection of devices is necessary to obtain optimal perf-

ormance due to manufacturing tolerances and impurities.

It is difficult to switch more than a few hundred volts
with a single device, so to increase the voltage swing several
devices are commonly connected together in series. A trigger
signal applied to the base of a transistor at one end of the
chain triggers it into avalanche operation. This 'over-volts'

the remaining devices causing them to avalanche successively.
4.2.2 An avalanche transistor sweep generator

From work undertaken at Lawrence Livermore National
Laboratory USA, it was reported that the National Semiconductor
2N3700 device was highly suited to avalanche operation [4].

A circuit [5] employing two series chains of these transistors
was developed by AWRE Aldermaston UK, and has been used in the
subsequent york presented in this thesis. The generator was
triggered by a fast risetime ( ~100ps) >10V trigger pulse supp-
lied by a laser illuminated photodiode; there was an intrinsic
10ns delay before avalanche operation. Two chains of transistors
provided complementary positive and negative outputs of ~3kV
swing about OV, rising in ~1.5ns. When operated in conjunction
with the Picoframe I in a streak mode this circuit provided a

sweep speed of 1.2 x1010 cm/s. The positive and negative ramps
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delivered into a 50Q load and observed using a Tektronix 7904

oscilloscope (700ps risetime) are shown in fig. 4.1.

Fig.4.1 Positive and negative output from the avalanche
transistor sweep circuit. (1ns/div, 600V/div).

The trigger jitter was evaluated by operating the Picoframe I
camera in a streak mode. The compensation deflectors were
connected to the sweep generator while the framing deflectors
were maintained at anode potential. Sub-pulses from a 100ps
calibrated optical delay line were observed at the centre of the
screen. Four consecutive streak recordings are reproduced in

fig.4.2, demonstrating a trigger jitter of less than + 20ps.

Fig.4.2 Four consecutive streak recordings. Streak separation is 100ps
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4.3 Single-frame operation of the Picoframe I camera

In preliminary testing of the prototype camera performance
the illuminating laser pulses had durations of 0.25 - 10ps FWHM,
while the frame time was determined to be between 150-200ps.
Clearly it was necessary to evaluate the instrumental performance
with pulse illuminations having durations similar to that of the
framed images. This was carried out using the frequency doubled

output from a Nd: YAG oscillator.
4.3.1 The experimental set-up

The source of the illumination test pulses was a Q-switched
mode-locked Nd: YAG oscillator [6] (modified Quantronix 116 with
351 model Q-switch), with a cavity round trip time of 10ns. It
was operated in the prelase mode to allow continuous operation
of the mode-locking modulator. Consequently the mode-locked pulses
were able to achieve steady-state conditions prior to Q-switched
operation. A typical Q-switched mode-locked pulse train
consisted of approximately 50 pulses (see fig.4.3), with a peak

pulse energy of around 80ud.

Fig.4.3 Typical Q-switched mode-locked pulse train. 50ns/div.

The output pulses were monitared using a repetitively operating
streak camera (S1 activated Photochron I)._ A typical synchroscan
streak record, demonstrating a pulse duration of ~120ps (FWHM)

at the fundamental wavelength of 1.06um, is reproduced in fig.4.4.
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Fig.4.4 Repetitive operation streak recording of the fundamental
output pulses from the Q-switched mode-locked Nd: YAG
oscillator.

The second harmonic at a wavelength of 533nm was generated
in an angle-tuned crystal of KTP with a conversion efficiency of
approximately 10%. This resulted in a pulse-width compression of
upto a factor of x1/\/2 [7]. When carrying out setting up and
temporal calibration procedures the relatively long laser pulses
were temporally compressed to around 3ps prior to second harmonic
generation. Compression was by means of self-phase-modulation
induced chirp due to propagation in a monomode optical fibre,

followed by de-chirp using a dispersive delay line [8].

The experimental arrangement is shown in fig.4.5. Each
pair of deflectors were driven symmetrically by dividing both
sweep circuit outputs with 50Q T-piece connectors; such that the
four coaxial cables connecting the deflector plates could be
driven. To allow for the electron transit time between framing
and compensation deflectors, the cable lengths connecting the
framing deflectors were deliberately shorter than those

connecting the compensating deflectors.
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Fig. 4.5 The Experimental configuration used in single-frame
operation of a Picoframe I camera illuminated for
~100ps.

Initial synchronisation was carried out in the streak mode using

the compensation deflectors to increase the viewable time window

and so ease the set-up procedure. O0Once well centralised streak
images were achieved on the screen, the framing deflectors were

re-connected and the input slit replaced by a 1951 USAF test

chart.

Two 1.0m lengths of 50Q coaxial cable connected the framing
deflectors to the sweep circuit. The correct differential cable
delay for effective image compensation was then established by
varying the cable lengths connecting the compensation deflectors
over the range 0.78m to 0.82m. Although the vague form of the
test pattern could be recognised it was not possible to resolve

the coarsest bar pattern. Increasing the anode potential from



104 chap 4

12kV to 15kV (scaling the other electrode voltages appropriately
to maintain focus) resulted in some degree of improvement, but
still below the resolution of the coarest bar pattern (2 Ip/mm).
This effect is most probably due to the decrease in relative
difference between the deflection sensitivities of the deflectors
and reduced space-charge distortion at higher acceleration

potentials.
4.3.2 The capacitative divider

It has been demonstrated in chapter 3 that it is possible to
achieve good image compensation, and thus spatial resolution, by
independent control of the deflection voltage gradients applied
to the deflectors. Since the regulation of the overall PCE
potential did not prove particularly convenient, a more elegant
approach was devised in which the deflection plate capacitance

was incorporated into a capacitative divider.

Consider two series capacitors with capacitances C' and C2

(fig. 4.6.).

Fig.4.6 Series capacitors C] and C2

By conservation of charge, a charge Q accumulated by the capaci-

tance C; will induce and equal charge to be accumulated on

capacitor Cz' Thus:

Q = VvC = VC equ.4.1
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Wihere V, and V, are the voltages developed across C, and C,
respectively. Differentiating equ. 4.1 w.r.t. time yields;

dv dv, C
L. 22 equ.4.2

dt dt C,

Provided the risetime of the LCR circuit formed by the deflectors
is sufficiently faster than the risetime of the driving voltage
waveform V(t), the potential across the capacitors will follow

that of the driving waveform i.e.
V(L) = Vv (t) o+ V.(t) equ.4.3

To justify this assumption it is necessary to evaluate thé rise-
time of the deflection circuit; this is achieved by analysis of

the LCR network.

The deflection plates within an image tube form part of an
LCR network where L is the circuit inductance, C is the circuit

capacitance and R the resistance (see fig 4.7).

/ R/2 L/2

Deflector
plate
capacitance C

\

R/2 L/2

Fig. 4.7 Deflector circuit LCR network

For periods less than twice the round trip time (~6ns) of the
connecting coaxial transmission line reflections may be ignored,

thus the circuit resistance is given by the characteristic
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impedance of the transmission line. During the experimental
evaluations two 50Q characteristic impedance coaxial cables were
used to drive each pair of deflectors. Since the coaxial trans-
mission line screen electrode was earthed at either end, the
main contribution to the circuit inductance was formed by the
parallel feed-in wires between the vacuum feed throughs and
deflector plates. The relatively small mutual inductance of the
deflector plates could be neglected. For two parallel wires of
radius r and separation D in vacuum, the inductance per unit

length is given by [9];

L = K 1”(9)
” r

where 4, is the permeability of free space ( 4nX10-7H/m). In

the prototype Picoframe I the feed-in conductors are approx-
imately 50mm long with a radius of 0.2mm and a separation of 8mm.
Hence the self inductance of the circuit is about 75nH.

Similarly the main contribution to the circuit capacitance is
presented by the deflector plates; the capacitance of the parallel
feed-in wires being negligible. The deflector plate capacitance

of the Picoframe I is about 0.2pF (see section 2.3.2).

The transient response of an LCR circuit is determined by
solving the ordinary differential equation describing the network
(equ. 4.4.) using the Laplace Transform [10], where E(t) is a step
impulse.

Ld?q Rdq q

E(t) = b+ o— 4 - equ.4.4
dt? dt C

Solving equation 4.4 (Appendix I) it may be shown [4] that the

time taken for the capacitor to reach peak voltage (the risetime)
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is given by;

Tr ~ n\ﬁ]?

Substitution of the calculated values for L and C yields a
circuit risetime of 380ps. This is significantly smaller than
the driving waveform risetime of 1.5 - 2ns, thus it is concluded

that. equation 4.3 is valid under these circumstances.
Differentiating equation 4.3 with respect to time gives

dv dv, dv,
= +

—_ equ.4.5
dt

dt dt

Substituting equation 4.2 into equation 4.5 yields

G
dt dt \C, dt

and hence;
dv dv C
dt dt \C. +C

[t has thus been shown that within the limitations discussed,

the rate of change of voltage across the deflector plate
capacitance C, can be controlled by the ratio C,/(C1+C2).

The capacitance C, may be conveniently provided by a miniature
series trimmer capacitor located at tﬁe vacuum feed-throughs; as
close as possible to the deflection system. For biasing purposes
a high value resistor (10kQ) was connected in parrallel with the
trimmer capacitor to allow the deflectors to achieve the correct

DC bias, see fig.4.8.
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10k

L
\

2-20pF -_—
deflectors

2-20pF - 0.2pF

e

10ka

fig. 4.8 The capacitative divider arrangement used with

the Picoframe I.
Practical values for the capacitances shown provide for up to a
12% variation in the rate of change of voltage across the
deflector plates. As the DC sensitivity of the framing de-
flectors exceeded that of the compensation deflectors (see sec-
tion 2.6 ) the divider arrangement was incorporated into the

framing deflector circuit.
4.3.3. Results

The increased signal delay in the trimmer capacitor arrange-
ment required the differential cable delay be correspondingly in-
creased. Optimum results were achieved, providing a well central-
ised image, with 0.77m and 1.03m cable lengths to the framing and
compensating deflectors respectively. With the laser operating
at a repetition rate of 3Hz it was possible to carry out quasi-
realtime adjustments to achieve optimum dynamic spatial resolution,

By this means framed images such as that reproduced in fig.4.9
were obtained. The limiting spatial resolution that was routine-
ly observed under these conditions was 7 lp/mm referred to the

photocathode.
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Fig.4.9 Reproduction of a single frame image.

Exposure time calibration was carried out in the streak
mode using the compensation deflectors whilst the framing de-
flector plates were maintained at anode potential. To ensure
consistent sweep speed the cables supplying the framing deflectors
were disconnected at the tube end, leaving the sweep generator
identically loaded. The two stages preocedure described earlier
was employed. Temporally calibrated streak images were compared
to the projected outline diameter of the framing aperture. The
exposure calibration results presented in fig.4.10, recorded
directly by a Optical Multichannel Analyser (OMA) (see section

6.7.5), illustrate a frame 'open' duration of 215ps.

Fig.4.10 OMA recorded streak calibration of frame exposure time

4.4 Techniques for the generation of a sequence of
framed images.

Early evaluations of the sweep/compensation framing technique

have largely concentrated on demonstrating the soundness of
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the basic principle. A major requirement of a practical framing
image system is the ability to generate sequenced framed images.
Towards this objective two techniques for the production of

framed image 'doublets' using the Picoframe design are discussed

in this section.
4.4.1 The Picoframe 11

The different approaches to achieving a sequence of framed
images using the Picoframe camera principle have already been
discussed (section 2.2.1). The most direct method is to
replace the single framing aperture in the Picoframe I with a
series of apertures. As the electron beam is swept across, by
application of a linear voltage ramp to the framing deflectors,
bursts of electrons form discrete framed images at the screen.
This is the so-called multiplex aperture plate design. In the
original proposal by Sibbett et al [11] the design incorporated
a three aperture multiplex plate for the generation of framed
'Triplet' images. However, the provision of three independent
pairs of compensating deflectors of the dimensions envisaged
caused severe constructional difficulties. Eventually a modified
design, illustrated in fig.4.11, incorporating two framing

apertures and pairs of compensating deflectors was adopted.

compensanion deliectors

J- __4—11/
l% -~ =

1 N

Fig.4.11 The twin aperture Picoframe Il tube design.

~N

Ttraming getlectors

A prototype twin aperture tube (designated Picoframe II) was
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constructed using manufacturing techniques similar to those
employed in the fabrication of the Picoframe I. Machinable
glass-ceramic spacers provided electrical insulation and
mechanical support for the deflection plates. The inner de-
flector plates were supported from a thin metal plate main-
tained at anode potential. This also served to screen

the interaction between the two deflectors. OQuter deflector
plates were supported via stainless steel side arms as in the
Picoframe I. The tube was 'bakedout' for a period of 48 hours

prior to activation with an S25 photocathode.
4.4.2 Picoframe II static evaluation

A Baum projector was used to project an image of a tést
resolution chart onto the photocathode. As the axial electron
path is obstructed in this design of tube, it was necessary to
apply a DC bias potential to the framing deflectors to achieve
an observable image at the screen. Viewing the screen with the
aid of a microscope, at an asymmetric DC bias of + 500V, it was
possible to achieve a moderately well focused image. A spatial
resolution of 35 Ip/mm was obtained at the screen in the x
direction, but a resolution of only 12 1p/mm was observed in the
y direction. To allow the electron beam to pass through the
other framing aperture an asymmetric DC bias of -1100V was
necessary. The quality of this image was extremely poor with
an x direction resolution of < 10 Ip/mm and no observable
resolution in the y direction. Re-adjustment of the focus
potential provided a marginally improved resolution in x but not

so iny
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4.4.3 Discussion

It is clear that this particular prototype Picoframe II
tube suffered severe astigmatism and axial misalignment. This
is not perceived to result from a fundamental limitation of
the electron lens, as the Picoframe I has demonstrated a static
limiting spatial resolution capability of >20 Ip/mm in both x
and y directions. An attempt to compensate for any axial mis-
alignment by the careful positioning of a permanent bar magnet
failed to improve the imaging performance. Similarly the use of
symmetric deflection to reduce the effect of fringing fields near

the plates failed to enhance the image resolution.

The prototype tube was not constructed entirely from scratch
but incorporated an electron lens structure salvaged from an
earlier Picoframe I prototype. It is suggested that in the re-
furbishment process axial misalignment occurred such that the
plane if best focus was not positioned orthogonal to the axis.
Coupled with the highly astigmatic nature of the tube this made
it impossible to achieve the same focus characteristics for the
beam passing through each aperture. It thus had to be conceded
that dynamic evaluation of this design of tube would have to be
abandoned until a fully operational prototype could be construc-

ted.
4.4.4 Double sweep operation of the Picoframe I

A technique for producing framed 'doublet' images using the
single aperture Picoframe I design was discussed in chapter 2.
The principle is to supply triangular shaped voltage waveforms

to the deflectors. One image is then generated by the sweep on

the rising edge with a second image produced by the falling edge
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sweep. Suitable de-phasing of the waveforms prohibits over-
writing of the images. Successful operation of the Picoframe I
in this mode relies upon the generation of triangular waveforms

with kilovolt amplitudes and nanosecond rise and fall times.
4.5 Nanosecond electrical pulse shaping

A scheme devised by Ross [12] for a microwave pulse form-
ing'network has recently been extended to the picosecond pulse
shaping regime by Margulis [13]. In this scheme a series trans-
mission line configuration is able to generate an even number of
microwave pulses from a step input. The network consists of a
TEM-mode transmission line of characteristic impedance Zo.. A
junction with another transmission line branch of impedance Z,/2

and length L is formed, see fig. 4.12

Fig.4.12 Transmission line junction with half impedance branch
of length L.
If a step impulse of amplitude V, is applied to one end (the

input) of the first transmission line at time t,, it will propa-

1

gate towards the junction at a speed of v = C( ecuop) *

At the discontinuity the voltage reflection I' and transmission

L, coefficients are given by;
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Where V] and V+ are the amplitudes of the incident and trans-

mitted voltages respectively and Zf, Z are the impedances ex-

]
perienced by the transmitted and incident waveform respectively.
When the impulse arrives at the discontinuity the impedances

Zr and ZJr are given by;

Zf 1Z,
here Z, is the characteristic impedance of the input line.

Calculating the reflection and transmission coefficients gives;

—-1
l"r = -7
- 4
I’,I_- 3

Thus a step potential of V,/2 continues to propagate in the tran-
smission line branch of length L and towards the output. A
signal of -V,/2 is reflected back towards the voltage source. If
the half impedance branch is short circuited at its end (Z+ = 0),
an inverted signal - V,/2 is reflected back towards the junction.
At the junction a matched impedance of Z,/2 is experienced so that
a signal of -V,/2 is transmitted towards the output and voltage

source without reflection. Observing the output a signal V,/2 is

followed a time t = 2L/v later by a signal -V,/2.

Although not used in the experimental investigations de-
tailed in this thesis it is noteworthy that if the branch length

L is terminated in an open circuit (Z, =® ), a reflection of

+
+Vo/2 is reflected back. This will appear at the output a time
t = 2L/v after the arrival of the first +V,/2 signal, generating

a two step staircase type waveform. If further open circuit
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branches of increasing length nL (n = 2,3,4... ) are joined to
the main transmission line at equal intervals, a staircase of 2n
steps will be formed. This type of waveform has applications in
successively shifting the image to a new screen position by use
of orthogonally orientated shift plates. It can also be utilized
in the direct production of framed images in some types of

framing image tube (see chapter 1).

It is generally most convenient to form the Z,/2 impedance
branch by two branches each of length L and impedance Z, in par-
allel, a 'cross' arrangement is thus formed. To a first approx-

imation the peak voltage Vp at the output is given by [13];

Vo [6t

V = —|—

P2 \T
where T is the risetime of the input transient and &t is the
branch round trip time. For 8t=~T with a linear rising ramp
input a triangular waveform of maximum amplitude V,/2 is gen-

erated at the output. This is the type of waveform necessary for

double sweep operation of the Picoframe I.
4.5.1 Fabrication of the pulse forming network

The pulse forming network (PFN) was fabricated from 6mm
(nominal 0.25 inch) outside diameter plain copper semi-rigid
coaxial cable of characteristic impedance 50+ 1Q [14]. This
large diameter cable was selected to provide adequate insulation
across the slot region for kilovolt potentials.' A 360mm length
had a 6mm slot milled at the centre to a depth of 3mm. Since '
only nanosecond risetime signals were to be propagated down the
cable the provision of large bandwidth (> 20GHz) connectors were

unnecessary and standard BNC connectors were fitted to each end.
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To derive a triangular type waveform from a 1.5 - 2.0ns rise-
time linear input the branch length must have a round trip time
of a similar duration. The-transmission line had a velocity
factor of 0.66, thus a length of 200mm provided the necessary 2ns
delay. A 400mm length was accurately cut and the ends machined
flat. To accept the other cable a 6mm width slot was milled at
its exact centre to a depth of just less than 3mm.

This ensured good contact when the components were slotted to-

gether as in fig. 4.13 (a).

(a)

02

Fig.4.13 Constructional details of a nanosecond PFN.
In order to prevent a short circuit between the central cond-
uctor of one cable and the outer conductor of the other, the out-
er conductor of each was recessed back about 0.2mm as indicated
in fig. 4.13 (b).

To securely fix the components together two aluminium slabs
30mm x 30mm x 6mm were bolted together with a 6BA bolt in each

corner. Whilst held together two orthogonal 6mm diameter holes
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were drilled through the block; forming two bisecting channels
symmetricélly about the join as shown in fig. 4.13 (a). Once
separated one of the halves of the fixing block had a 0.1mm lay-
er machined off the channelled face to ensure the coaxial trans-
mission lines would be securely held together. Once the assembly
was fitted together the ends of the stub branches were electri-
cally shorted to ground by application of conductive silver paint
to the extremities. Care had to be taken to clean the slot and
stub ends of grease deposits and debris that might have caused

breakdown and arcing.
4.5.2 Implementation of the pulse forming network

The 3kV output voltage swing of the sweep generator Was
centred around QV, positive going from -1.5kV to + 1.5kV and
negative vice-versa. This prohibited direct connection of the
PFN as it represented a short circuit for DC purposes. To over-
come this a 220pF decoupling capacitor was included between the
sweep circuit and the PFN. Similarly the deflector plate bias
potential was decoupled by a further 220pF capacitor situated

between the PFN and deflector plate.

Positive and negative polarity triangular waveforms gen-
erated by the PFN's and observed on a Tektronix 7904 fast
oscilloscope (risetime 700ps) are.reproduced in fig. 4.14.

The 2.0ns (FWHM) recorded pulse-width is probably a little
pessimistic as the apex of the triangle will be poorly resolved
due to the response time of the oscilloscope. Thus the half
maximum position shown is likely to be closer to the base than

is actually the case.
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Fig.4.14 Positive and negative 'triangular' waveforms used with
the Picoframe I (200V/div and 0.5ns/div).

Although the reflections from the PFN branches experience a
matched load at the junction not yielding any reflections, the
discontinuity at the deflectors and sweep circuit will result
in reflections. This can be seen from the fairly slow timescale

oscillogram reproduced in fig. 4.15 (a).

Fig.4.15 Post pulse voltage transients, (a) without protection
diodes, (b) with protection diodes. (10ns/div).
Generally this post pulse 'ringing' did not cause undue pro-
blems with image overwriting provided the test chart illumination
was not allowed to persist (by single-pulse selection from the mode-

locked pulse train). However the large inverse polarity transients
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did adversely affect the transistors in the avalanche chain,
causing complete device failure or damage. It was found to be
necessary to minimize the effect of these inverse transients by
incorporation of high voltage protection diodes (Mullard BY127)
configured to short them to ground. The scheme employed is illu-

strated in fig. 4.16.

220pF de-coupling lt 220pF de-coupling
capacitor capacitor
] .
protection I I To deflector
diode plates
protection
diode )
- DC bias '

Fig. 4.16 The practical PFN configuration showing the in line
decoupling capacitors and protection diodes.

The effect of these diodes is shown in fig.4.15 (b). Unfortunately

they were not sufficiently fast to short the first transient but

were able to successfully short successive transients. With the

protection diodes in place in both positive and negative PFN's no

further unwarranted transistor failure was experienced.
4.6 Double frame operation of the Picoframe I

The prototype Picoframe I camera was operated in a ‘'doublet'
frame mode using a double sweep by application of the triangular
voltage waveform provided by the PFN's. Initially the single-
frame experimental arrangement was retained, with the PFN's in-
serted between the sweep generator outputs and the cables connect-
ing the deflegtion plates. This configuration did not prove
entirely satisfactory and later two separate sweep generators

were operated in synchronism.
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4.6.1 Operation with one sweep generator

Two triangular PFN's were employed in conjunction with the
avalanche transistor sweép generator used in the earlier
evaluations. Each complementary circuit output was connected
to one of the networks so as to generate complementary positive
and negative going kilovolt amplitude waveforms. The Q-switched
mode-locked Nd:YAG oscillator described earlier was used to
provide to ~100ps duration test illumination pulses. Increased
likelihood of post deflection ringing causing image overwriting
effects necessitated the selection of a single illumination pulse

from the mode-locked train.
4.6.2 The experimental set-up.

An illustration of the modified experimental configuration
used is presented in fig.4.17. The avalanche transistor sweep
circuit wutilized during the experimental investigations had an
intrinsic delay time of around 10ns between being triggered and
generation of the voltage ramps. In the previous single frame
evaluation the whole pulse train was allowed to illuminate the
camera. This resulted in a reduced synchronisation constraint in
that the camera could be triggered from one pulse but observe a
later one. However, single pulse selection required that the
same pulse initiated the sweep generator before embarking on a
long optical delay arriving accurately synchronised to illuminate
the resolution test chart during the camera exposure. The
Michelson type optical delay arrangement used for streak
calibration conveniently provided two subpulses for illumination

of each framed image.
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The triangular waveform output from each PFN was divided
using 50Q T-piece connectors such that four transmission lines,

one for each deflector plate, could be connected.

Energy dump

dw
Single pulse Second harmonic O-Swnchedd
selector tw crystal Mode-locke
Nd:YAG Laser 3
photo-
diode
H /
1 4
R
R
Y Michelson
arrangement I
éj Picoframe |
o To framing AA  AA To
/- deflectors compensation
deflectors
N
PFN L N
Avalanche transistor —] - =
y—’q
Trigger sweep generator
I~ N
pulse V

Fig. 4.17 Experimental configuration employed in double sweep
operation of the Picoframe I using one sweep generator.
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Relative phasing between the deflection waveforms was achieved by
varying the cable lengths connecting the deflection plates. The
waveform appearing at the deflectors is illustrated by the oscill-
ogram in fig.4.18 (a). The same waveform shown on a longer time-
scale (fig.4.18(b)) demonstrates the periodic ringing caused by
impedance mismatch at the T-piece connector and deflection plates.
It can be seen that the back slope of the triangle is perturbed

by the impedance mismatch where the signal is divided. This res-

ults in degradation of the image produced by its action.

Fig.4.18 Positive and negative 'triangular' waveforms used with
the Picoframe I camera, (a) 200V/div and 0.5ns/div, (b)
400V/div and 2ns/div.

The inter-frame time of the camera operated in this mode is
governed by the width of the voltage waveform provided by the PFN
In the configuration used the branch round trip provided a <2ns
FWHM voltage waveform. To provide object illumination for each
frame the Michelson delay line was configured to generate two
subpulses temporally separated by 2ns. Q-switched laser operation
at a repetition frequency of 3Hz enabled 'real time' adjustment of
the sweep circuit trigger delay for initial camera synchronisation.
Once framed images, albeit of poor quality, were obtained the
trimmer capacitors could be used to optimise the dynamic spatial

resolution.
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4.6.3 Results

Adjustment of the deflector plate bias potential enabled
different regions of the triangular slopes to be used. Too near
the base or apex the voltage variation became nonlinear and the
spatial resolution deteriorated. However over the central linear
region a bias variation of + 200V could be tolerated and still
generate high quality spatially resolved images. With the
viewing region shifted towards the apex of the waveform the inter-
frame time was reduced. This could be measured by adjusting the
Michelson arrangement for uniform illumination of the images, then
measuring the difference in length between the Michelson érms.

An inter-frame time of 1.5ns was observed for a bias potential of

+ 400V.

Obstruction of one of the Michelson arms determined

which screen image corresponded to the rising and falling edges
of the waveform. It was noted that the early image was of
slightly better quality than the later image. By careful adjust-
ment of the trimmer capacitors it was possible to achieve a dyn-
amic spatial resolution of up to 10 Ip/mm at the photocathode in
the early image. However, only 5 lp/mm were resolvable in the
later image. With the best compromise position it was possible
to obtain 'doublet' framed images with an overall dynamic spatial
resolution of 7 lp/mm (at the photocathode). A typical framed

image under compromise conditions is reproduced in fig. 4.19.

Streak calibration was carried out using the picosecond
pulses from a Nd: phosphate glass oscillator (section 3.4.1).
All four cables remained connected to the sweep generator /PFN,

although the cables connecting the framing deflectors were
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Fig.4.19 Doublet frame format with an overall spatial resolution
of 7 lp/mm at the photocathode.
disconnected at the tube end. The triangular waveform was then
applied to the compensation deflectors only. A calibrated optical
delay stack provided 10 quasi-normal reflection subpluses eaéh
separated by 40ps. These illuminated a 50um slit positioned at
the input plane of the camera. Adjustment of the electrical delay
between the trigger photodiode and sweep circuit permitted diff-
erent portions of the voltage waveform to be probed. The top of
the triangular waveform could be located by where the streak sep-
aration closed up. By adjusting the bias such that this occurred
at the centre of the screen (no net deflection) the peak voltage
at the plates was estimated to be + 750V. Streak images were re-
corded on the front and back slopes of the wavefront, see fig.
4.20. Analysis of the images suggests the early frame duration to

be about 500ps and the latter frame duration to be around 400ps.
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Fig.4.20 Streak calibration of Picoframe I in double sweep
mode using one sweep generator.

4.6.4. Discussion

The degraded spatial resolution of the second image compared
to the first is due to the restricted linear region on the falling
edge of the waveform. This departure from linearity is largely
caused by reflections resulting from non-impedance matched signal
division. These effects may be avoided by resistivity dividing

the waveform at the PFN output.

Thé exposure duration of the second frame was noted to be
shorter than that of the first frame. That is the sweep speed on
the falling edge of the triangular voltage waveform is faster than
the sweep speed on the rising edge. The cause of this may be

undérstood by analysis of the action of the PFN. An ideal input
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waveform is a linear rising edge reaching a constant amplitude
plateau. When this is input into the PFN a half amplitude replica
of the input is transmitted to the output. A time t later an
inverted half amplitude replica of the input is superposed on the

output, where t is the branch round trip time (see fig 4.21).

—_’ — r
W
PFN

Fig.4.21 Action of the PFN with idealized input waveform.

The output directly from the sweep generator does approach
the idealized waveform. However for reasons explained earlier
the PFN was capacitatively coupled to the sweep generator by an
inline 220pF high voltage capacitor. The effect of this capacitor
when driving a 50Q coaxial cable load 1.5m long was observed using
a fast risetime (< 25ps) sampling oscilloscope. The oscillogram
reproduced in fig.4.22 illustrates that the capacitor is unable
to provide sufficient current to maintain the voltage, and fhe

amplitude is observed to fall (trace a).
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Fig.4.22 Observed waveform input to PFN, (a) with 220pF coupling
capacitor, (b) with 1nF coupling capacitor.

When this type of waveform is input into the PFN an inverted

reflection of the input is superposed onto the falling edge of the

direct signal. This results in a faster falltime than risetime,

see fig.4.23.

U

PFN

Fig.4 23 Action of the PFN with realistic input waveform.



128 c1ap

The decay in amplitude may be reduced by using a larger value
decoupling capacitor, figure 4.22 trace (b) shows the effect of
a 1InF capacitor. Although the amplitude decays more slowly the

risetime is also observed to be slower.
4.6.5 Operation with two sweep generators

Supplying the deflection signal to both pairs of deflectors
imposes quite severe operating conditions on the transistor sweep
generator circuit. In particular the increased current demand
degrades the risetime of the voltage ramps. An attempt to offset
this circuit limitation by using higher impedance cable (125Q) did
not present an adequate solution because of the increased
capacitative loading effects. Additionally the practical diffic-
ulties in connecting the extremely stiff and bulky 125Q cable to
the fragile vacuum tube feed-through pins made its use quite
unsatisfactory. To achieve shorter exposure times two independent
sweep generators were utilized. This is practical, provided the
circuit jitter is much less than the exposure time. The trigger
jitter of the circuit employed was measured to be typically less
than + 20ps (section 4.2.2), which is significantly less than the

expected exposure duration of 100-200ps
4.6.6 The experimental set-up

To minimize the trigger jitter between the two circuits
caused by the shot-to-shot variation in optical pulse shape, a
slave trigger pulse unit was employed. This consisted of a pin
photodiode triggered avalanche transistor which provided a 20V
subnanosecond risetime voltage pulse when triggered by
optical pulse illumination of the photodiode. The trigger pulse
was taken directly to the framing deflector sweep generator and

via a variable electrical delay to the compensation deflector
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sweep generator. This scheme allowed the coaxial transmission

lines connecting the deflector plates to be identical in length.
The characteristic electron transit time and dephasing features
between each pair of deflectors were then facilitated by appro-

priately selecting the trigger delay.

To rigorously evaluate the camera under realistic experi-
mental conditions, where the duration of the imaged luminous
event will in general exceed the frame duration, ~20ns test illu-
mination pulses were utilized. The test source was a frequency
doubled Q-switched Nd:YAG oscillator (JK lasers DPLY4 'Hyperyag').
It incorporated a 76 mm x 9 mm rod anti-reflection coated at
each end and pumped by a close-coupled twin flashlamp config-
uration. A typical second harmonic output pulse recorded using
an S20 vacuum photddiode and Tektronix 7804 oscilloscope is

reproduced in fig. 4.24.

Fig.4.24 Typical duration (~20ns FWHM) second harmonic output
pulse from Q-switched Nd:YAG oscillator (5ns/div)
The experimental arrangement is shown schematically in fig.
4.25. Approximately 8% of the second harmonic radiation was
directed via a mirror onto the test resolution target located at

the camera input. A diverging lens and ground glass diffuser
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~ensured uniform illumination of the whole chart with the intensity
controlled by insertion of neutral density filters. Of the

remaining radiation a further 8% was directed onto the pin photo-

diode of the trigger unit.

Energy dump

Q-Switched Second harmonic @
Nd:YAG Laser generation crystal 2w
Energy
dump
To compensation /\
““.m{s Picoframe | V

PU]SG To framing detlectors Photodiode
forming | A V j\

networks 1 -
Trigger pulse
generator

AT Sweep AT Sweep
generator generator

1 { Yy

Variable ___::>”""

delay unit

Fig.4.25 Schematic of the two sweep generator experimental
configuration.
Due to the long laser illumination pulse, which exceeded the
intrinsic sweep generator delay time (~10ns), accurate synchron-
isation was unnecessary. The sweep generators were triggered on
the rising edge of the laser pulse. Thus with the 10ns intrinsic
delay plus another 2-3ns cable delay the view tim2 was approx-
imately 13ns into the illumination pulse. Since the laser
intensity fell to zero approximately 7-10ns later no undesirable

overwriting effects were abserved.
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4.6.7 Results

Framing operation was readily achieved over a wide range of
deflector bias potentials from + 300V to + 800V. The camera was
generally operated at a high bias, near the triangular waveform
apex, in order to reduce the inter-frame time. -Operation too
near the apex resulted in loss in waveform linearity and consequ-
ently degraded spatial resolution. High quality spatially resol-
ved images were obtained by ensuring correct compensation of the
transverse electron velocities by adjustment of the capacitative
divider arrangement. A typical framed 'doublet' reproduced in
fig. 4.26 shows an overall spatial resolution of not less than
7 lp/mm at the photocathode, and up to 9 lp/mm on the early:image.
This was obtained with a bias potential of + 700V with the tube

operating at an anode potential of 13kV.

Fig.4.26 Doublet framed image with first (left) and later
(right) images.
Streak calibration of the frame 'open' durations were
carried out using a single picosecond pulse selected from the
train of a passively mode-locked Nd: phosphate glass oscillator

(section 3.4.1). Here accurate synchronisation of the camera was
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necessary. Quasi-normal reflections from a calibrated stack of
glass blanks provided a set of subpulses separated‘by 40ps. For
calibration purposes only one sweep generator with its attendant
PFN connected to the framing deflectors was used; the compensation
deflectors were maintained at anode potential. The technique
described in section 3.3.2 where a series of streaked 'mask'
images exposed as the electron beam traversed the framing
‘aperture was utilized. Calibrated streaked slit images in the
upper half of the picture when compared to the diameter of the
framing aperture shadow provide a direct measurement of exposure
time. The two recordings reproduced in fig.4.27, (A) and (B)
were recorded on the rising and falling slopes of the waveform
and demonstrate a frame 'open' time of 210ps and 180ps respect-
ively. Both recordings were obtained at a bias voltage of + 700V
and an overall tube potential of 13kV, as used in the framing ev-

aluation.

Fig. 4.27 Streak exposure time calibration, (A) on the waveform
rising edge and (B) on the falling edge. Streak
separation is 40ps.

Variation in the trigger delay to the compensation deflector
sweep generator, by means of the variable electrical delay, perm-
itted calibration streaks to be observed on the rising and falling

slopes of the waveform. The time delay required to move from

the leading to the trailing edge, under identical bias conditions
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to those used during framing operation represented the inter-
frame time. This was determined to be 1.2ns. By positioning the
apex point (minimum streak separation) at the centre of the screen,
where there is no net deflection, the peak voltage experienced

at the deflector plates was ascertained to be + 1100V.
4.6.8 Discussion

It is noteworthy that despite the long photocathode illumin-
ation time (~20ns) compared to the frame duration (~200ps) the
framed image output is remarkably noise free. This is attributed
to the careful positioning of aperture planes within the tube so
as to prevent any secondary electrons, emitted by electron bomb-

ardment of the tube components, from impinging on the screen.

Again the later image had a shorter exposure time than the
early image. The < 200ps 'open' time demonstrates the feasibility
of shorter duration framed images with the provision of faster
risetime voltage ramps. Slight degradation in the image quality
of the later image probably results from some residual ringing
from the transient response of the deflectors. These perturbations
in the gradient of the falling edge do not cancel exactly and thus

deminish the spatial resolution.
4.7 Conclusion

The generation of picosecond framed images with good dynamic
spatial resolution using the Picoframe I camera system has been
demonstrated under single and 'doublet' framing conditions.
Electronic avalanche transistor sweep generators have enabled .
consistent and reliable operation of the camera in a variety

of modes.
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Due to the practical difficulties of manufacturing sealed-
off image tubes with deflectors possessing.identical characteris-
tisc, a procedure for perturbing the deflection risetime to nullify
manufacturing tolerances was developed. Incorporation of the
deflection plate capacitance into a capacitative divider arrange-
ment permitted the risetime of the deflection signal to be conven-
iently decreased within limits. In a practical configuration the
divider arrangement is incorporated into the deflection circuit
exhibiting optimum sensitivity. Single frame generation imple-
menting this scheme demonstrated high quality framed images of
7 lp/mm spatial resolution at the photocathode, with a frame

‘open' time of ~200ps.

The problems associated with manufacturing a reliable sealed-
off image tube are evident from the difficulties encountered with
the twin framing aperture Picoframe II. Poor performance of this
prototype is attributed to manufacturing inaccuracies in the axial
alignment, and distortions caused during processing. Although
evaluation of the prototype proved impractical the basic approach
to 'doublet' framed imaging is still considered sound. 0Ongoing
work in this area is confidently expected to yield a usable

prototype to allow full investigation of the merits of this design.

A simple but effective pulse forming network was employed in
the production of high speed triangular voltage waveforms. The
rising and falling edges permitted double sweep operation of the
Picoframe I thus generating 'doublet' framed images. It was
noted that the fall time of the generated triangular waveform
was faster than the risetime. This was attributed to the DC
decoupling capacitor being unable to supply sufficient current

to maintain a constant amplitude.
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Using one sweep generator in conjunction with two PFN's
'doublet' framed images of around 7 lp/mm dynamic spatial reso-
lution at the photocathode with an interframe time of ~1.5ns
were generated. Due to the high current demand placed on the
single sweep generator relatively long exposure durations of app-
roximately 0.5ns were recorded. A slight degradation in the sec-
ond framed image was noted in all double sweep evaluations. This
was attributed to the superposition of oscillatory transients or

ringing on the falling edge of the deflection waveform.

To reduce the frame duration it was necessary to relieve the
high current demand imposed on one sweep circuit in supplying all
the deflection waveforms. A single dedicated gznerator with
associated PFN's was thus assigned to each pair of deflectors.

The transmission line loading of each circuit could then be made
identical. Dephasing features were accounted for by an electrical
delay in.the trigger pulse supplied to the circuit providing the
compensation deflector waveform. Employing this arrangement
'doublet' framed images of not less than 7 lp/mm spatial reso-
lution at the photocathode were achieved [15]. Exposure durations
of approximately 200ps with an interframe time of 1.2ns were

recorded for these frames.

For realistic camera evaluation test chart illumination per-
iods greatly exceeded the frame 'open' time. Under these
conditions the high quality sequentially framed images with pico-
second exposures were obtained. These results clearly demonstrate
the abilities of the Picoframe I camera as a two-dimensional

picosecond diagnostic.
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CHAPTER 5
A modified x-ray sensitive framing camera design

5.1 Introduction

In laser fusion experiments microballoon fuel pellets are
heated by laser energy impinging on the outside of the sphere.
As the resulting hot plasma expands outwards a compression wave
is generated which propagates towards the centre of the pellet
thus compressing the core. Thermal conduction from the hot
corona raises the temperature of the core to several keV. If
thermonuclear burn of a significant fraction of the fuel is
achieved, temperatures may rise to ~50keV. Thus the photon
emission spectrum from such a target includes optical, VUV,
soft and hard x-rays. Much useful information is contained in
the x-ray emission spectrum and considerable effort has been

devoted to the development of x-ray sensitive diagnostics [1-3].

X-ray streak cameras [4] currently provide the best temporal
resolution of x-ray phenomena. These are usually modified forms
of optical cameras incoprorating an x-ray sensitive photocathode
in place of the optical photocathode. Filter packs are often
positioned along the slit length to provide spectral resolution,

with a typical temporal resolution of around 15ps [5].

Often it is desirable to supplement the one-dimensional
spatial information derived from a streak camera with other
diagnostics. Of particular interest is the aquisition of two-
dimensional time resolved x-ray images which are useful in the

study of implosion symmetry and Rayleigh Taylor instabilities
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[6,7]. Where just a single exposure of an x-ray opaque object
from a specific viewpoint is required, flash x-radiography using
conventional pin-hole optic imaging may be employed [8]. Here an
x-ray image is formed at a film plane using a pin-hole. A short
duration ( ~50ps) x-ray burst from a point source behind the

object provides the exposure.

If the object is x-ray self luminous a shutter must be
introduced into the system to prevent blurring. Use is often
made of a gated Microchannel plate (MCP) proximity focus intens-
ifier (see section 1.2.9). An intermediate image is formed at
the photocathode of the MCP which is incorporated into a trans-
mission line configuration. Final image recording is by photo-
graphic film held in intimate contact with the MCP fibre-optic
output. Propagation of a shaped voltage pulse onto the photo-
cathode enables the device to be shuttered for periods as short
as ~100 ps [9]. Several such devices may be arranged to operate
successively, providing a sequence of images. By necessity
there will be a parallax error between each viewpoint, each
device being able to record only one image. A further
complication is the close proximity of the phosphor screen to
the photocathode. The MCP does not itself provide sufficient
attenuation of highly energetic x-rays which tend to penetrate
to the phosphor screen and obscure any photographic image formed
by the electrons. This problem may be overcome by placing the
whole tube in a strong axial magnetic field which confines the
electrons to tight helices. The electrons then follow curved

trajectories while the x-ray paths remain unchanged.

The problem of multiple viewpoints may be avoided if each

successive image may be located in a different position on the
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recording medium. The Picoframe framing camera provides a
mechanism for achieving this. Additionally the remoteness of the
phosphor from the photocathode and the location of aperture
plates along the tube axis minimizes the problems asso;iated

with x-ray penetration. An x-ray luminous event must be imaged
onto a suitably sensitive photocathode. This may be achieved
using pin-hole optics [10], grazing incidence x-ray mirrors [11]

and Fresnel zone plate imaging [12].

[t might be thought that by merely replacing the optical
photocathode in the standard Picoframe framing camera design,
with a suitable x-ray sensitive photocathode,would yield a device
capable of recording an imaged x-ray luminous event. However
the electron optics of the design are not optimised to image the
photoelectrons emitted by an x-ray photocathode. The principal
difference in response between optical and x-ray photocathodes is
the increased spread in secondary electron energy of the latter.
The secondary electron energy spread of a gold photocathode under
soft x-ray illumination is about 3.8eV (FWHM) [13] compared to
around 0.3eV (FWHM) for an S1 type photocathode illuminated by
light of wavelength 1.06um [14].
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The effect of this increase in secondary electron emission
energy is demonstrated by computing the trajectories of 0.3eV
and 3.0eV energy photoelectrons through the Picoframe design.
Three cathode object points are considered y = -2, 0, +2mm
with emission angles +45°, yielding six trajectories. The
trajectories for 0.3eV and 3.0eV energy photoelectrons are
illustrated in fig. 5.1 (a) and (b) respectively. Radial

dimensions have been scaled by a factor of two for clarity.

Fig.5.1 (a) 0.3eV energy electron trajectories in the Picoframe I

Fig. 5.1 (b) 3.0eV energy electron trajectories in the Picoframe I

It is obvious from Fig.5.1 (b) that the crossover diameter
has increased, and that electrons through the lens follow paths

which stray a considerable distance from the axis, so sufferihg
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increased geometrical distortions. Since the principle of
operation of this type of tube is such that to form an image the
electron beam must pass unimpeded through two axially separated
apertures and two sets of deflectors, it is necessary to maintain
a long narrow waist beam profile. The standard tube design emp-
loyed in the x-ray sensitive mode would have a severely restricted
usable cathode area as electrons from off axis cathode positions
are intercepted by the anode and framing apertures. Consequently
it is necessary to redesign the imaging characteristics

attempting to limit the radial spread of the photoelectrons,
retain the narrow waist beam, profile and modify the deflector
plate design to accommodate the increased beam diameter whilst
maintaining sensitivity. The aims of the design modifications

were:

1) Minimize beam waist diameter
2) Minimize beam divergence or magnification

3) Prevent electrons intercepting the deflection plates
5.2 Computer aided design

To evaluate the imaging characteristics of an electro-
statically focused system it is first necessary to establish the
potential distribution in the system. Early techniques for
achieving this relied upon analogue simulations. These included
mechanical simulations such as the rubber membrane [15] and elec-
trical simulations such as the use of conductive paper [16], the

electrolytic tank [17] or resistance networks [18].

With the advent of modern digital computers these analogue
techniques have been superseded by the application of numerical

analysis techniques to solve electric field distributions and
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evaluate electron trajectories. In recent years these techniques
have been widely used in the field of electron-optics [19,20]
and, more particularly in the design of electron-optical ultra-
high time resolution cameras [21,22,23]. Considerable early

work in this field was carried out by C.V.Weber [24] at Philips
Research Laboratories, Eindhoven. Using similar techniques a
suite of computer programs have been developed [23] in the Laser
Group, Imperial College to assist in the design of electron-
optical streak and framing image tubes. These programs have

been employed in modifying the Picoframe design for x-ray

sensitivity.
5.2.1 Computational techniques

Only electrostatically focused systems which can be mapped
onto a two-dimensional grid may be analysed using the suite of
programs. Thus rotationally symmetric systems (e.g. focusing
region of én image tube) and systems possessing two-dimensional
symmetry (e.g. electrostatic deflection regions) may be modelled;
three dimensional systems are excluded. The test region is
mapped onto a uniform 'square mesh' grid; for rotationally symm-
etric systems the cross-section will be a meridian plane and
only the upper half need be considered. The potential at each grid
point is obtained by solving a finite difference form of
Laplace's equation iteratively, using an accelerated successive
over-relaxation routine [25]. For a numerical solution of

Laplace's equation the system must be totally closed, thus for

each boundary point the potential must be defined. This is
achieved by extending existing electrodes or by using linear or

logarithmic interpolation between them. In practice these
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approximations are distant enough from the region of interest so

as not to influence the results.

Once the potential at each grid point has been established

the electric field at each point may be found by solving

E = -grad(V)

This is accomplished using Lagrange interpolation and numerical
differentiation [26]. Both the axial (z) and radial (r) electric
field components are evaluated at each grid point. In general of
courée the position of an electron during its trajectory through
the region will not coincide exactly with a grid point. It is
thus necessary to be able to evaluate the electric field at any
position within a grid square. The electric field components

Ez’ Er’ are two dimensional functions of parameters r and z, thus

a two-dimensional Lagrange interpolation routine [27] is employed

using 16 grid points surrounding the position of interest.
5.2.2 Calculation of electron trajectories

To evaluate the trajectory of an electron through an
electrostatic region the equations of motion must be solved.
For an electron possessing charge -e and mass m these may be

written in cartesian co-ordinates as;
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The trajectory evaluation is usually broken down into a number of
distinct stages. For reasons described section 1.2.3

most ultrahigh time resolution electron-optical instruments and
all those described in this thesis, incorporate a fine mesh
electrode close to the photocathode. In cases where the cathode
and mesh are planar and parallel the equations of motion have
analytic solutions in that region. All that is necessary is

that the initial conditions at the photocathode are defined.

This is covered in detail later, but essentially the emission
co-ordinatés, energy and angular spread must be defined. Thus

the electron trajectories may be evaluated up to the mesh.

The mesh electrode forms the start of the rotationally
symmetric focusing region. Here the electric field is not an

analytic function of electron position, so the equations of
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motion must be solved by numerical integration. The position,
velocity and transit time t, at the mesh electrode are used as
the starting conditiohs from which the position and velocity at
time t, + dt are computed. These values form the starting
conditions for the next step. This procedure is repeated until

the electron reaches the end of the modelled region.

Where the electrons are to undergo simulated deflection a
second two-dimensional data region containing the deflector plates
is butted onto the focusing region. Here the anode aperture
plane forms the first column of the deflection region.
Application of a linear time varying deflection voltage means
that the fields and potential distribution within the region are
not static. To model this situation the data region is set up
with a unit voltage difference between the deflector plates, i.e.
0V and 1.0V for asymmetric deflection and -0.5V to +0.5V for
symmetric deflection. Once the potential distribution has been
solved using Laplace's equation the time dependence is introduced
as a multiplicative time varying scaling factor. Trajectories
can then be calculated up to the end of the deflection region

using a third-order Runge-Kutta scheme.

Finally trajectories from the end of the deflection
region up to the phosphor screen through the field free drift
region may be computed analytically. Where no deflection
simulation is undertaken (i.e. when analysing static performance)
the trajectories may be computed analytically from the end of the

focusing region onwards.

The suite of electron trajectory evaluation programs have

been implemented in the computation of electron paths through
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various modified Picoframe configurations. This theoretical
analysis accurately models the performance of each design, enabl-
ing critical evaluation to be carried out without recourse to

expensive and time consuming prototype construction.
5.2.3 The MTF Method

Evaluation of the photoelectron trajectories through an
electro-static imaging system despite providing useful data such
as paraxial focus, magnification and image distortions, does not
directly yield data such as the spatial and temporal resolution.
The temporal resolution of streak image tubes has in the past
been obtained using a method based on the Gaussian approximation
(see section 1.2.3 ), in which it has been assumed to be
composed of a number of discrete, independent factors of équal
weight. With the evolution of ultra-high time resolution
instruments, particularly in the sub-picosecond regime, this
technique has been found wanting [28] and a more accurate method
of analysis sought. The Optical Transform Function (OTF)
developed from communication theory and incorporating diffraction
theory has for sometime been applied in the evaluation of the
spatial response of imaging systems [29]. However it is only
relatively recently that this method has been employed in the
evaluation of spatial resolution [30], and more importantly

temporal resolution [28,31] of electron-optical devices.

To fully describe the properties of a linear imaging system
it is desirable to test the response at all spatial frequencies.
[f an input signal has a sinusoidal variation of spatial
frequency fin’ the output will also be sinusoidal but with a
spatial frequency modified by the magnification M of the system

such that fout = fin/M. In general the image has a lower contrast
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and may suffer a phase shift, displacing it with respect to the
object. The modulation at this frequency is defined as the image
to object contrast ratio and defines the performance at that
frequency. If this process is continued for a whole range of
spatial frequencies the variation against spatial frequency of
the Modulation and Phase represent respectively the Modulation
Transfer Function (MTF) and the Phase Transfer Function (PTF).
They each form part of the complex Optical Transfer Function
(OTF), where the MTF is the modulus of the OTF and the PTF is the
imaginary part. The OTF is evaluated by determination of the
Point Spread Function (PSF) and the Line Spread Function (LSF) of

the linear imaging system under investigation.

The PSF is the surface generated by plotting intensity as a
function of position (x and y) in the image plane, and represents
how well the imaging system can reproduce an infinitesimal point
object. A line integral carried out over this surface yields the
LSF. This is equivalent to replacing the infinitesimally small
point object with an infinitesimally narrow line object and
plotting the intensity at the output plane against the distance
in a direction normal to the length of the object. Realizing
that the delta function line object for the LSF contains equal
amplitude sine waves at all spatial frequencies it may be deduced
that the LSF is related to the OTF. In fact the OTF is defined
as the Fourier transform of the LSF. Both the MTF and PTF may be
determined from the OTF. However because the magnitude and phase
may vary for each frequency interpretation of the PTF is

difficult and thus only the MTF is usually evaluated.

It is a property of the MTF that if a number of incoherently
linked systems are used together the combination MTF is

determined by the product of the individual component MTF's [32].
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This enables the combined response of the ancillary optics (e.g.

input lenses, image intensifiers) to be evaluated easily.

Although the MTF fully describes the performance of a
linear imaging system it is still useful to retain the concept
of limiting spatial resolution. Limiting resolution is taken to
be the spatial frequency at which the moduiation has fallen to a
value of 5%. This is around the modulation limit for the human

eye [33].
5.2.4 A simplified Analysis Method.

Due to the large number of electron trgjectory computations
necessary to evaluate the MTF, the method is not particufarly
well suited to the preliminary investigation of prototype designs.
It had been concluded from earlier work that the crude evaluation
of parameters such as focus, crossover position and magnification
using just a few electron trajectories provided a satisfactory
method of testing early designs. This procedure was adopted in
the initial stages of modifying the Picoframe design. More
rigorous evaluation using the MTF method was then applied to the

more promising designs.
5.2.5 Initial conditions of the Photoelectrons

As already stated accurate analysis of an imaging system
using the MTF method requires the computation of a large number
of electron trajectories (usually 1000). The initial conditions
of the electrons are determined to simulate as closely as
possible the characteristics of the proposed photocathode. The
angular distribution of photoelectrons is assumed to be
Lambertain, imposing a cosine law function in the radial angle

[(34]. Simulation of the initial energy distribution is more
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difficult as it is not an analytic function, but must be
determined for a particular photocathode under specific

illumination conditions.

Since not all combinations of emission angle and energy can
be considered, the energy and angular distributions are divided
into a number of equally spaced strips. A single electron
trajectory can then be used to represent a particular strip by
application of a suitable weighting factor. The energy
distribution is split into five strips, the radial angle ¢ ten
and azimuthal angle ¢ twenty strips. Angles 6 and ¢ are as

defined in fig. 5.2

YA

/

Fig. 5.2 Definition of angles and axes

The radial angle 6 can vary from 0° to 90°. Division into
ten strips gives a width A8 = 9° with each strip described by
its midpoint (4.5°, 13.5°...85.5°). The number of electrons
emitted into the range 6, to 9, = g, +ais given by the emission
probability multiplied by the area of the range [23]. For a unit

sphere it can be shown to be proportional to:
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The appropriate weighting factor for each angular strip is thus
given by:-

WF(6) = Nsin 8 cos @
av av

Where 9av is the electron emission angle used in the sumulation

and A6 is a constant.

The number of electrons emitted within the energy range E1

to E2 = E1 + AE is similarly given by:-

2
j{ N(E)dE
E

1

where N(E) is the number emitted with energy E. This expression
cannot be integrated analytically since N(E) is not an analytic
function. Instead the experimentally determined energy spectrum
is divided into five equal width slices AE each with a midpoint

energy Eav' The integral is then approximated to N(E_. ).AE.

av

As described earlier x-ray photocathode materials possess a
broader spread in emission energy than typical IR/visible
sensitive photocathodes. This increases the electron beam waist
diameter necessitating design modifications. Obviously

minimizing this energy spread by careful photocathode selection
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will impose less severe operating conditions on the design

With this in mind caesium iodide was selected as the photocathode
material due to its comparatively low energy spread AE = 1.5eV
(FWHM), compared to AE = 3.8eV (FWHM) for gold and AE = 4.2eV
(FWHM) for aluminium; two commonly used x-ray/VUV photocathode
materials. The secondary electron emission distribution for
caesium iodide determined by Henke et al [13] was divided into
five 1.0eV width strips, with each midpoint energy appropriately
weighted. The discrete energies and corresponding normalised

weighting values are given in Table.5.1.

E Midpt.(eV) | 0.5 1.5 2.5 3.5 4.5

N(Eav) €.518 | 0.277 | 0.111 | 0.055 | 0.037

Table 5.1 Normalised energy weighting values
5.2.6 Design criteria for a modified imaging region

Photoelectrons emitted from a cathode with zero energy
would be focused by a perfect electron lens to a point cross-over.
The finite diameter of the beam waist is primarily caused by the
finite transverse energy distribution. This distribution causes
transit time dispersion in streak tubes, and necessitates the
incorporation of a mesh electrode close to the photocafhode
surface (see section 1.2.3). The rapid axial acceleration to
relatively high electron energies reduces the effect of the tran-
sverse energy spread. Thus increasing the mesh potential will
reduce the diameter of the beam waist. This may be understood by
evaluation of the photoelectron entry angle into the electron

lens. As the angle tends to zero the photoelectron is emitted
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normal to the photocathode and is brought to a point crossover.

- Consider a photoelectron emitted along the cathode surface
with an energy eV in electron volts. If a planar electric field
region is maintained by a potential ® on the mesh electrode, as
illustrated in fig. 5.3 (a), the electron will follow a parabolic

trajectory up to the mesh.

—

Fig.5.3 (a) Parabolic trajectory Fig.5.3 (b) Velocity triangle
of a photoelectron up to the
mesh electrode.

Y.

Constructing the velocity triangle (fig.5.3 (b)), the angle of

entry into the lens is given by:-

Vy Vv
a =  — = - equ.5.1
v Q

The mesh potential in the Picoframe design is 5kV applied over

a distance of 2.5mm. Hence a factor of two decrease in angle a
would require an increase from 5kV to 20 kV. Unfortunately
although this has the desired effect of reducing the beam waist
diameter, it also has the undesired effect of increasing the lens

magnification.

The Lagrange Helmholtz relation [35] (equ.5.2) describes the
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characteristics of paraxial electrons in an electrostatic lens.

Parameters are as illustrated in fig.5.4, where o, » @, are the

object and image plane potentials respectively.

h ; o, (Di
—_— s — 4 = 1 equ.5.2.
h o ao 00

Fig.5.4 Paraxial electrons in an electrostatic lens

This relationship has the consequence that the angle of entry
(related to radial spread) and magnification (hi/ho) cannot be

controlled independently.

One way of ensuring the electron trajectories in an x-ray
sensitive design are identical to the trajectories in the
optically sensitive design is to scale the electrode voltages
up by the same factor as the increase in emission energy spread.
For instance an increase in energy spread from 0.3eV (FWHM) to
3.0eV (FWHM) would require scaling the lens‘electrode voltages by
factor of ten. Unfortunately this solution is impractical, for

a number of reasons including;
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(1) The deflection sensitivity of the deflectors would be
reduced by the same scaling factor so increasing the
camera open time.

(2) There would be severe practical difficulties in ensuring

adequate insulation between the lens electrodes.

0f course if such a design procedure were to be adopted the

equations of motion would have to be modified to account for the
relativistic electron mass, as the electrons would be travelling
at relativistic velocities. Electron velocities in the standard

design are about 0.25c, hence relativistic effects are negligible.
5.3 A modified imaging region

The computational techniques discussed were employed in

modifying the Picoframe imaging region in a manner now described.
5.3.1 Modification procedure

The aporoach to modification was to retain the basic
Picoframe lens structure as a proven design but modify specific
parameters such as electrode voltages, lengths and spacings.

A complete re-design of tha deflection system was necessary
to increase the deflector plate spacing to accommodate the

increased beam diameter.

The effect of changing the mesh potential whilst maintaining
the same cathode extraction field, by appropriately altering the
cathode-mesh spacing was studied. The focus voltage was modified

to preserve the Picoframe I focal plane of z = 434mm from the

photocathode, so that valid comparisons could be made of the
magnification. A particular photoelectron trajectory, with

initial parameters y = 2mm, 6= 45°, E = 3eV, was analysed.
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The axial distance between the anode aperture and the point
where the electron trajectory strayed 2mm off axis was defined
as parameter D. This ascribed a figure of merit to the
divergence of the beam waist. The variation of D against

mesh potential at constant electric field and anode potential is

shown in fig.5.5

200-.0

180.0F .

140.0F Ve =15kV 1

PARAMETER D mm

120.0F Ve =10kV

106.9¢ : : : :
-85 s.0 10.0 15.0 20.9  25.0

MESH POTENTIAL kV
Fig.5.5 variation of D against mesh potential

The value of parameter D is largest (i.e. the beam diverges
least and the magnification is small) at low mesh potentials and

high anode potentials.

Another parameter studied was the variation in beam waist
radius with mesh potential. Photoelectrons from object points
y = Omm, y = 2mm (x = Omm) with initial angular values 6= 0°,10°,
+ 90° and initial energy 3eV were used. The trajectories were
evaluated through a number of test regions and the crossover pos-
ition located. The beam radius was determined at this point and

plotted against mesh potential (Fig.5.6) under conditions of

constant cathode electric field and at an anode potential of 15kV.
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Fig. 5.6 Beam waist radius against mesh potential

Analysing image magnification against mesh potential
(fig. 5.7) maintaining the focal plane at z = 434mm, demonstrates
clearly the increase in beam divergence with increasing mesh
voltage. This can however be counter-acted by increasing the
anode potential to maintain the ratio ®i/a% . The focus
electrode potential must be changed with increasing mesh
potential to provide a stronger lens in order to focus the

increasingly energetic photoelectrons at the same image plane.
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Fig 5.7 Image magnification versus mesh potential
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Variation in the electric field at the photocathode has only
a weak effect upon the beam waist radius and magnification.
Photoelectron trajectories with the same initial conditions used
in the previous analysis were evaluated through data regions with
different cathode extraction field strengths. The mesh potential
was maintained at 10kV and the cathode-mesh spacing varied
(2,5,8,10mm), again the beam waist radius was located and

determined.

Vew=15kV
Focal plane Z,=434mm

Voa=15kV

Beam waist radius mm
Magmification
w
e

R I VORI R v 8T zo 30 10 5a 5.0
Extraction fieldx10'V/m Ezxtraction field x10'V/m
Fig.5.8 (a) Beam waist radius Fig.5.8 (b) Magnification versus
versus Electric field Electric field

It is clear from fig.5.8 (a) that there is a small decrease
in beam waist radius with increasing electric field. The
variation in magnification with electric field shown in Fig.5.8
(b) was determined by analysis of the electron trajectory from
y = 2mm with 8 = 10°. A small increase in magnification is

noted with electric field.

5.3.2 Discussion

As predicted by equation 5.1 the beam waist radius is
observed to decrease with increasing mesh potential. However
the electron optical magnification is increased as predicted by

the Lagrange Helmholtz relation. It is this combination of
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effects which makes the implementation of the Picoframe design
into an x-ray sensitive role proﬁlematic. Since not only is it
desirable to achieve a small crossover diameter but also a long
narrow waist beam profile, or low magnification. From the
preceding analysis these objectives are demonstrated to be
incompatible. This conflict does not arise to the same extent
when implementing an optically sensitive streak camera design
into an x-ray sensitive mode, as the beam waist minimum may

be conveniently located at the single aperture plane. Also the
constraint on usable cathode area is of less importance as the
cathode area is often deliberately restricted to minimize dynamic
slit curvature (see section 1.2.5). Maximum usable cathode area
"and high temporal resolution are two of the most important
factors in a practical framing camera design. However these

conflicting requirements must inevitably result in compromise.
5.3.3 Design considerations

In order to adequately excite the phosphor the anode
potential should be greater than 10kY, but too large a potential
will reduce the sensitivity of the deflectors and increase the
exposure time for a given sweep speed. The design specification
Picoframe I value of 15kV is a good compromise. (It should be
noted that the Picoframe I could satisfactorily be operated
down to an overall potential difference of 12.5kV to improve the
sensitivity of the deflectors.) It is desirable to maximize
the parameter D, resulting in a long narrow waist beam profile,
thus the mesh potential should be less than 15kV. Increasing the
mesh potential from 5kV to 10kV only decreases D by 8%, but
reduces the beam waist radius by 27%. The magnification of the

tube is increased from -1.5 to -1.9 if the cathode extraction
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field if maintained at 2x106 v/m.

The imaging section of the Picoframe design has been
modified retaining a similar electrode geometry with the mesh
potential increased to 1okv and the cathode-to-mesh spacing
doubled to 5mm. The focus potential is modified to V, = 2.46kV
to maintain the focal plane at z = 434mm from the photocathode,
at an anode potential of 15kV. A more detailed evaluation of the
static performance of the modified imaging section design was

undertaken using the PSF to examine the beam waist.

The Picoframe I was designed with the electron-optical cross-
over positioned midway between the anode and framing aperture
planes. Using the PSF routine different z planes were examined
in this region to determine the beam waist characteristics. In
particular the anode plane and planes +50mm, +55mm, +60mm
relative to it. The minimum requirement for the image format is
5mm x 5mm at the photocathode, thus the PSF of object point (2.5mm,
2.5mm) was examined specifically. It was established that due to
the increased beam divefgence in the modified design, the 60mm
axial separation specified in the Picoframe [ design was no
longer appropriate as it would have been necessary to enlarge the
framing aperture significantly. A reduction in the length of the
anode electrode cylinder from 30mm to 20mm was made to introduce
a relative shift in the crossover position away from the anode
towards the framing aperture. The inter-aperture separation was
decreased to 55mm  further enhancing this effect and thus allow-
ing the framing aperture diameter to be minimized. This
inevitably required an increase in the anode aperture diameter,

but this was considered preferable and was found to be minimal.
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The percentage loss of photoelectrons emitted from the most
distant off-axis point (2.5mm, 2.5mm) against aperture radius at

the anode and framing aperture planes are illustrated in fig.5.9

(a), (b).
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Fig. 5.9 Percentage of intercepted photoelectrons from object
point (2.5mm, 2.5mm); (a) for anode aperture plane, (b) for
anode plane + 55mm.

An anode aperture diameter of 4.0mm was selected resulting
in a photoelectron loss of 12%. A framing aperture daimeter of
2.0mm, an increase of 10% compared to the Picoframe I, was
adopted with a resultant photoelectron loss of 27%. The PSF's
for object point (2.5mm, 2.5mm) at the anode aperture and

framing aperture plane are shown in fig 5.10 (a), (b).

4.0 4.0
ANODE PLANE a ANODE PLANE + 55mm b

2.0t 2.0f

APERTURE RADIUS lmm

Y Position mm
Y Position mm

0.0¢ 0.0,

APERTURE RADIUS 2mm

J .
295 0.0 2.0 3.0 295 0.0 2.0

X Position mm X Position mm

Fig. 5.10 (a) PSF at anode plane, (b) PSF at anode plane + 55mm.
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5.3.4 Static MTF results

The static (undeflected) performance of the modified
Picoframe imaging section was evaluated for different points in
the object field using the MTF method described in section 5.2.3.
Since the framing camera images in two spatial dimensions object
points from the whole cathode area must be considered. However
due to axial symmetry it was only necessary to study one quadrant.
Five object points were selected; (0.0,0.0), (0.0,1.5),
(1.5,1.5), (0.0,2.5), (2.5,2.5), where these represent (x,y)

in mm.

Static limiting resolution in the x direction was plotted
against axial position z for each of the studied object points

(fFig. 5.11).
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Fig 5.11 variation of static limiting resolution with axial
position
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The effect of electron-optical abarrations in degrading the
image quality for off-axis points is obvious. 1In particular the
effect of field curvature is clear from the gradual movement of

peak resolution towards the cathode as object points further off

axis are considered.

If point (2.5, 2.5), is neglected the optimum focal plane is
z=432mm (from the photocathode) with a limiting spatial resolution
of 69-1p/mm (at the screen). Inclusion of point (2.5,2.5) brings
the resolution down to 24 lp/mm (at screen). Taking into account
the magnification of the tube this corresponds to an overall
spatial resolution of 47 Ip/mm referred to the photocathode. This
compares well with the theoretically predicted limiting spatial
resolution of 55 lp/mm (at photocathode) of the Picoframe I over
a émm x émm cathode format. Static MTF curves for the optimal
focal plane z=432mm for the object points considered are shown
in fig.5.12. The modified design, designated Picoframe-X has an

increased electron-optical magnification of -1.9.
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Fig.5.12 Static MTF curves at optimum focal
plane of z=432mm.
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5.4 Design of Deflectors

The increased electron beam diameter in the Picoframe-X
design necessitated a complete redesign of the Picoframe de-
flection assembly to prevent the electrons being intercepted
by the deflection plates, or passing so close that fringing fields
could no longer be ignored. Additionally the repositioning of
the framing aperture closer to the anode aperture decreased the
effective sensitivity of the framing deflector plates. Thas
to maintain similar exposure times in the modified design the

overall sensitivity of the deflectors had to be improved.

Two deflector designs are presented. The first analogous
to the Picoframe I incorporates a single framing aperture,
permitting double frame generation by shaping of the deflection
voltage waveform. The‘second design, modelled on the Picoframe
[T uses two framing apertures equally disposed about the tube
axis. 'Doublet' images are generated by provision of a simple
linear voltage ramp. While a 'quadruplet' format option is
available by using a shaped voltage pulse in conjunction with
a pair of orthogonally orientated separator plates driven with a
staircase waveform. The original proposal for a triple aperture
multiplex aperture plate [35] is extremely difficult to fabricate
with current constructional techniqueé, but may become viable

with the advent of new assembly procedures.
5.4.1 The Picoframe X-I design

A similar analysis to that employed in the earlier design
of the Picoframe [ deflectors was undertaken. The parameters

used are defined in fig. 5.13
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Fig 5.13 Picoframe X-I deflector design parameters (Dims in mm)

A framing aperture diameter of 2mm was adopted from earlier
analysis (see section 5.3.3). Thus a transverse beam deflection
of 2mm is required to shutter the tube off. This is achieved by
deflecting with the framing deflectors. The voltage V required
for the requisite deflection is calculated from equ.5.3 where
Va is the overall acceleration potential of the electron tube;
in this case Va = 15kV.

2av d,

v = ' equ.5.3
1].(M - %1])

Calculating the deflection produced at the screen YScreen by

similar triangles, then yields the deflection sensitivity
S1(in mm/V) of the framing deflectors at the phosphor screen.
(equ.5.4)

screen
S

;, 2] equ.5.4
v
For frame 'stationarity' this must be identical to the sensitivity
of the compensating deflectors. Inserting S1 into equ.5.5, having
first preselected parameter d2 yields the compensating deflector

length 12
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l, = M - ‘/M2 - 4s,V_d; equ.5.5

Provided the beam is not intercepted by the compensating plates
this value of I2 is acceptable, otherwise d2 is incremented and
12 re-evaluated. This analysis provided a range of deflector
dimensions and sensitivities, from which a suitable design could

be selected.

A number of assumptions are implicit in this analysis.

(i) The axial velocity VZ of the electrons is constant.

(ii) The diameter of the electron beam is small compared to the
deflection plate separation.

(iii) The electric field between the plates is uniform and
there are no fringing fields.

(iv) The deflector plate widths extend to infinity, i.e.

the simulation is explicitly two-dimensional.

The minimum size of d1 is governed by the diameter of the
anode aperture (4.0mm). However to reduce the chance of beam
interception and to justify assumption (ii) above, a plate
spacing d1 of 5.8mm was adopted. Since the fabrication and
accurate positioning of very small plates is difficult, the
the minimum length 12 was defined as 10mm. Some of the resulting
values of 12, deflectfon sensitivity (at phosphor screen), 12 and

d2 are presented in Table 5.2.
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11(mm) Def.Sen. (cm/kV) Iz(mm)

13 1.75 14.2

14 1.9 15.35
15 2.0 16.5

16 2.16 17.66
17 2.29 18.80
18 2.43 20.00
19 2.56 21.20

Fig.5.2 Dimensions for d1 = 5.8mm and d, = 4.8mm

2

In order to maximize the deflector sensitivities a framing plate
length of 19.0mm was selected. The individual plate widths were
chosen to equalise the capacitance of the deflectors, using

equ. 5.6

_— = equ. 5.6

Where w1 and wz define the plate width for the framing and
compensating deflectors respectively. With the compensating
deflector plate width selected to be 10mm the fréming deflector
width was determined to be 13.3mm, with a resulting deflector
plate capacitance of 0.38pF. This is almost double that of the
Picoframe I design but it is likely to be similarly limited by
the stray capacitance of the connector/electrical feed-in
arrangement. Thus a loss in deflector response time compared to
that of the Picoframe I is not anticipated. The deflector

dimensions for the Picoframe X-I design are presented in Table 5.5
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d1 = 5.8mm d2 = 4,.8mm
11 =19.0mm l2 =21.0mm
w1 =13.3mm w2 =10.0mm

Table 5.5 Deflector dimensions for the Picoframe X-I
5.4.2 The Picoframe X-II design

The design analysis of the twin aperture tube was carried
out in a similar manner to that described for the single aperture
design. Practical constructional constraints dictated that the
framing aperture separation was a minimum of 8mm. If this is
equally disposed about the axis a beam deflection of 4mm is
required at the aperture plate to generate an exposure. The
constraints on the framing deflector dimensions are identical to
those in the previous case with the same initial values of d1 and
l1 chosen. There is an extra constraint on d2, which should be
minimized so as to reduce any cross coupling effects between the
two compensating deflectors. The values of 11, deflection
sensitivity (at phosphor) and 12 for d1 = 5.8mm and d2 = 4.8mm
are presented in Table 5.6. Parameter Y is the distance of
closest approach the beam makes to the compensating deflector
plate. This is of value in deciding which dimensions to select
in order to maximize sensitivity yet reduce the possibility of

beam interception.
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!
11(mm) Def.Sen.{cm/kV) 12(mm) Y {mm)
10 1.35 9.9 0.88
1" 1.48 10.92 0.79
12 1.62 11.95 0.7
13 1.75 13.0 0.61
14 1.87 14.0 0.51
15 2.02 15.06 0.42
16 2.16 16.12 0.33
17 2.30 17.18 0.23
18 2.43 18.24 0.14
19 2.56 19.31 0.04

Table 5.6 Dimensions for d1=5.8mm and d2=4.4mm

In order to maximize the sensitivity yet retain the
compactness of the Picoframe I deflector design 11 and 12 were
chosen to be 16mm, 16.12mm respectively. The plate widths were
again calculated to equalise the deflector capacitance. Sweep
and compensation deflector plate widths of 13.3mm and 10.0mm
respectively result in a deflector capacitance of 0.32pF,
neglecting cross capacitance effects. However, as indicated
earlier, this value would probably be limited by connector
capacitance effects. The deflection system dimensions for the

Picoframe X-II design are illustrated in fig.5.14.
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Fig.5.14 Picoframe X-II deflector design (Dims in mm).
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The design dimensions of the orthogonally orientated shift
deflectors, for provision of multiple framing, need not be
modified from the optically sensitive Picoframe design. A set
of plates 25mm lbng, 20mm wide separated by 20mm and positioned
20mm from the end of the compensating deflectors would provide

a deflection sensitivity of about 9mm/kV at the phosphor screen.
5.5 Frame exposure duration

Since the sensitivity of the deflectors and the framing
aperature diameter have been modified, the exposure durations

attainable are now re-evaluated.
5.5.1 Exposure duration in Picoframe X-I design

The deflection sensitivity of the sweep plates at the
framing aperture is 4.42mm/kV. Using an avalanche transistor
sweep circuit it has been possible to generate voltage gradients
of 2x10'2y/s (see section 4.3). Thus this design should be
capable of 220ps frame exposures when operated in this
configuration. The fastest voltage gradients available at
present are provided by laser illuminated semiconductor switches
(section 3.2). A rate of rise of 3x1012V/s was achieved in
the Picoframe I tube with such a device (section 3.4.4).
Consequently a frame exposure time of about 150ps, only slightly
longer than the 130ps shortest duration achieved with the

Picoframe I, should be attainable.

The inter-frame time with this design is dependent upon the
width of the triangular voltage waveform. In the voltage pulse-
forming arrangement used with the Picoframe I (section 4.5).
this was limited to around 2ns (FWHM). However if the waveform

has sufficient amplitude and linearity the region of operation



170 chap 5

may be shifted towards the apex to reduce the inter-frame time.
Recent technological improvements in solid state electronic
pulse generators have enabled the reliable production of
kilovolt triangular pulses with durations as short as 200ps
(FWHM) [37]. Hence inter-frame times of <800ps would be

realistic with this type of design.
5.5.2 Exposure duration in Picoframe X-II design

In this design the sensitivity of the sweep plates is
3.9mm/kV at the multiplex aperture plate. When used in
conjunction with the avalanche transistor circuit frame exposure
times of 260ps are predicted. With the faster voltage ramps
available from semiconductor switching devices (dv/dt = 3x1012V/s)
the frame exposure duration would be around 170ps. The inter-
frame time: exposure time ratio is entirely set by the geometry
of the design. In this case the ratio is 3:1, dictating an
inter-frame time of ~780ps or ~500ps for the two cases cited

above.
5.5.3 Discussion - Modified Design

For comparison, the six x-ray photoelectron trajectories
studied in through the standard Picoframe 1 design were re-
evéluated through the Picoframe X-I design. The resulting
trajectory plots are illustrated in fig.5.15 where again the
radial dimension is scaled up by a factor of two for clarity.
It is clear that the photoelectrons follow an unimpeded path
through the modified design without collision with either
deflector assembly. The photoelectron crossover is positioned
close to the framing aperture plate permitting the aperture

diameter to be minimized for optimally short exposure durations.
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Fig. 5.15 3.0eV electron trajectories in Picoframe X-I
5.6 Conclusions

The large amount of information available in x-ray luminous
events in the field of laser induced thermonuclear fusion has
made the development of ultrahigh tfme resolution x-ray sensitive
imaging diagnostics a necessity. The Picoframe framing tube de-
sign, capable of producing multiple two-dimensional framed images,
has been modified to operate more efficiently with the energetic

secondary photoelectrons emitted by x-ray photocathodes.

In particular the action of a caesium iodide x-ray photo-
cathode has been modelled. This was adopted because of the
relatively low energy spread in its secondary electron emission
spectrum. Gold and aluminium are in more common usage as x-ray/
VUV photocathode materials but suffer from a relatively large
energy spread in their emission spectrum. The effect of this has
been demonstrated to cause an increase in radial spread of the
photoelectron trajectories through the imaging electron optics.
This has the consequence of reducing the effective cathode area

as photoelectron trajectories are rapidly obstructed as more
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distant off-axis emission points are considered. Despite the
design model using caesium iodide, alternative x-ray photo-
cathode materials might prove acceptable if a further reduction
in usable cathode area can be tolerated. Due to the obstruction
of off-axis electrons some degree of vignetting will be inevit-
able, with the central portion of an imége bright but the

periphery less so.

The Picoframe-X has been developed from the Picoframe design
by increasing the extraction potential on the combined mesh/first
electrode to 10kV constraining the photoelectrons to follow more
paraxial paths than they would do in the conventional design. The
length of the anode electrode is shortened by 10mm and the
distance between the anode aperture and framing aperture reduced
from 60mm to 55mm. This has the effect of relocating the
crossover position closer to the framing aperture plate, and
allows the framing aperture to be only 10% larger than in the
standard design despite the increased beam waist diameter. The
potential loss in sensitivity of the sweep deflectors by
repositioning the framing aperture plane is compensated for by
increasing the plate length so permitting the deflection field
to act upon the photoelectrons for a longer time. The modified
design has a predicted electron-optical magnification of -1.9
and a predicted static spatial resolution of around 50 lp/mm at

the photocathode over a usable cathode area of Smmx5mm.

Two deflection system designs are presented, a single
aperture version the Picoframe X-I, and a twin aperture version
the Picoframe X-II. The first relies upon shaping the deflection
voltage into a triangular form. fhis configuration, because of
its great simplicity, has proved highly successful in the Pico-

frame I. New fast transistorised pulse generators should enable
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framed doublet images of around 100-200ps duration, separated by
~ 500ps to be generated. The Picoframe X-II has a more complex
twin aperture, twin compensator configuration but the voltage
waveform requirements are reduced to the provision of a simple
linear rising ramp for equivalent 'doublet' image formation.
Provision of the same speed transistor generated voltage ramps
used with the Picoframe I would pfoduce frame duration of 260ps
separated by around 700 ps. However, constructional difficulties
and cross-coupling effects between the two pairs of compensating
deflectors may make this design somewhat more difficult to operate
in practice.

Under dynamic conditions the sbatial resolution performance
of the image becomes degraded due to deflection-distortion
effects, space charge, and incorrect matching of the framing and
compensating voltage waveforms. It has been shown experimentally
with the Picoframe I operated with a voltage ramp of 2x1012V/s,
that a dynamic spatial resolution of ~10 lp/mmis achievable.
Similar results are to be expected from the modified Picoframe-X

design.
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CHAPTER 6

Repetitive operation of a Photochron

IV-M Streak camera at 300 MHz
6.1 Introduction

_ The Photochron family of streak tubes; I *, II [2]. IIA [3],
IIT [4]. IV [5] follows the progress in electron-optical streak
tube evolution over the past 20 years. Photochron IV, the lastest
addition was developed with the aid of computational design
techniques [6], as a femtosecond resolution instrument. Finding
applications in the direct duration measurement of hypershort
mode-locked laser pulses [7], time-resolved spectroscopic
studies [8] and plasma kinetics in the picosecond regime [9].

The design features maximized electric fields and axial
potentials throughout the overall photocathode to anode region,
so optimising the temporal resolution and dynamic range [10,11].
Extensive theoretical studies have been carried out on the design
and estimates for the spatial resolution, temporal resolution,
temporal distortion and dynamic range for operation at

Uv/visable/NIR and x-ray wavelengths presented [12].
6.1.2 Description of Photochron IV

The electrode configuration of the Photochron IV streak
image tube is shown schematically in Fig.6.1. Six electrodes
constitute the re-deflection section including a planar
photocathode and mesh arrangement and four coaxial equidiameter

lens cylinders.

* The Photochron I streak tube is an adaption of the English
Electric Valve Company tube type P856, which is itself a
variant of the tube described by Butslov et al [Ref.1]
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Fig.6.1 Photochron IV electrode configuration

These are designated in sequence from the mesh as the first focus
electrode (FFE), first anode (FA), second focus electrode (SFE)
and second anode (SA), with assigned potentials (in kV);

-18, -8, -AO, +6, -13 and 0OV respectively. The photocathode to
mesh separation is 2mm providing an electric field of 50kV/cm at
the photocathode. This ensures the emitted photoelectrons are
rapidly accelerated to a high velocity to minimize temporal
dispersion but necessitates the interacting ‘dual-lens'’ con-
figuration to focus the 'rigid' electron beam. The electron
optical crossover is positioned close to the anode aperture,
allowing a closely spaced deflector design arrangement to give a
high-fidelity response to fast time varying linear deflection
voltages. Additionally the anode aperture diameter may be small
so that the detrimental interaction effects of the deflection

fringing field with the focusing field may be minimized.

It has been shown [13] that an optimum streak speed of
3x101°cm/s exists for this tube. Analysis using the Modulation
Transfer Function method (section 5.2.3) and assuming an initial

photoelectron energy spread of 0.6eV suggests a temporal resolution
of about 0.5ps [13]. For illumination of a photocathode at a

wavelength just short of the cut-off or threshold wavelength,
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where the initial energy spread is around 0.2eV, a limiting

temporal resolution of < 300fs is predicted.
6.2 Synchronous operation of a streak camera

Synchronous operation is achieved by locking the phase of
the deflection waveform to that of the repetitive luminous event.
The deflection waveform is usually sinusoidal where the central
half of the peak to peak amplitude is linear to within 5%, and
lasts for approximately one sixth of the period. The frequency
and amplitude of the applied voltage determines the streak
velocity of the photo-electrons at the phosphor screen, and the
period over which quasi-linear recordings may be made (1/6th
period). The repetition frequency of the deflection waveform
may be a sub-harmonic or higher harmonic of the luminous phenomena.
In the latter case the time axis is reversed every half cycle so

care is required in interpretation of the images.

When the luminous event is produced directly, or indirectly
by a synchronously pumped CW laser, where mode-locking is by
active modulation of an inter-cavity component, the deflection
signal may be derived from the RF modulating oscillator. This
configuration was used with a synchroscan Photochron Il streak
camera where the overall resolution was 13ps, limited by jitter
between the argon ion pump laser and the pumped dye laser [14].
Recently a Photochron Il repetitively operating streak camera
has demonstrated a temporal resolution of 4ps when observing the
temporally compressed pulses from a synchronously mode-locked

CW Nd: YAG oscillator [15].

When a passively mode-locked CW laser is employed as the
tuminous source the streak camera deflection waveform must be

derived directly from the mode-locked pulse train. This is
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generally achieved by directing part of the laser output onto a
fast photodiode which provides synchronised trigger pulses for a

tunnel diode [16] oscillator biased for monostable operation.
6.2.1 The tunnel diode oscillator

The characteristic curve of the tunnel diode device used is
shown in Fig.6.2. When incorporated into an oscillator circuit
and biased for monostable operation the device load is selected
such that only the stable operating point is at position A. An
incoming current pulse supplied by the illuminated photodiode will
shift the operating point to position B, which is on the negative
resistance portion to the curve and therefore unstable. The field
collapse in a series inductance provides the necessary vdltage to
rapidly shift the operating point to position C, from where it
moves down the characteristic curve towards position D, as the
current decays. At the valley point D, the operating position
makes a further rapid transition to position E and then returns
to the monostable position A to await the next trigger pulse.

The relaxation time, and hence the free run frequency of the
oscillator, is largly determined by the series inductance and is

chosen to be close to that of the trigger frequency.

To increase the streak writing speed for a given amplitude
the frequency is usually doubled . This can be achieved by
driving a class C amplifier with the fundamental, and then selec-
ting out the second harmonic with a tuned circuit. The Photochron
ITA was operated at 164 MHz in conjunction with a passively mode-
locked Rhodamine 6G CW colliding pulse dye laser with a cavity

frequency of 82 MHz. A temporal resolution of 5ps was reported [17].
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Fig.6.2 Characteristic curve of tunnel diode
6.3 The experimental Photochron IV camera

Two camera configurations have been assembled and evaluated
under dynamic conditions. In one case a repetitively operating or
'Synchroscan' mode of operation was investigated. In the other
case a single-shot streak mode was operated. The prototype
sealed-off tube used in both these configurations had a deliber-
ately modest extraction electric field of 25kV/cm (10kV across 4mm)
maintained between an S20 photocathode and copper micromesh elec-
trode (600 cell/cm). The measured electron optical magnification
was -2.1 and a static spatial resolution of 33 lp/mm was observed
on the P.11 phosphor screen. This corresponds to a spatial reso-

lution of 70 lp/mm at the photocathode.
6.3.1 Photochron IV synchroscan camera

The repetitively operating synchroscan principle was discussed
in Chapter 1. It suffices to say here that it relies upon the

application of a periodic linear deflection voltage ramp in
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synchronism with the incident luminous signals from a repetitive
source; such as a mode-locked CW laser. Low intensity streaks,
with correspondingly low photocurrents, are superposed millions of
times on the phosphor screen thereby accumulating streak images

of a recordable intensity level without the need for image inten-
sification. A schematic of the synchroscan Photochron IV camera
configuration is shown in Fig.6.3. The input lens operating at

a demagnification of x4 imaged a 30um optical slit onto the photo-
cathode, streak recording was either by film or preferably a lens
coupled (x4 mag) optical multichannel analyser with ancillary

VDU and chart recorder for hard copy. The laser source was a
passively mode-locked CW Rhodamine 6G dye laser operating at a
wavelength of 617nm producing pulses of <200fs duration with a

periodicity of 83 MHz [18].
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Fig.6.3 Photochron IV repetitive operation configuration
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0f the two output beams available from the cavity one was
directed with appropriate attenuation via a calibrated optical
delay onto the input slit of the camera, the other provided the
optical trigger to the photodiode/tunnel-diode oscillator (sect-
ion 6.7.4). The output from this tunnel-diode oscillator was
frequency doubled before being amplified to a power of ~12W.
This signal was then inductively coupled into a high-Q circuit

incorporating the streak deflectors.

The shortest recorded duration of 1.7ps (FWHM) demonstrated
[19] at a streak speed of '6.5x10° cm/s is shown in Fig.6.4

b 167ps

X

Fig. 6.4 Shortest recorded repetitive operation pulse-width

A computational simulation of the tube performance under the
above experiment conditions predicted the camera resolution to
be ~1ps. The difference in experimental and theoretical reso-
lution can probably be attributed to trigger jitter arising
through slight variations in the amplitude of the laser pulse

(see section 6.7.6)
6.3.2 Photochron 1V single-shot camera

Due to the detrimental effects of high photocurrents on the

spatial and temporal characteristics of this type of camera, it
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is necessary to limit the photocurrent by the provision of a high
gain intensification stage when operated in the single-shot mode.
This may be provided either internally or externally. In this

case the provision was external in the form of an inverting, self-
focusing microchannel plate intensifier (Philips type 21XX '20/30"')
having a nominal luminance gain of 105, and limiting spatial
resolution of 45 lp/mm at its photocathode. This was coupled to
the faceplate of the streak tube by a 20mm long fibre optic cylin-
der. The overall limiting spatial resolution of the camera was
measured to be 32 Ip/mm at the photocathode of the streak tube,

due to the combined MTF [20] characteristics of the imaging comp-
onents. An input optic operating at a demagnification of x2 imaged
a 16um slit onto the photocathode. Image recording was as des-

cribed in section 6.3.1.

The high speed deflection voltages for single shot operation
were provided by a laser illuminated photoductive element (see
section 3.2). Due to the activation energy requirement of about
100ud the pulses from the passively mode-locked CW ring dye
laser were amplified by a four-stage dye amplifier [21] prod-
ucing pulses of duration 250fs (FWHM), with energies of ~0.4mJ
at 10Hz repetition rate. Approximately 90% of the pulse inten-
sity was used to irradiate the GaAs PCE, the remaining light was
directed via a calibrated delay line onto the camera slit.
Attenuation was provided by neutral density filters in front of

the slit.

The best streak result obtained under single-shot conditions

is shown in Fig.6.5
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Fig. 6.5 Shortest recorded single-shot pulse-width

With the OMA spatial resolution limit deconvolved, assumihg the
Gaussian approximation [22,23] a camera instrumental function
of ~0.7ps is implied. This is in agreement with theoretically
predicted value of 0.7ps for the observed streak velocity of

2x10'% cm/s [24].
6.4 A Miniaturised Photochron IV (Photochron IV-M)

In circumstances of limited diagnostic volume, such as an
evacuated x-ray target chamber, the physical size of the Photo-
chron IV (over 400mm long) might prove restrictive. For this
reason a scaled down version was developed [25]. Designated
Photochron IV-M, it is essentially a three quarter size version

of the standard design.

Applying the standard un-scaled voltages to the miniatur-
ised design resulted in too short a focal length. Repositioning
of the paraxial focus approximately 300mm from the photocathode |

by changing the second focus electrode potential to -12.4kV, so
yielding a weaker lens, had the undesirable effect of increasing

the field curvature. To reduce the field curvature the first
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focus electrode voltage was changed to increase the power of the
first of the coupled lenses. This moved the crossover position
and focal plane closer to the cathode. However the focal plane
could readily be reset to around 300mm by a further slight decr-

éase in the power of the second coupled lens.

Unfortunately this had little effect on the repositioning of
the crossover position which remained around z=119mm with the
anode plane located at z=154mm. [t is desirable to minimize the
distance between the crossover and anode plane to allow the use
of high sensitivity, closely spaced deflectors. It was discovered
that reducing the length of the second anode electrode had little
effect on the field curvature and absolute crossover position,
but had the effect of reducing the relative separation between
crossover and anode aperture as the anode plane was moved

closer to the crossover.

The modified Photochron IV-M design consists of four cylinder
electrodes of 30mm diameter, the first three 30mm in length with
the second anode reduced to 22mm in length. The inter-electrode
separation is 8mm and the tube has an overall cathode to phosphor
length of 306mm (around 120mm shorter than the standard Photochron
IV), with a slightly increased magnification of -2.2. The new
electrode potentials (in kV) from the cathode onwards are -18,

-8, -10.5, +6, -12.3,0 respectively.

Theoretical evaluation presented in full by Baggs [26]
indicates the overall performance of the tubes to be similar with
a limiting temporal resolution (cathode illuminated close to
threshold of sensitivity) of <200fs for both tubes. The temporal
dispersion of the Photochron IV-M is smaller and increases more
slowly with slit height. This is due to the reduced cathode-anode

distance giving rise to a smaller transit time dispersion.



Temporal distortion (see chapteri) resulting in dynamic slit
curvature is more severe in the scaled down design. The electrodes
being closer to the axis gives rise to the equipotential lines in
the axial region being more curved. This problem can be alleviated

by restricting the slit height on the cathode.

The TRL dynamic range of both Photochron IV designs has been
evaluated [27] assuming an input pulse duration of 3ps and a camera
résponse of 2ps. The decreased mesh to anode distance and increased
confinement of the low potential region in the focusing section of
the miniaturised design gives it an enhanced dynamic range of 1700.
This compares to the standard design dynamic range of 900 under
identical conditions. Space charge effects which are the main
cause of limited dynamic range are most prevalent where the

electrons are moving slowly. That is in regions of low potential.
6.5 The experimental Photochron IV-M

Two experimental versions of the Photochron IV-M have been.

constructed (i) a demountable version. (ii) a sealed-off version.
6.5.1 UHV Demountable Photochron IV-M

A demountable version of the Photochron IV-M has been
constructed by Philips [28]. This was used in the evaluation of
test photocathode materials fabricated in an ultrahigh vacuum (UHV)

chamber. The constructional details are illustrated in Fig.6.6

The observed spatial resolution was determined to be in excess
of 51 lp/mm at the photocathode, limited by the range of the UV-
sensitive test chart. Dynamic evaluation in the synchroscan mode
was carried out using test illumination pulses from a synchronously
mode-locked Rhodamine B CW dye laser. Qutput pulses of ~1ps

duration [29] were passed through a calibrated optical delay line
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Fig.6.6 Experimental Photochron [V-M demountable streak tube

producing two sub-pulses of 100ps separation and then directed onto
a 5um slit focused at the photocathode. For calibrat%on purposes

a synchronously operating sealed-off Photochron II streak camera
(resolution < 2ps [2] ) was similarly illuminated by the subpulses.
The RF deflection waveform for both cameras at a frequency of

138.8 MHz was derived from the mode-locked pulse train by

frequency doubling the output from a photodiode triggered tunnel
diode oscillator. Once amplified and inductively coupled to the
deflection plates a streak speed of 1.8x10° cm/s was observed at

the phosphor of the Photochron IV-M.

The recorded pulse-width was 18ps for both cameras [28].
Due to the proven picosecond resolution of the Photochron II
camera the degradation in instrumental function was attributed

to jitter arising in the laser, camera or through mutual
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interference effects. Thus the achieved resolution is taken to
represent only a pessimistic upper limit, with a'subpicosecond
instrumental resolution achievable under conditions of subpico-

second jitter.
6.5.2 Construction of a sealed-off Photochron IV-M streak tube

Transportation difficulties prohibited the UHV demountable
Photochron IV-M undergoing extensive tests on different laser
systems. For this reason a sealed-off version was constructed.
All the internal components; cylinder electrodes, aperture plates
and deflection system were designed and fabricated at Imperial
College. The components, once degreased and vacuum stoved, were
incorporated into a glass/metal flange envelaope by Thorn4EMI,
Electron Tubes Division, in a manner similar to that described in
section 2.5. Although desirable to utilize fully the compact
design features by incorporation into a scaled down glass envel-
ope, component availability dictated the use of standard 76mm
diameter glass sections. The tube was vacuum pumped and stoved

for 48 hours prior to being activated with an S20 photocathode.
6.5.3 Photochron IV-M static evaluation

The electrode voltages for the Photochron IV-M were derived
from a resistive divider chain potted into an insulating rubber
compound. Two high voltage power supply units were necessary
to provide the maximum positive and negative voltages. When
operated at the design specification overall potential difference
of 18kV severe glow discharge occurred around the glass-to-metal
flanges supporting the SFE and SA electrodes. Light from the
discharge illuminating the photocathode introduced a high back-
ground noise level on the phosphor screen. Consequently it was

necessary to operate the tube at an overall potential difference
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of 12kV where no glow discharge was noted.

A Baum [30] projector was used to image a resolution test
chart onto the photocathode. The variable voltages on the FFE
and SFE were adjusted to achieve maximum undeflected static
spatial resolution observed at the screen with the aid of a micro-

scope. A typical set of focus potentials are shown in table 6.1.

Electrode Cathode Mesh FFE FA SFE SA

Voltage(kV) -12.4 -6.26 -7.0 3.0 -8.34°| 0.0

Table 6.1 Reduced Photochron IV-M focus potentials.

The static spatial resolution referred to the photocathodg was
measured to be 60 lp/mm in the x direction, and 50 lp/mm in the
y direction. An electron-optical magnification of -2.0 was
measured in x and y. This is lower than the theoretical value

of -2.2 [26] due to the reduced mesh potential (see section 5.3.1)

With the focus potentials unchanged the variation of limiting
spatial resolution with screen position was analysed by applying
symmetrical deflection voltages +V to the deflector plates. The
results are illustrated in fig. 6.7 (a), (b) where x and y are

the streak and slit directions respectively.

The asymmetry about the screen centre (displacement = Omm)
position indicates some degree of misalignment in the focusing
section. Reasons for this have been discussed in section 2.6.

The tube is slightly astigmatic as evidenced by the y direction
spatial resolution being lower than the x direction resolution

(the tube was set up for optimum focus in the x direction). The
faster fall off in resolution with increasing displacement in the

x direction is probably due to some degree of deflection distortion,

as the electrostatic deflection field operates in x not y.
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For a streak camera the important region is the central 20mm of
screen, as non-linearity in the deflection waveform restricts the
usable time window. Over this region the static spatial resolu-

tion is{z 40 1p/mm referenced at the photocathode.

An advantage of operating the tube under reduced voltage
conditions is the increase in sensitivity of the deflection plates.
At the operating potentials stated the static deflection sensit-

ivity of the photochron IV-M was measured to be 4cm/kV.
6.6. Theoretical Evaluation

[t was realised that due to operating ths Photochron IV-M
under conditions of reduced electrode potentials, the theoretically
predicted resolution of 0.5ps might not be achievable. This.is
due to increased temporal dispersion of the photoelectrons as they
pass through regions of low potential. The time resolution limited
dynamic range will also be degraded as detrimental space-charge
effects become more important in regions of low potential. For
these reasons a realistic assessment of the temporal performance
characteristic of the tube was made using the experimental elect-

rode voltages.

The MTF method discussed previously (section 5.2.3) provides
a complete characterisation of the performance of a linear imaging
system. In work described earlier in this thesis the spatial
resolution performance was of prime interest so the spatial MTF
was studied. In a streak camera however, one of the two spatial
dimensions available for the recording of information is transf-
ormed into a temporal dimension. This is achieved by the provis-
ion of a slit image which is swept by application of a linear
time varying signal. In a similar manner the spatial MTF in the

streak direction may be transformed by multiplication of a constant,
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the streak speed. The resulting transformed curve is called the
Temporal Modulation Transfer Function (TMTF) and may be used to
predict the temporal resolution in a similar manner used to pred-

ict the spatial resolution with the MTF.

The TMTF curve for the simulated Photochron IV-M was determ-
ined by evaluating 1000 electron trajectories through the focusing
region modelled using the experimental electrode potentials.

Sdme small adjustment (~200V) in the second focus potential was
necessary to locate the image plane at a position representative
of the phosphor screen plane. This discrepancy was probably due
to errors in the determination of the electrode potentials using

a Brandenburg high voltage meter (model 88M). The electrons were
modelled from a cathode slit position (x=0mm, Y=0mm) assuming an
initial energy spread of 0.6eV, with a Lambertain cosine Law dis-
tribution in radial angle 6 and a uniform spread in azimuthal

angle ¢ between 0 and 2r  (see section 5.2.5).

Once evaluated for the focusing region the trajectories were
calculated through the deflection region modelled onto a two
dimensional grid. To facilitate easy calculation one plate was
assigned +0.5V and the other -0.5V. Each grid point potential
was then evaluated to an accuracy of 10 uV. Trajectories could
be calculated through the region under symmetric deflection cond-
itions by multiplying each potential by a scaling factor. This
was determined by the rate of change of the applied voltage, and
was updated each time step. At the end of the deflection region
each trajectory was plotted under field-free conditions to the

image plane.

The PSF and LSF could then be evaluated as described in section

5.2.3. Transforming the LSF and multiplying the spatial frequency
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axis by the streak speed at the image plane, yields a curve of
Modulation against frequency, the TMTF. Limiting resolution,
analogous to the spatial frequency case, is defined by the 5%
Modulation point. The resulting TMTF curve for the Photochron IV-M
under realistic conditions at a streak speed of 5x109cm/s is

shown in fig. 6.8. At this speed a limiting temporal resolution

of ~1ps is predicted.
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Fig.6.8 Theoretical TMTF curve for experimental Photochron IV-M

6.7. Repetitive operation of an experimental
Photochron IV-M at 300 MHz

As stated earlier synchronous repetitive operation may be
carried out at a sub or higher harmonic of the luminous event.
The advantage of working at higher harmonics is the increase in
streak speed for a given amplitude. Because the linear region of
the sinusoid is approximately one sixth of the period, this extra
streak speed is achieved at the expense of the available time
window. For ultrashort optical pulse measurement this is not a

major limitation and operation at higher harmonicsis advantageous.
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If the ouput from the tunnel diode oscillator has the form of a
crude square wave it will be rich in odd harmonics, i.e. third,
fifth, seventh ... etc. It is thus a simple matter to select out
the desired frequency with a tuned filter before amplification
and application to the streak camera. This approach was adopted
with the Photochron IV-M synchronously operating streak camera
where two tuned filters operating at the third harmonic cavity

frequency of 300MHz were employed.

It is worth noting here that recent work has demonstrated
that the tunnel diode oscillator may be replaced by a laser-
illuminated photoconductive element in series with a pulse forming
network similar to that used in section 4.4. The round trip time
of the stub lines is made short ~50ps; the device then takes
the acronym PEPS (Picosecond Electrical Pulse Shaper). Output
from the PEPS is a series of electrical pulses at the laser cavity
frequency. This signal is again rich in harmonics. One of which
may be selected with a tuned filter and amplified. The potential
advantage of this scheme is that if sufficient laser energy is
available to fully saturate the PCE device, a constant amplitude
signal will be derived from the PEPS so eliminating intensity

dependent trigger jitter (section 6.7.6)

This scheme was investigated using the optically compressed
pulses from a frequency doubled CW mode-locked Nd:YAG laser [31]
A Photochron II camera was driven from the amplified 3rd harmonic
electrical signal but only demonstrated a relatively poor
resolution of 13ps. [32]. This is attributed to insufficient
optical second harmonic beam energy to fully saturate the PCE.

In principle with intensity dependent trigger jitter minimized,

subpicosecond resolution should be obtained if this is matched by



196 chap 6

the technical resolution of the camera.
6.7.1 The Ring dye laser

The test illumination source for this work was a colliding
pulse, passively mode-locked CW ring dye laser [18] as used in
section 6.3.1 in the evaluation of the full size Photochron IV.
When used for this work the laser system had been modified to
support a cavity length of 3.0m and hence a cavity frequency
of 100MHz. The gain medium was a 1.5x107°M solution of Rhodamine
6G (Rh6G) and the saturable absorber was 2x10™*M solution of
DODCI (3,3 diethyloxadicarbocyanine iodide) both dissolved in
ethylene glycol. Each dye jet was positioned at the focus of
a folding section made up of two 100% reflecting, 10cm focal
length dielectric mirrors. Two cavity mirrors were 100% reflect-
ing, while the output coupler had a reflectance of 98%. The Rh
6G was pumped by an unmode-locked CW argon ion laser (Spectra
Physics Model 170). The DODCI jet was positioned one quarter of
the way around the cavity from the gain jet so that the counter-
propagating pulses passed through the gain medium a maximum dist-
ance apart. This allowed the Rh 6G time to recover adequately be-
tween pulses [7]. A tuning wedge was provided in the cavity to
constrain laser action to the peak of the absorption wavelength
of the DODCI photoisomer, in this case around 617nm for the con-
centration used. The laser pulse-widths were measured using a SHG
autocorrelation technique (see chapter 1) with a 250um thick ADP
crystal. Although pulse durations of <200fs [21] were achieved
with the un-modified configuration, the shortest duration pulses
achieved while this work was in progress were around 250fs (FWHM)

However more generally pulse-widths of around 350fs (FWHM) were

recorded. A typical autocorrelation trace is shown in Fig.6.9.
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Fig.6.9 Typical autocorrelation pulse measurement

6.7.2 Design of 300MHz filters

Two types of high quality bandpass filters were employed;
(i) High-Q cavity resonator, (ii) Interdigital bandpass. The

design and construction of these filters are dicussed.

6.7.2.1 High-Q cavity resonator

The bandwidth of this type of filter [33] is very small, but
it is ideally suited to this application operating at the fixed
third harmonic laser cavity frequency of 300MHz. The filter
(shown in Fig.6.10) consists of an inner conductor made of a
length approaching a quarter wavelength at the centre frequency

of 300MHz, with end capacitance tuning.

The length of the inner conductor was made 0.2m long, a little
short of the 0.25m quarter wavelength at 300MHz. The precise
diameter at the filter is not critical, but the ratio of the inner
conductor 0D, and the outer conductor ID determines the character-

istic impedance of the line.
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Fig.6.10 Design dimensions of the High-Q cavity resonator
(Dimensions in mm)

Other workers have indicated [34] that the lowest loss, highest

unlcaded Q resonators have a characteristic impedance of around

70Q. In this case the actual diameter ratio of the conductors was

dictated by material availability to be 3:1, resulting in a

characteristic impedance of 66Q.

At resonance the inductive reactance (xL) is precisely
balanced by the capacitative reactance (xc). To evaluate the
capacitance required to tune the slightly short quarter wavelength
resonator to resonance at 300MHz the inductive reactance at the
open end of the line was determined to be X, = j203.3 using a
Smiths' chart [35]. Hence the capacitance required for resonance
at a frequency f is given equation 6.1

1

cC = equ.6.1
271r1:Xc

Inserting the calculated values into the above equation yields a
capacitance of 2.6pF. This is provided by the adjustable parallel

plate capacitor at the end of the resonator, which is used for



199 chap 6

final tuning. Input and output coupling is made by wire loops
adjusted.for optimum matching efficiency, by minimizing the re-
flected standing wave ratio when terminated with a 50Q resist-

ive load.

The filter was made of brass with silver solder around the
component joints and silver plated for optimal performance. The
response function of the filter is shown in Fig.6.11, it has a
-3dB bandwidth of 2.4MHz and a particularly high Q value of 125.
A 1dB attenuation is exhibited at 300MHz.
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Fig.6.11 Response function of High-Q cavity resonator
6.7.2.2 300MHz Interdigital bandpass filter

In order to remove any unwanted harmonic leakage from the
first filter and attenuate any harmonic distortion in the preamb- )
lifier stages a second 300MHz bandpass filter was employed. An
interdigital bandpass filter was adopted. This has the advan-
tage of flatter passbands, steeper skirts and better attenuation

in the stopband than the previously described filter. This type
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of filter is generally difficult to design but an analysis by
Dishal [36] led to a simplified design precedure [37] under cert-
ain conditions (i.e. limited bandwith). The design procedure is
still somewhat complex and covered in great detail in Ref.37. The
filter is basically composed of a series of approximately quarter
wavelength 'resonators', alternately mounted on opposite sides of
a fully enclosed box, like interlinking fingers of opposite hands
(hence name 'interdigital'). The number of resonators determines
the shape factor (the more resonators the steeper the skirts) and

commonly ranges from 2 to 4.

The basic steps in Dishal's algorithm are to first choose
the centre frequency and -3dB frequencies, thus defining the fra-
ctional bandwidth w as;

w = (-3dB bandwidth)/(centre frequency).

Then select the required stopband performance (i.e. the frequency
bandwidth at 40dB attenuation). This determines the number of
resonators required. Look up the coupling and Q-factors of each
resonator, (supplied in Dishals' procedure) and adopt a specific
rod diameter d and box height h. These should be in the approx-
imate ratio 1:2; in the design used d = 9.7mm and h = 19.5mm.
The inter-rod spacing is then calculated. Each rod length is 0.95
of the quarter wavelength at the central frequency, with fine
tuning provided by trimmer capacitance formed by the variable gap
at the end of each rod (in a similar manner to that described for
the cylinder filter previously). Finally the input and output tap-
ping point positions are calculated to provide matched 50Q imped-

ances.

This procedure was followed and the filter (Fig.6.12) const-

ructed in brass. Again all metal joints were soldered to ensure

good connections. To minimize insertion loss the top and bottom

surfaces of the box were securely screwed to the body. The filter
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was designed to have a -3dB bandwidth of 10MHz
(-40dB) bandwidth of 25MHz.
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and a stopband

A response curve for the filter is

shown in Fig.6.13; the -3dB bandwidth is 11MHz yielding a Q-factor

of around 27.
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Fig.6.12 300MHz Interdigital filter (Dimensions in mm)
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The effect of the two filters can be seen from the oscillogram
presented in Fig.6.14. The upper trace shows the output directly
from the tunnel diode oscillator, the lower trace shows the

filtered 300MHz signal.

Fig. 6.14 Unfiltered and filtered tunnel diode output.
Upper trace 200 mV/major div, lower trace
20mV/major div.

6.7.3 Experimental configuration

The experimental arrangement for synchronous repetitive
operation of the Photochron IV-M Streak camera is shown in Fig.
6.15. The tunnel diode employed in the oscillator circuit was a
General Electric TD266A, which has a peak current ability
Ip ~ 100mA and a risetime T, = 22ps. This was connected in close
proximity to a fast p-i-n photodiode (AEG - Telefunken BPW28) via
an etched 50Q stripline. When illuminated by the dye laser pulse
train the photodiode produced a train of electrical pulses of
~250ps (FWHM) duration at a repetition rate of 100MHz with a

peak amplitude of approximately 400mV.
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Fig.6.15 Experimental lay-out of Photochron IV-M synchronously
operating streak camera and passively mode-locked CW
ring dye laser.

The oscillator circuit used (Fig.6.16) had a variable 0-25V power

supply for convenient biasing of the tunnel diode to the mono-

stable operating A (see section 6.2.1). The output waveform was

a heavily distorted 100MHz sine wave with an average power of

~ 0.3mW (into 50Q load).

The cylindrical 300MHz filter was connected directly to the
tunnel diode oscillator which gave a ~ 40mV ppV third harmonic
signal, approximately 8uW into a 50Q load. This was then amplified
to around 400mW by two TRW CA2820 wide band linear hybrid
amplifiers, operating in tandem. Each amplifier had a gain of
30dB with a bandwidth of 1-520MHz.

* TRW RF Semiconductors, 14520 Aviation Blvd., Lawndale CA902 USA
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Fig.6.16 Tunnel diode oscillator circuit

Any necessary signal attenuation was provided by 50Q in-line
attenuators inserted at the amplifier inputs. The bandpass 300MHz
interdigital filter was inserted between the preamplifiers and the
power amplifier to reduce any second harmonic distortion. The
power amplifier was a Microwave Modules Ltd. MML432/100, Linear
power amplifier modified to operate at 300MHz with a minimum

power gain of 20dB providing up to 40W RF power. Generally it

was operated in the 10-30W range by insertion of suitable atten-

uation in the preamplifier stages.

The RF signal was coupled into the deflection plates using a
high-Q network illustrated in Fig.6.17. Each arm, of approximately
one eighth wavelength, was made from 1.5mm diameter tinned copper
wire formed into a rectangular structure of approximate dimensions
T4cm x 2cm. One loop was driven by a closely coupled 25mm diameter
aerial coil connected to the power amplifier. The plate capacitance
was then situated in a balanced circuit between the driven

and 'ideller' inductance loops.
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The inductance of a single turn loop is given by equation 6.2 [38].

In /8a 7
L = ua —_) - - equ.6.2
b 4

where a is the radius of the loop and b the radius of the conductor.
* Thus for the values used (average radius a = 5cm,b = 0.75mm) the
inductance of a single loop is 2.85x10"7 H. The resonant

frequency of a LC circuit is given by equation 6.3.

1
fFs — equ.6.3

ZR‘/EE_

Inserting the calculated total inductance of 1.42x10"7 H for both
loops, resonance of 300MHz requires a capacitance of ~2pF. This
is provided by the deflection plate capacitance ( ~ 1pF) and the
stray capacitance of the feed-throughs and connectors. The
deflection network was earthed for DC purposes via a 10kQ RF

isolation resistor at the nodal point.

L 14¢cm st t4cm =J
10kQ l- ?
2cm —__ delisction plates
L ‘ To power

amplifier
Close-coupled
RF loop

Fig. 6.17 High Q deflection circuit

The streak tube was fully enclosed in an aluminium alloy case
with a BNC socket connection for provision of the RF power, and

flying leads for the HT connections.
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The phosphor screen, drift region and anode were electrically
common to the chassis at earth potential; the cathode being oper-
ated at -12.4kV. Effective RF screening was provided between
the focusing and deflection sections of the tube by incorporation
of a double sided copper laminate board. A hole large enough to
allow the tube to pass through was cut into the board, which was
then positioned at the anode aperture plane completely dividing
tﬁe aluminium enclosure. Good electrical contact was ensured

between the chassis, screening laminate board and anode electrode.

6.7.4 Multipactor discharge

When RF power exceeding ~2W was applied to the tube a glow
discharge was observed around the deflection region, resulting in
the screen being saturated with light due to cathode illumination
by the discharge. This effect known as multipactor discharge has

been noted in earlier work and by other workers [39,40].

It is postulated that stray low energy electrons between the
deflection plates are accelerated towards the deflection plates
by the RF field. At high enough powers they collide with the
deflection plates generating secondary electrons. The effect
builds up as more and more secondaries are produced by continued
electron bombardment. Eventually a sufficient electron flux is
built up to ionise stray gas molecules and alkali metal contam-
inants (due to photocathode activation)from the deflector plate
surfaces. The resulting luminescence illuminates the photocathode
and swamps any signal under investigation. Additionally the ion-
ization can degrade the photocathode, reducing the life of the

tube.

It has been shown [40] that with careful fabrication
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techniques alkali metal vapour contamination of the deflector
surfaces can be minimized, and the discharge eliminated. Unfort-
unately these techniques cannot be readily applied to the Photo-
chron IV and a certain degree of contamination of electrode sur-

faces is probable.

A small electric field in the deflection region, acting par-
allel to the tube axis so extracting the stray electrons, can
eliminate the discharge without noticeable influence on the high
energy electrons [41]. The procedure was adopted in the Photo-
chron IV-M, with the anode held at +200V with respect to the zerb
potential drift region and phosphor screen. "This tended to make
the image astigmatic but with careful refocusing a static¢ spatial
resolution of 50 lp/mm (referred to the photocathode) could still
be achieved in the streak direction at the expense of the slit
direction. The DC connection between the laminate screening
board was replaced by three 1nF (1kV) ceramic capacitors to prov-

ide an RF path.
6.7.5 Evaluation of temporal resolution

The input slit (30 um x 3mm) was coupled onto the photocathode

with a 50mm f/2.8 lens arranged to provide a demagnification of

x2. Similarly a lens operating at a x 1.3 magnification coupled
the streaked image onto an Optical Multi-channel analyser (OMA).
The OMA employed was a B & M Spectronik 0SA 500 vidicon with WP1
and WP2 data processing and display units. Up to thirty 500
channel memories were available on the WP2 microprocessor - cont-
tolled terminal which incorporated data processing capabilities.
The 0SA head employed a silicon intensified target 12.5mm long by

10mm high composed of 500 diodes separated by 25 um. Read out
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time was variable between 10-80ms but it was generally set to
the default value of 32ms. Real-time read out of the target
image was available on a cathode ray tube VDU, with hard copy of

memory contents available via chart recorder or XY plotter.

Leakage light from the cavity tuning wedge was directed onto
a 3.45mm thick disc of Spec. B fused quartz (n =1.457). The
quasi-normal front and back reflections provided two calibrated
sub—pulses temporally separated by 33.5ps for calibration purp-
oses. These sub-pulses were steered onto the camera slit, suit-
ably attenuated with neutral density filters as necessary.
Under static conditions the OMA recorded a slit width of 6
channels. Applying 15W of RF power and optimising the synchron-
isation by adjustment of the cable delay between the pre-amplifier
and power amplifier stages for maximum streak separation, demon-
strated a temporal resolution of 3ps (Fig.6.18) The dynamic
streak separation was 78 channels with a dynamic slit width of
7 channels; a small increase of 1 channel over the static slit
width. In an effort to reduce the static contribution to the
streak width the input lens demagnification was increased to 3:1,
and with careful refocusing a static slit width of 4 channels was

obtained.

At an increased RF power of 18W the dynamic slit width had
increased to 7 channels with a streak separation of 87 channels
demonstrating a temporal resolution of 2.7ps (Fig.6.19) at a
streak speed of 5x109cm/s. Increasing the streak speed to
6.4x10%cm/s by increasing the RF power to 30W provided a slit
width of 9 channels and streak separation of 111 channels, with
a corresponding temporal resolution of 2.7ps again. This would

imply that the camera resolution is not set by the intrinsic
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limiting temporal resolution of the tube as this has been shown

to vary with $treak speed [13].

~— 33.5ps —»

—»1 «<— 3.0ps

J

Fig. 6.18 Synchronous streak record with a static
slit width of 6 channels

33.5ps —>»

— (-—2.7pS

—»| \*—2.7pS

L

Fig. 6.19 Synchronous streak record with a static
slit width of 4 channels
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6.7.6 Intensity dependent trigger jitter

The degradation in temporal resolution was, at least in
part, attributed to jitter due to the fluctuating laser output.
Monitoring the p-i-n photodiode output with.an oscilloscope on
a millisecond timescale revealed a periodic amplitude fluctuation

in laser intensity, showing ~10% modulation (Fig.6.20).

Fig. 6.20 Fluctuating laser intensity on a millisecond timescale

This was traced to be three phase mains ripple leakage

to the pump beam through inadequate smoothing of the argon ion
power supply. The resulting time error in triggering (jitter)
the tunnel diode oscillator will degrade the temporal resolution

of the instrument.

To quantify this jitter it may be assumed that the mode-
locked laser emits pulses of constant repetition rate but fluctua-
ting intensity. The photodiode then produces pulses of risetime
Tr, which trigger the tunnel diode at a voltage level V, . Elec-
trical pulses from the photodiode are assumed to have a linear
rising edge and a peak voltage amplitude given by the product of
the photodiode sensitivity S and the laser pulse intensity I.

A laser pulse of intensity I incident on the photodiode at time
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t=0 would trigger the tunnel diode at time t,, given by equation

6.4 [42],

VT

t, = D + equ.6.4
1 SI q

where D is the delay of the signal in the cables. If the illum-
ination is fluctuating in intensity by (1-F) I, where F is the
fractional deviation from average intensity, the trigger time

would be;

VT

t, = D + equ.6.5
SI

the intensity dependent trigger jitter At is then given by the

difference between equ.6.4 and equ.6.5,

FV,T_

>
u——i
]
+
]
+
]

equ.6.6
(1-F)SI

this is illustrated in Fig. 6.21. For the BPW28 photodiode the
product SI is ~400mV and the risetime Tr ~ 200ps. Assuming
a tunnel diode trigger level VJr of ~20mV this gives an

intensity dependent trigger jitter of ~1ps.

YOLTAGE PULSES
FROM PHOTODICOE

VOLTAGE

TRIGGER VOLTAGE

JITTER TIME ——

Fig.6.21 Intensity dependent trigger jitter
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6.7.7 Results

To minimize the effects of the intensity modulation of the
laser beam a mechanical shutter was introduced in front of the
camera, with the purpose of selecting out a portion of the pulse
train over which the intensity did hot fluctuate appreciably.
Although desirable to use a shutter speed of 1/1000th second the
leakage light from the tuning wedge was not of sufficient intens-
ify to achieve a high enough signal to noise ratio to make satis-
factory recordings at this speed. Thus in practice a shutter
speed of 1/500th second was employed. The shutter provided a
+5V trigger pulse to activate the OMA to readout the image on the
vidicon. The vidicon was scanned up to four times to improve the
signal to noise ratio by taking advantage of the phosphor screen

decay time. [43]

With this arrangement an improved temporal resolution of 2.3ps
(Fig.6.22) was achieved at a streak speed of 5x10°cm/s with 20M
of RF power. The static slit width was 4 channels with a streak
separation of 95 channels giving a technical time resolution of
1.4ps. Again operation at different streak speeds failed to

provide any further improvement in temporal resolution.

6.8 Discussion

The static slit width is close to the spatial resolution
limit of the vidicon, which is limited by charge leakage between
adjacent channels. In order to take full advantage of the high
spatial resolution of the Photochron IV design it would be
necessary to increase the magnification onto the vidicon target.
Unfortunately before the opportunity arose to do this a serious

fault in the argon ion pump laser prohibited further investigation.
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Fig. 6.22 Best recorded synchronous streak record shuttering
for 1/500th second

The limitations imposed upon the Photochron IV-M streak camera

are two fold: intensity dependent trigger jitter and vidicon
spatial resolution. The first may be remedied by improving the
laser stability, which may be difficult, or by operating the mech-
anical shutter at a faster speed. Shorter duration shutter periods
would require more efficient use of the available laser intensity.
This might be achieved by replacing the quartz blank optical cal-
ibrator ( 4% efficient) with a Michelson type arrangement ( 25%

efficient).

The second limitation may be overcome by increasing the mag-
nification onto the vidicon target. Up to x4 magnification has
been used in previous work. The viewable screen size is corres-
pondingly reduced to ~3mm and this can present a problem during

the set up procedure. Particularly at high RF powers where
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resistive heating of the deflection circuit causes the loop
resistance to change. This results in the streak image drifting
across the screen and out of the vidicon field of view. Perhaps
the best hope for the future is a technological improvement in

the spatial resolution limit of readout deyices to match the high
spatial resolution now being obtained with state-of-the-art streak

image tubes.
6.9 Conclusions

Direct and indirect hypershort pulse generation techniques
have enabled pulse durations of less than 30fs to be produced
(see chap%er 1 and Refs. therein). The ability to generate these
pulses of only a few optical cycles has far exceeded the ébility
to apply linear measurement techniques to them. The development
of a femtosecond resolution streak tube would enable direct
linear time-domain studies in the femtosecond region for the first
time. The Photochron IV image tube has been designed to meet this
increasingly pressing requirement. By maximizing electric fields
and maintaining high axial potentials throughout the imaging region,
photoelectron transit time dispersion has been minimized providing
a theoretical limiting temporal resolution ~200fs when the photo-
cathode is illuminated close to threshold. The predicted temporal
resolution when operated in a more practical regime (not at the
cathode threshold) is~0.5ps. A sub specification Photochron IV
with modest photocathode extraction field of 50% thz design value,
has been constructed and demonstrated to have a deconvolved inst-
rumental function of 0.7ps when operated in the single shot mode.
When operated in the repetitive mode, where the deflection wave-
form is synchronised to the repetitive luminous event, a temporal

resolution of 1.7ps has been demonstrated, limited by intensity
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dependent trigger jitter.

In certain situations such as limited space the physical size
of the Photochron IV might prove preclusive, so a three quarter
size scaled down version Photochron IV-M has been developed. It
was found necessary to modify the focus potentials and reduce the
second anode electrode length in order to achieve an optimal
focus plane with acceptable field curvature, and anode aperture
Sifuated close to the electron-optical crossover position.
Theoretical studies suggested the temporal resolution to be
similar to the standard size tube. The electron temporal dispers-
ion is decreased due to the reduced cathode-anode distance, and
the TRL dynamic range enhanced due to the increased confinement

of low potential regions.

Two experimental versions of the Photochron IV-M have been
constructed. A UHV demountable version was operated in a repet-
itive mode at a frequency of 138.8MHz in conjunction with a syn-
chronously mode-locked Rhodamine B laser. A temporal resolution
of 18ps was demonstrated, limited by jitter between the pump and
dye laser pulses. A more versatile 'sealed-off' version of the
tube has been fabricated and activated with an S20 photocathode.
Glow discharge on the glass envelope around the high potential
difference region between SFE and SA, prohibited the tube being
run at the full specification potentials. When optimally
focused the tube had a static spatial resolution of 60 Ip/mm in
the x-direction. (streak) and 50 lp/mm in the y-direction (slit),
as referred to the photocathode. The electron-optical magnific-
ation was -2.2 and the deflectors demonstrated a static deflection

sensitivity of 4 cm/kV.

Evaluation of the instrumental resolution of the Photochron
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IV-M streak camera system was carried out using a colliding

pulse, passively mode-locked CW ring dye laser producing pulses of
~350fs (FWHM) duration at a frequency of 100 MHz.

To eliminate the use of a frequency conversion circuit the sinus-
iodal deflection waveform required for repetitive operation of the
camera was derived directly from a laser pulse triggered tunnel
diode oscillator. The third harmonic signal was selected using
two series 300 MHz tuned filters. The filtered signal was ampli-
fied to a power~20W and applied to a closely coupled high-Q
deflection circuit incorporating the sweep plates. A temporal
resolution of 2.7ps was obtained at streak speeds of 5x10° cm/s
and 6.4 x 10° cm/s, demonstrating that this did not represent the

limiting temporal resolution of the tube design.

A theoretical analysis of the tube under the experimental
conditions imposed, indicated an instrumental function of ~1ps.
The discrepancy between achieved and predicted temporal resolution
was attributed in part to intensity dependent trigger jitter.
Fluctuating laser intensity causes the tunnel diode to trigger
with a time error of about 1ps. This fluctuating intensity was
traced to the three phase mains ripple from the argon ion laser
power supply. It was possible to reduce the effect of this ripple
by use of a mechanical shutter set to 1/500th second, so limiting
the amount of intensity variation experienced by the camera.

Using this scheme the temporal resolution was increased to 2.3ps

at a streak speed of 5 x 109cm/s. Limiting the exposure to
1/500th second still represented the accumulation of 2x10°
pulses retaining the repetitive operation principle. A further
limitation was imposed by the spatial resolution of the vidicon
target, caused by charge leakage between adjacent channels.

A reduction in the static slit width contribution to the dynamic
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width could have been achieved by increasing the magnification

onto the vidicon.

The Photochron IV design has been developed to provide a
high spatial resolution at the screen. To fully utilize this
feature requires a similar capability in the associated readout
device. A dynamic spatial resolution of 20 Ip/mm at the screen
wopld require a single picture element resolution of 25um, for a
1:1 magnification onto the readout device. Charge leakage effects
limit the resolution of typical vidicon devices to ~100um, hence
the requirement for magnified coupliﬁg. These considerations are
of particular importance with the current trend of intimate mating
of charge coupled device (CCD) readout sensors directly onto the
streak camera [44], to produce truly integrated data aquisition

and processing camera systems.

The temporal resolution of the Photochron IV-M camera system
has been shown to be 2.3ps limited by intensity dependent trigger
jitter and vidicon charge leakage effects. Ongoing evaluation
with an improved stability laser and better utilization of the
high spatial resolution available with this design, is confidently
expected to reduce the instrumental function to a value at least
equal to the standard size design. Fabrication of Photochron IV
image tubes meeting the full design specification can be expected
to realize the realify of a truly femtosecond resolution linear

diagnostic.
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CHAPTER 7

General Conclusions

The importance of developing thermonuclear fusion as an
alternative energy source for the next century has prompted
extensive research activity. Experiments in inertial confinement
fusion by the laser compression of matter, has resulted in a
requirement for an ultrahigh time resolution, two-dimensional
imaging diagnostic. A new framing camera system has been developed
to fulfil this demand, and complement the one-dimensional imaging

characteristics of streak cameras.

Electron-optical devices have been adopted in the field for
some years due to the femtosecond response times of photoemissive
materials. Early design techniques utilized analogue simulations,
but this approach was found insufficient to fully characterise the
current generation of ultrahigh time resolution instruments.

To facilitate a more complete analysis, numerical techniques have
been developed into computer codes which permit comprehensive
evaluation of theoretical designs. These techniques have been
employed in the design of the Picoframe I & Il framing image

tubes and the Photochron IV femtosecond streak tube.

The Picoframe framing tube design utilizes a weak electro-
static focusing lens, with a long narrow waist beam profile.
One of three independent deflection assemblies may be combined
with the imaging section to yield various framed image formats.
Constructional simplicity of the single framing aperture version
resulted in its adoption for constructiqn of an experimental

prototype.
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A sealed-off prototype Picoframe I has demonstrated a static
spatial resolution of around 55 lp/mm at the photocathode.
Manufacturing inaccuracies and distortions caused during processing,
resulted in the sensitivities of the two pairs of deflectors
differing by ~7%. The experimental image tube was implemented
into a camera system, incorporating an input optic and external,
fibre-optically coupled MCP intensifier. This was necessary to
limit the detrimental space charge effects caused by excessive

photocurrents in the tube.

Initial evaluation in the framing mode was carried out using
hypershort (~200fs) and ultrashort (< 10ps) optical pulses to
illuminate a resolution test target. The necessary high speed,
linear voltage deflection ramps were derived from a laser
illuminated photoconductive element (PCE). Two schemes for
connecting the deflectors were initially assessed. Results
using the series feed-in configuration proved inconsistent,
probably due to impedance mismatch effects at the deflectors.

The parallel feed-in configuration was more successful.

Dispersion effects in the connecting coaxial transmission line
degraded the signal risetime. This tended to compensate for the
manufacturing inaccuracies in the sensitivities of the deflectors.
Using this scheme moderately well resolved images, demonstrating

4 1p/mm spatial resolution at the photocathode were recorded.
Streak mode operation of the camera determined the frame exposure

duration to be between 150-200ps.

[t was realised that effective control of the deflection ramp
gradient could be utilized to nullify manufacturing inaccuracies
in the sensitivities of the deflectors. This was more fully
investigated in the third, parallel PCE, configuration. The two

pairs of deflectors were each connected to operate in the opposite



223 chap 7

sense to separate PCE devices. Both PCE's were illuminated by
sub-pulses from an optical delay line to provide the necessary ‘
synchronisation features. Gradient control was facilitated by
regulation of the applied PCE bias potential. Again moderately
well resolved images of up to 4 lp/mm spatial resolution at the
photocathode were recorded. However the use of relatively long
object illumination periods of ~40ps, and a reduction in the frame

exposure duration to 130ps represented improved performance.

The practical difficulties of ensuring identical illumination
characteristics for both PCE devices, made the parallel PCE
configuration unsuitable for implementation into a standard
laboratory diagnostic system. A more elegant approach to the
control of the deflection ramp gradient was devised. The
deflection plate capacitance was incorporated into a capacitative
divider arrangement. By use of a miniature.series trimmer
capacitor, the gradient of the ramp supplied to the deflectors
exhibiting optimum sensitivity could be conveniently perturbed.
This arrangement provided a method for real-time optimisation of

the framed images.

Initial dynamic mode evaluations were of single framed images.

For double/multiple frame evaluation a second, more complex, dual
framing aperture sealed-off image tube was fabricated. Extensive
static evaluation of this prototype Picoframe II revealed severe
image distortion probably due to misalignment in the imaging section
caused during processing. This prevented effective evaluation in
the dynamic mode. Due to the intricacy of the dual aperture design
it would probably be more appropriate to utilize a demountable

vacuum system in further investigations.

It is always questionable whether it is more appropriate to
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use sealed-off or vacuum demountable tubes in prototype

evaluation. The former has advantages of portability, compactness,
wide spectral coverage (IR/visible/uv) through activated photo-
cathodes, and may be readily isolated from other equipment which
might influence the spatial resolution. Its main disadvantage is
that any post processing modification of internal components is
prohibited. The latter has the principal advantage that the
internal components are readily accessible. However, such systems
are generally cumbersome, bulky, only uv/x-ray sensitive and
difficult to isolate from stray electromagnetic fields generated

by vacuum eqipment. Nevertheless, the intricate nature of multiple

aperture deflection assemblies demand the convenience of

accessibility conferred by a demountable system.

The viability of multiple sequenced framing operation was
assessed by operation of the Picoframe I in a dual sweep mode.
A simple pulse forming network was employed to derive a
'triangular' shaped voltage deflection waveform. Applied to the
sweep deflectors this permitted the electron beam to be swept
across the framing aperture twice. To relieve stringent
experimental demands a low trigger energy avalanche transistor
sweep generator replaced the PCE device employed previously.
Using a separate sweep generator/pulse forming network for each
pair of deflectors, framed doublet images demonstrating < 8 1p/mm
resolution at the photocathode were recorded. The frame open time

was measured to be ~200ps with an inter-frame time of 1.2ns.

It was noticed that the spatial resolution observed for the
second framed image was always poorer than that of the first image.
This is attributed to the superposition of oscillatory transients

or ringing on the falling edge of the waveform. Improvements in
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the transient response of the deflectors may alleviate this
problem. A future design might include travelling wave deflection
(1] structures. Here the deflection signal is propagated in a
travelling wave network such that thé deflection signal is
synchronised to the passage of the-electrons through the network.
This has the advantage of increasing the sensitivity of the
deflectors. Additionally such a network may be conveniently made
of  an impedance to match the characteristic impedance of the
connecting transmission line. Thus the deflection system may be
incorporated into a matched transmission line. This would permit
any detrimental ringing effects to be postponed until after the

passage of image forming electrons.

It is likely that improvements in the design of electronic
sweep circuits, coupled with enhanced sensitivity deflectors will
permit the generation of ~100ps duration framed images. However
for truly sub-100ps durations it will probably be necessary to
revert to laser illuminated PCE's for provision of the necessary
high speed deflection ramps. The generation of multiple framed
'doublet' images using a single aperture design would necessitate
the incorporation of orthogonally orientated shift deflectors,
and the production of complex deflection waveforms [2].
Alternatively, utilization of vacuum demountable technology should
make the fabrication of multiple aperture designs viable.
Nevertheless it may ultimately be the case that it is easier to
derive complex deflection waveforms ﬁhan fabricate intricate

deflection assemblies.

The modest temporal resolution of framing image tubes
(~100ps) results in a correspondingly modest peak photocurrent.

As such this type of tube is probably more suited to incorporation
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of an internal MCP intensification stage [3]. Incorporation of
internal intensification into streak tubes has been found to limit
the dynamic range [3]. Thus despite the convenience and compact-
ness conferred by this option, it is probably not suitable for
single-shot femtosecond streak tubes. However there might be
advantages for internally intensified repetitively operating streak

cameras for observing particularly weak optical phenomena.

The wealth of diagnostic information available from x-ray
imaging of imploding microballoon targets, has resulted in a
modified x-ray sensitive Picoframe image tube design. Computational
simulation of the photoelectrons emitted from an x-ray sensitive
photocathode, revealed that the broad initial energy spréad
caused the beam waist diameter to expand. By doubling the mesh
potential, whilst maintaining the same extraction field and
reducing the anode electrode length, the degree of beam waist
spread could be minimized. Two new deflection assemblies
compatable with the modified conditions have been proposed. It
is likely that evaluation of a prototype x-ray sensitive vacuum
demountable camera will be carried out using the UV frequency

quadrupled output from a Nd:YAG oscillator [4].

The generation of ultrashort and hypershort optical pulses
has provided a valuable tool for probing many ultrafast physical,
chemical and biological phenomena (see chapter 1). Due to its
sensitivity, linearity of response and broad spectral coverage
the electron-optical streak camera has found wide usage as a
picosecond diagnostic. Current research is aimed at extending the
temporal resolution to effectively cover the femtosecond regime,

whilst maintaining a useful dynamic range.
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In this thesis two modes of streak camera operation have
been discussed, single-shot and repetitive of 'Synchroscan'.
A sealed-off miniaturised version of the Photochron IV, developed
for use in circumstances of limited diagnostic volume, has been
operated at a repetition frequency of 300MHz for the first time.
This instrument demonstrated a temporal resolution of 2.3ps
operafed in this mode. Limited by intensity dependent trigger
jitter and the spatial resolution of the read-out device.
Further refinement of the temporal resolution in the repetitive
mode would require the use of a highly stable mode-locked laser
system. Additionally due attention must be given to the provision
of a sJitably matched image read-out device. The enhanced
spatial resolution characteristics of the Photochron IV énd IV-M
necessitate a correspondingly high performance from the image
sensor. Consideration must be given to the overall shape of the

MTF curve of ancillary optics, intensifiers and sensors; not just

the figures pertaining to limiting resolution.

Relatively recent advances in the field of laser induced
compression of matter has provided the impetus to develop
picosecond framing camera systems. As such there is scope for
further instrumental improvement to fully complement the
one-dimensional imaging capabilities of the current state-of-the-
art femtosecond streak camera systems. The Picoframe I camera has
provided a valuable contribution to the development of picosecond

two-dimensional imaging diagnostics.
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Appendix I

Solution of the transient response of an LCR network

A constant voltage E is applied at time t = 0 to a series
circuit of inductance L, capacitance C and resistance R, the
initial current and charge being zero. The differential equation

describing such a circuit is

Ld’q Rdg q
E = —_—t — 4 - a.1
dt? dt C
where q is the charge on the capacitor. If Vc(t) is the

instantaneous voltage across the capacitor then

q
vV (t) -
< = ¢ . a.2
E Ld®’q Rdg gq
_ — ¢ -
dt? dt C
Transforming equation a.2 using the Laplace transform:
q
v.(p) ] c
E gp(p?L + pR + 1/C)
v_(p)
or < = 1 a.3
E p(p?LC + pRC + 1)

Transforming equation a.3 into its partial fractions gives

1 a bp + ¢

= - &

p(p?LC + pRC + 1) p p?LC + PRC + 1

expanding and equating coefficients of p" yields

1 1 - pLC - RC
p(p?LC + pRC + 1) p (p2LC + pRC + 1)
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Again transforming the right hand side into its partial fractions

pLC + RC pLC + RC

p:LC + pRC + 1 (p+a)? +8

expanding and equating coefficients of pn gives

R 1 R?
a = — = — - R
2L e e
1 1 (p + R/L)

p(p?LC + pRC + 1) P (p +a)? + g

1 (p +a) @

p (p +a)? + p (p +a)? + Bt

1 (p + a)
== - - ‘B . a.4
p (p +a)? + p? Blp +a)? + p?
a
Inverting equation a.4 for g2 >0 yields
V_(t) e™% | cos gt , asin gt a.s

= 1 - 3
The Q of an LCR circuit is defined:

1 /L

Q= —4/-
RYC

Hence define parameter A such that

Then aA = — [— -4 =VYV— - — =3
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Equation a.5 may then be written

c = 1 -

V (t) e | cos Aat , sin Aat

E A

Differentiating equation a.6 with respect to time gives

V() 402 "%t | sin Aat

c

E A

The circuit risetime (T ) is then determined by equating

rise
equation a.7 to zero and solving for t

Hence T b3
rise =
aA

T

- —

N T
2L ¥ ReC

Trlse = ﬂﬁ

a.b
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The operation of an ultrafast, electron-optical framing camera which has been designed to provide single or sequential,
doublet image formats is described. Individual frame exposures of approximately 200 ps were measured and the interframe
periods for the doublets were 1.2 ns. High quality images were recorded from which it could be deduced that the spatial
resolution at the photocathode of the camera was in excess of 7/p/mm.

1. Introduction

The requirement for a framing camera which can
provide a rapid sequence of picosecond, two-dimen-
sional images has already been extensively discussed
[1,2]. It suffices to mention here that such an instru-
ment offers data which complements those taken
from one-dimensional, time-resolved streak images.
This is of primary relevance in studies that include,
for example, plasma studies of laser-irradiated micro-
balloon targets [3]. For this type of application an
X-ray sensitive version of our camera is being develop-
ed but the results presented here relate to an experi-
mental visible-sensitivity S20 “Picoframe I’ system.

2. Description of camera

The Picoframe I camera system illustrated sche-
matically in fig. 1 incorporates an image tube that has
been designed specifically for ultrafast framing [1,2].
In brief, its operation relies upon the rapid sweeping

~of a narrow photoelectron beam across a small aper-
ture to ensure an optimally short exposure time. A
time-varying linear voltage ramp of opposite sense

! Present address: Physics Department, University of St
Andrews, North Haugh, St Andrews, Fife KY16 9SS, Scot-
land.

0 030-4018/86/$03.50 © Elsevier Science Publishers B.V.
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Fig. 1. Schematic of “Picoframe I camera with deflection
waveforms for single-frame operation.

supplied to the so-called compensation deflectors can-
cels the induced swept motion in the transmitted
beam so that a stationary image can be displayed on
the phosphor screen. To obtain this image with suf-
ficient intensity for photographic recording at ap-
propriately modest photocurrent levels the output of
the framing tube is fibre-optically coupled to an
image intensifier. By this means space-charge induced
defocusing effects within the framing tube can be
largely avoided. The intensifier used for these par-
ticular performance evaluations employed a Mullard
type XX1330A microchannel plate tube having an
“extended-red”” S20 photoresponse and a relatively
low luminance gain of approximately X250 when re-
ceiving light from the blue P11-type phosphor. During

423
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our studies the intensifier was gated on for 200 us to
limit the integrated noise while ensuring that the
majority of the signal photons were received from the
screen of the framing tube.

The image of an illuminated resolution test chart
was relayed onto the framing tube photocathode with
an f/3.5, 64 mm focal length lens arranged to provide
a demagnification of X2.2. The final image recording
was on photographic film held in intimate contact

with the fibre-optic face-plate of the image intensifier.

In initial evaluations of the performance of this
Picoframe I camera [2] laser-illuminated photocon-
ductive elements [4] were used to produce the de-
flection voltage ramps and exposure times as short
as 130 ps were obtained [5]. However, the rather
high optical pulse energy required to ensure proper
saturation of this type of optoelectronic switch, hav-
ing gap widths consistent with the required deflection
voltage amplitudes, imposed severe practical con-
straints on the laser that was employed to test the
camera. Consequently in the work reported here
avalanche transistor sweep circuits with extremely
low trigger energy requirements have been preferred.
The circuitry actually employed comprised two syn-
chronised chains of transistors which were capable
of providing complementary outputs of plus and
minus 3 kV in 1.5 ns into a 50 ohm resistive load.
Naturally there is appreciable degradation in this rate
of rise/fall of voltage when due account is taken of
the deflection plate capacitances, the inherently in-
ductive tube connecting leads and the 50 ohm coaxial
drive cables.

3. Single-frame operation

In preliminary tests of the performance of the ca-
mera reported earlier [2,5] the illuminating laser
pulses had durations ~0.25—10 ps FWHM while the
frame time was determined to be 150—200 ps. Clear-
ly it was necessary to evaluate the instrumental func-
tions with pulse illuminations having durations ex-
ceeding the frame exposures. This has been done by
using the frequency-doubled output from a Q-switch-
ed Nd : YAG laser which produced ~20 ns FWHM
pulses at a repetition rate of 3 Hz. A portion of the
beam intensity was directed onto a photodiode such
that with suitable neutral density filters, the sweep
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circuit was triggered on the rising edge of the optical
pulse. The intrinsic delay time of the sweep circuit,
approximately 10 ns, meant that the latter half of the
Q-switched pulse illuminated the camera during its
framing operation.

To appropriately arrange the timing of the voltage
ramps, due account had to be taken of the fact that
the photoelectron transit time to the framing deflec-
tors was less than that to the compensating deflectors.
For the present design this time difference was ap-
proximately 1 ns and a corresponding allowance in
length of coaxial feed cable was included. Each ava-
lanche transistor circuit provided two opposite polari-
ty ramp voltage outputs which were shared between
the pairs of deflectors to provide balanced deflection.
Precise compensation demands that the rate of deflec-
tion of the electron beam exciting the compensation
plates is zero. It is to be expected that there will be
some variations in the applied electrostatic deflections
due to non-ideal coaxial cable parameters and also to
the fact that the plates will respond slightly different-
ly to the supplied signal as a result of manufacturing
tolerances. With our prototype Picroframe I tube, it
was found that the framing plates had a d.c. sensitivi-
ty which exceeded that of the compensation plates
by 5%. To correct for this and any signal degradation
in the feed cables etc. the voltage ramps to the fram-
ing plates were reduced by adding a pair of series vari-
able capacitors (2—20 pF) which acted as capacitive
dividers in conjunction with the capacitance of the
deflectors. These “trimming” capacitors were by-
passed for d.c. bias purposes by 12 k2 resistors.

To evaluate the camera performance in this single-
frame mode of operation a 1951 USAF resolution
test chart, which was uniformly illuminated by the
frequency-doubled pulses from the Q-switched Nd :
YAG laser, was imaged onto a the tube photocathode
to a5 mm X 5 mm format size. At the repetition rate
of 3 Hz it was possible to carry out quasi-realtime ad-
justments to achieve the optimum dynamic spatial
resolution. By this means, framed images such as that
reproduced in fig. 2 were obtained. The limiting spa-
tial resolution that was routinely observed under
these conditions was 7 2p/mm referred to the photo-
cathode.

The exposure time for such a frame was determin-
ed by operating the camera in streak mode. In this
configuration the resolution test chart was replaced
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Fig. 2. Reproduction of single frame image, exposure time
is 215 ps.
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by a slit and only the framing deflectors were driven.
For slit illumination using a constant intensity light
source the observed scan on the output screen indicat-
ed the limits imposed on the transmission of the pho-
toelectron beam by the geometry of the framing aper-
ture. The slit was then illuminated by a series of delay-
calibrated, picosecond, mode-locked laser pulses and
the subsequent images streaked across the screen

using the ramp generator. It is probably worth remark-
ing that if the camera has been optimally adjusted for
framing then by driving either the framing or com-
pensation deflectors the streak speed could be de-

L5
=

-
=
-
)
oS

duced. From these two measurements the frame ex-
posure time can be determined.

A more direct method for obtaining frame expo-
sures that we now generally employ involves replacing
the simple slit with the mask object illustrated in fig.
3. When the ramp voltage is applied and the mode-
locked laser pulses are incident on this mask, a pro-
jected image of the outline of the framing aperture
together with delay-line calibrated streak images are
simultaneously presented on the phosphor screen.

L 6
mm mm

ULTRA SHORT v( 1N
LASER PULSE >>|\‘ ] r
& =

W U L

MASK Rt GLASS SLIDE
OBJECT s MASK OPTICAL DELAY
FRAMING OBJECT LINE
CAMERA QODS
4}
APPLYING A VOLTAGE
RAMP TO THE SWEEP
PLATES ONLY, RESULTS
IN A STREAKED IMAGE
TOTAL

EXPOSURE TIME

Fig. 3. Temporal calibration scheme. Inset shows experimental result for measured exposure time of 215 ps.
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Thus the exposure time can be measured in a single
operation.

For these calibration purposes we used the fre-
quency-doubled output of a passively mode-locked
flashlamp pumped Nd : YAG laser or more recently
the temporally-compressed pulses [6] from a Q-switch-
ed, mode-locked cw Nd : YAG laser [7]. The latter had
the convenience advantage that with its shorter pulse
train (~300 ns) there was no requirement to select.
single pulses in an effort to avoid the over-writing that
results from the relatively slow “reset” sweep back of
the ramp generator. By this means it was established
that the exposure time for the framed image repro-
duced in fig. 2 was 215 ps and the range of exposures
was 200-230 ps.

4. Multiple-frame operation

Substantial research effort has been directed towards

the design and operation of gated image intensifiers in
an effort to achieve effective ultrafast operation. While
some success has been reported for subnanosecond gat-
ing procedures [e.g. 8, 9] these devices have the major
disadvantage of producing single frames only. In con-
trast, Picoframe cameras can be designed to provide a
sequence of triplet [1] or doublet [2] framed images.
In the present prototype tube which has only one
framing aperture and no shift deflectors then a
double-frame operation can be achieved by applying
triangular framing/compensating voltage profiles. The

Fig. 4. Appropriately phased, ideal “shuttering V¢ and “‘com-
pensating V" deflection waveforms,
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Fig. 5. Positive and negative “triangular” waveforms used with
Picoframe I camera (200 V/div and 0.5 ns/div).

photoelectron beam can therefore be shuttered once
on the positive-going edge and once on the negative-
going edge of the waveform. When an opposite-polari-
ty compensating wave-form is applied with non-zero
phase relationship to the framing waveform as illu-
strated in fig. 4 then a spatially distinct doublet image
format can be produced on the screen.

An appropriate triangular waveform was derived
by propagating a ramp voltage profile into a simple
pulse-forming network. The arrangement used which
has already been described in some detail [10] com-
prised a pair of equal length shorted stubs placed on
a transmission line. When the round-trip time of the
voltage signal in each stub is less than or comparable
to the signal risetime then a triangular pulse having
half or less of the input ramp amplitude will be avail-
able at the output. For the stub lengths (~20 cm)
used during this work, the round-trip time was 2 ns
and the triangular profiles had FWHM durations of
approximately 2 ns as shown in fig. 5.
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5. Double-frame operation

Initial evaluations of the camera performance in a
double-frame mode of operation, involved the supply
of triangular voltage waveforms produced from one
avalanche transistor drive circuit. This was accomplish-
ed by coupling a pulse-forming network to the oppo-
site polarity outputs of the ramp generating circuit
used earlier for single-frame evaluations. Each output
was subsequently shared via two separate coaxial
cables to provide the framing and compensating de-
flection signals, suitable phasing being achieved with
appropriate cable feed lengths. The test object was
again a USAF resolution test chart which was illumi-
nated by frequency-doubled pulses (~100 ps duration)
from a mode-locked and Q-switched Nd : YAG laser.
By including a Michelson type optical-delay arrange-
ment in the experimental set-up it was conveniently
possible to provide a pair of subpulses of variable
separation from each laser pulse. With this scheme we
could also readily distinguish the framed image that
resulted from the leading edge of the sweep waveform
from the “partner” image that was produced during
the trailing edge. In fact it was observed that the
frame derived from the leading edge was always more
clearly resolved than that of the subsequent frame as-
sociated with the trailing edge of the waveform. How-
ever, with careful adjustment of the cable delays and
trimming capacitors and spatial resolution correspond-
ing to 8 2p/mm for the early image and 5.5 2p/mm
for the late image at the input photocathode was ob-
served. The degradation in the later image was due to
waveform distortion caused by nonimpedance matched
splitting of the signal from the pulse forming network.

Supplying the deflection signal to both sets of de-
flectors imposes quite severe operating conditions on
the transistor drive circuit. In particular the require-
ment of increased current delivery results in a degraded
rate of rise for the voltage ramps and this was evi-
denced by the measured frame durations. These were
actually determined to be 550 ps and 480 ps for the
first and later frames respectively and the interframe
period was measured with the optical-delay calibrator
to be 1.5 ns. Offsetting this circuit limitation by the
use of higher impedance coaxial feed cable did not
represent a practical solution because of the attendent
capacitive loading effects of the pairs of deflectors.
Thus to achieve shorter exposure times two indepen-
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Fig. 6. Doublet frame format with first (left) and later images.
Exposure times are 215 ps, 175 ps with interframe time of 12.
ns.

dent sweep generators were employed. This was pos-
sible because the measured triggering jitter of the ava-
lanche transistor circuits used was typically less than
+20 ps which was much smaller than the frame expo-
sure times.

For the work reported here, a p-i-n photodiode—
avalanche transistor pulse generator was used to trig-
ger the two sweep circuits. This pulse provided a sub-
nanosecond risetime voltage impulse having an ampli-
tude of approximately 20 V regardless of the intensi-
ty profile of the incident optical pulse so that shot-to-
shot variations in the trigger times of the sweep gen-
erators (caused by changes in the optical pulse shape)
were minimised. The trigger pulse was taken directly
to one sweep generator and via a variable electrical
delay line to the second sweep generator. Thus all the
coaxial cable lengths could be made equal and the
characteristic electron transit time and dephasing fea-
tures between the sets of deflectors being allowed for
by appropriate adjustment of the trigger delay to the
second circuit.

Observations indicated that the image quality of
the leading frame was again superior to that of the
subsequent frame. In fact, an optimum spatial resolu-
tion of 10 p/mm (referred to photocathode) could

427



Volume 57, number 6

be achieved for the leading frame while the second
frame had a spatial resolution of just 5 p/mm. The
best compromise adjustment gave a recorded spatial
resolution of 7 #p/mm maintained over both images.
Exposure times for these images (reproduced in figure
7) were 215 ps and 175 ps for the first and second
frames respectively with an interframe time of 1.2 ns
which represents a substantial improvement over
those measured for the single ramp generator arrange-
ment described earlier.

6. Conclusion

The results presented here serve to indicate that
this design of framing camera offers the realisation of
ultrafast single or multiple format exposures. We ex-
pect that more refined electrode configurations cur-
rently being investigated will provide further enhance-
ments of the observed spatial and temporal resolution
characteristics for this family of Picoframe cameras.
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Subpicosecond Chronoscopy Using a Photochron
IV Streak Camera

M. R. BAGGS, R. T. EAGLES, W. MARGULIS, W. SIBBETT, and W. E. SLEAT

The Blackett Laboratory, Imperial College of Science and Technology,
London, England

INTRODUCTION

At the Sixth Symposium on Photoelectronic Image Devices we de-
scribed a Photochron II streak image tube which when later incorporated
into a camera system was demonstrated to have a limiting time resolution
of just less than 1 psec.! During the couple of years that followed the 1974
Symposium, generation of subpicosecond light pulses by applying passive
mode-locking techniques to continuous wave (CW) rhodamine 6G dye
lasers was reported? and this laid the foundation for time-resolved spec-
troscopy on a subpicosecond time scale. This development vividly high-
lighted the need for further improvements to the performance of elec-
tronoptical streak cameras and in anticipation of yet shorter duration laser
pulses we embarked on a research program to design a femtosecond
resolution streak image tube.

The era of femtosecond time-domain spectroscopy has now arrived
because pulse durations ~55 fsec® have been produced directly by pas-
sively mode-locking CW ring dye lasers and amplified 90-fsec pulses have
been compressed to 30-fsec durations by a sequence of imposed nonlinear
frequency broadening in an optical fiber followed by spectral compression
using a dispersive delay line.? The durations of such hypershort pulses are
usually deduced from measurements taken using refined autocorrelators?
or cross-correlators.’ Although this technique offers excellent time reso-
lution (<30 fsec), the nonlinearity of response leads to insensitivity to
pulse shape and low intensity background detail. The streak camera, on
the other hand, has a linear response together with a wide spectral cover-
age for a particular photocathode and in addition has the facility for simul-
taneous recording of any spectral information dispersed along the slit.
Consequently, a streak camera having optimized time resolution offers
the best combination of diagnostic assets for use in time-domain spectro-
scopic studies in the femtosecond regime. Current topical applications
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include the investigation of the carrier dynamics in multiple quantum well
semiconductor structures,® phase transitions in semiconductors,’ and de-
tailed observations of molecular dynamics in liquids.?

PHOTOCHRON IV STREAK TUBE DESIGN

In streak image tubes which are intended for use in femtosecond streak
cameras it is of basic importance to minimize the transit time dispersion
which arises from the initial distribution of energy and angle of the elec-
trons emitted at the photocathode. It must also be emphasized that quan-
titative time-resolved data can be inferred only when a particular instru-
mental function is maintained over a useful range of incident light
intensity. Therefore, before a new, improved design could be devised, it
was necessary to establish a thorough understanding of the factors which
limit the performance of existing streak tubes. We did this for the Pho-
tochron systems for which a good deal of experimental data were already
available. From a detailed theoretical analysis of space-charge effects in
Photochron cameras we showed for the first time that the predictions of
an appropriate model® were in close agreement with experimental results
which illustrated intensity-dependent temporal broadening of recorded
streak durations.! In addition, the temporal and spatial resolutions of
Photochron streak cameras were calculated by using a method based on
modulation transfer functions which provides a physically realistic ap-
praisal of their characteristics.!! The salient inferences drawn from these
analyses for the Photochron II streak tube were that (1) for initial photo-
electron energy =0.15 eV the temporal dispersion in the mesh-to-deflec-
tor region exceeded that of the photocathode-to-mesh section, (2) at oper-
ational current densities the intensity-dependent broadening effects (i.e.,
limiting dynamic range) were particularly evident in the relatively low
voltage, low electric field, mesh-focusing cone section of the electron
lens, and (3) that an optimum range of streak velocities existed.

A provisional tube design (designated the Photochron III)!? appeared to
have a predicted limiting time resolution ~200 fsec when its performance
was evaluated under the idealized conditions of low initial photoelectron
energy spread (0.1 eV) and high streak velocity (5 X 109 ¢cm sec™!) in the
absence of space charge and deflector network effects. It was concluded,
however, that on the basis of the results of our theoretical studies®!! a
more extensive design study had to be applied to ensure adequate subpi-
cosecond resolution from a camera operating under much less favorable,
practical conditions. This work led to the development of the Photochron
IV streak tube'?® which has the electrode configuration shown in Fig. 1.
The overall design concept is based on the provision that optimally high
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Fi1G. 1. Electrode configuration of Photochron IV streak tube: photocathode (C), mesh
(M), first focus electrode (FFE), first anode (FA), second focus electrode (SFE), second
anode/screen (SA/S), deflectors (D), fiber optic (F).

voltages and electric fields be maintained in the photocathode-to-deflector
region. For this region the original 0.5-mm photocathode-mesh separation
of the Photochron II has been increased in the Photochron IV configura-
tion to 2 mm and the applied accelerating mesh potential increased from 1
to 10 kV. To adequately manipulate the more energetic photoelectron
signal, the Photochron IV has a ‘‘doublet’’ focusing electron lens consti-
tuted by the four cylindrical electrodes. For focus, the voltages applied to
the photocathode, mesh, first focus electrode, first anode, second focus
electrode, and second anode/screen are —18, —8, —10, +6, —13kV and 0
V, respectively. In our present experimental version a modest electric
field of 25 kV cm™! is maintained between the S - 20 photocathode and the
copper micromesh (600 cell cm™') electrode by deliberately selecting a
4-mm separation. (Later Photochron IV tubes will have 2-mm separation.)
The measured electronoptical magnification is —2.1 and the spatial resolu-
tion observed on the P- 11 phosphor screen (is 33 Ip mm~!).

Dy~NAMIC PERFORMANCE OF PHOTOCHRON IV STREAK CAMERA

Two camera configurations have been assembled and preliminarily
tested under dynamic (i.e., streaking) conditions. In one case a repeti-
tively operating or ‘‘Synchroscan’ mode of operation is used while the
other is a single-shot streak operation. The details of the camera systems
and associated experimental evaluations of their performance are pre-
sented in the following two sections.

Photochron IV Synchroscan Camera

The Synchroscan streak principle has been discussed in detail else-
where'® so it suffices to say here that the basic idea relies upon the appli-
cation of a periodic linear, deflection voltage ramp (such as the central
half amplitude of a sinusoidal waveform) in synchronism with incident



620 M. R. BAGGS ET AL.

OPTICAL DELAY

o
l,u___‘hl
) R T
DoDCl 7
CHART
vou RECORDER
£ n <> ¥
f :E Rh6G L gy ¢ AMPLIFIER
5 &
PHOTODIODE AND | | oo e
TUNNEL DIODE [ j o oo
Ar ION LASER DYE LASER OSCILLATOR

FiG. 2. Experimental lay-out of Photochron IV Synchroscan streak camera and passively
mode-locked CW ring dye laser.

light signals from a repetitive source such as a mode-locked CW laser.
Low-intensity streaks (with correspondingly low photoelectron currents)
are thereby accumulated at the streak tube phosphor screen and record-
able intensity levels are available without recourse to additional image
intensification.

The Synchroscan Photochron IV camera arrangement is shown sche-
matically as part of Fig. 2. The input optics comprised a 30-um optical
slit, the image of which was relayed by a lens operating at a demagnifica-
tion of x4. The streak output image could be recorded either directly onto
photographic film or with an electronic readout system. In general, the
latter has been preferred and we have used a lens-coupled (X4 magnifica-
tion) optical multichannel analyzer (B & M Spektronik, OSA/WP2) for
detection and display. Permanent records of the streak intensity profiles
are taken using a chart recorder as indicated. Also included in Fig. 2 are
the schematic representations of the laser source of hypershort test light
pulses and the electronics by which the synchronized RF deflection volt-
age sinusoid was derived. The laser is a passively mode-locked CW rho-
damine 6G ring dye laser which when operated at a wavelength of 617 nm
reliably produces pulses having durations of less than 200 fsec at a repeti-
tion rate of 83 MHz."” Two output beams are available for this cavity
configuration and one was directed with appropriate attenuation via a
calibrated optical delay to the input slit of the camera while the other
provided the optical trigger to the photodiode/tunnel-diode oscillator. The
output of this tunnel-diode oscillator was frequency doubled, amplified to
a power ~12 W, and supplied to the tube deflector network which has
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FiG. 3. Intensity profiles of streak images recorded with Synchroscan streak camera.

been designed to be compatible to the application of RF signals as well as
single voltage ramps.

The 1.7-psec recorded durations (FWHM) shown in Fig. 3 are the
shortest that we have obtained so far for the Photochron IV in this syn-
chronous mode of operation. It must be remembered, however, that this
streak duration is a convolution of the camera instrumental function with
the laser pulsewidths and any jitter that exists between the arrival times of
the laser pulses and the deflection voltage ramps. For the-observed streak
velocity of 6.5 X 10° cm sec™! the estimated camera resolution is 1 psec so
there is reasonable agreement between the theoretical prediction and the
experimental result. The most probable explanation for the difference is
that there is likely to be some jitter which arises through slight variations
in the triggering instants due to appreciable (~5%) intensity fluctuations
in the laser pulses.

Photochron IV Single-Shot Camera

In single-shot streak operation it is essential to ensure that photocurrent
densities do not reach levels where space charge and related problems
degrade the spatial, and more particularly, the temporal characteristics of
the streak image tube.®!0 For this reason, high gain intensification is pro-
vided in either external'® or internal'® configurations. Each has relative
merits; for example, convenience, lack of intensifier photocathode back-
ground noise, and elimination of geometrical aberrations are in favor of an
internal proximity-focused intensifier whereas an external intensifier mod-
ule has the advantage of flexibility and also that gain saturation effects'® in
the microchannel plate are less problematical for submillisecond phospho-
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F1G. 4. Schematic of Photochron IV single-shot streak camera.

rescent image signals than for subpicosecond electron images. Both
schemes have been investigated with the Photochron I1''® and Photo-
chron I1A® streak cameras and similar studies are planned for the Photo-
chron 1V counterparts. So far, however, preliminary experimental results
have only been obtained for a camera which incorporates an external in-
tensifier as depicted schematically in Fig. 4. The intensifier (Philips-
type 21XX, “20/30’") was an inverting, self-focusing microchannel plate
unit having a nominal luminance gain of 10° and a measured spatial resolu-
tion of 45 Ip mm ! at the photocathode. It was coupled to the screen face-
plate of the streak tube via a 20-mm-long fiber optic cylinder and under
static focus conditions the spatial resolution at the photocathode of the
single-shot camera has been measured to be 32 Ip mm~'. The input optics
and the OMA recording arrangement were the same as those already de-
scribed for the camera in the Synchroscan operation.

The experimental set-up used in the evaluation of the single-shot streak
performance is outlined in the block diagram of Fig. 5. Because of our
decision to employ a laser-activated GaAs photoconductive element
(PCE) with which to generate the fast deflection voltage ramps!” we used
amplified pulses from the passively mode-locked, colliding pulse CW ring
dye laser referred to earlier. The durations of these amplified pulses were
typically 250 fsec with energies ~0.4 mJ produced at the 10-Hz repetition
rate of our four-stage-dye amplifier.!® Approximately 90% of the pulse
intensity irradiated the GaAs PCE in the circuit network which provided

COLLIDING PULSE O.2psec,| & STAGE | 0.25psec | PHOTOCHRON IZ
PASSIVELY MODE-LOCKED \ DYE [ STREAK CAMERA
CW RING DYE LASER ~100W 7| AMPLIFIER ~2GW
PULSES PULSES
(83MHZ) {10HZ)

Fi1G. 5. Block diagram of experimental configuration used for dynamic tests on single-shot
streak camera.
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F1G. 6. Deflection voltage ramp generator circuit.

<

the symmetrical streak deflection (see Fig. 6). Of the remaining intensity
part illuminated a second PCE circuit which provided the 15-V OMA™"
electrical trigger and the rest was directed to the streak camera by way of
a calibrated optical delay. In this instance, quasi-normal reflections (tem-
porally separated by 10 psec) were taken from the front and back faces of
a 1-mm-thick glass disk.

The best indication to date of the subpicosecond temporal resolution
capability of the Photochron IV single-shot camera can be deduced from
the streak result shown in Fig. 7. When the OMA spatial resolution limit is

10psec

‘ F 0.8psec

0.8psec

F1G. 7. Intensity profiles of streak images recorded with single-shot camera.
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deconvolved then a camera instrumental function ~0.7 psec is implied, in
excellent agreement with the theoretically predicted value of 0.7 psec for
the observed streak velocity of 2 x 10'° cm sec™!. It is therefore expected
that for a streak tube having an applied extraction electric field of 50 kV
cm~! and an optimum sweep velocity of 3 X 10'° cm sec™!, the estimated
camera resolution of 0.4 psec will be realized in practice. Moreover, when
illuminated at wavelengths close to the cathode photoemission threshold
then the limiting temporal resolution ~0.2 psec should be achieved.

CONCLUSIONS

The experimental results presented here indicate that even in its
present state of development the Photochron IV camera can provide sub-
picosecond resolution in the single-shot mode of streak operation. When
our next experimental streak tube is constructed to meet all the design
specifications and when tested dynamically with a fully optimized mode-
locked CW ring dye laser, we are confident that improved, subpicosecond
time resolution will be demonstrated in both single-shot and Synchroscan
camera systems.

Related research activities include the evaluation of UHV demountable
and sealed-off miniaturized versions of a Photochron IV tube (designated
Photochron IV-M)!? and the incorporation of improved near infrared-
sensitive (Pd-Ag-0-Cs) photocathodes.!® With these ongoing and planned
developments the prospect of direct time-domain spectroscopic studies in
a femtosecond regime is clearly a practical reality. Subpicosecond chro-
noscopy is therefore expected to find new applications in fundamental
aspects of photophysics, photochemistry, and photobiology.
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A Picosecond Framing Camera for Single or Multiple Frames

M. R. BAGGS, R. T. EAGLES, W. MARGULIS, W. SIBBETT, and W. E. SLEAT

The Blackett Laboratory, Imperial College of Science and Technology, London, England

INTRODUCTION

The electronoptical framing camera, capable of producing two-dimen-
sional single frames or preferably a sequence of framed images, is an
important and versatile diagnostic tool with direct application in several
fields of research but notably in experiments on laser-induced thermonu-
clear fusion and more general laser plasma interactions.! Currently avail-
able commercial cameras have a time resolution limit ~1 nsec and in-
terframe periods ~2 nsec with modest (~4 Ip mm™!) spatial resolution.?
To adequately supplement the time-resolved data obtained from NIR/
visible, UV, VUV, and X-ray sensitive streak cameras there is a present
need to develop a picosecond framing camera. Its primary features must
include (1) frame exposure times <100 psec, (2) interframe periods <250
psec, (3) dynamic spatial resolution =10 Ip mm™' (at the photocathode),
and (4) X-ray/NIR spectral coverage using appropriate photocathodes.
Considerable effort has already been directed toward such a development
and a variety of distinct approaches have been reported.3-#In this article
we summarize the principle of operation and design of a Photochron
framing image tube which we believe should fulfill the rigorous require-
ments mentioned above. Preliminary results are also included to illustrate
the static and dynamic performance characteristics of an experimental
S - 20 version of this picosecond framing camera.

THE FRAMING IMAGE TUBE

The basic electrode configuration of the Photochron framing tube is
shown schematically in Fig. 1. The photoelectron signal is initially accel-
erated in a planar-geometry, photocathode-to-mesh region before enter-
ing a single, weak electrostatic lens consisting of three cylindrical elec-
trodes. The constraints which are imposed upon the design of this lens
have been described in detail elsewhere® and it suffices to mention here
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FiG. 1. Schematic of framing image tube.

that the electron beam is confined to a long, narrow waist in the crossover
region which coincides with the deflection section of the tube. The elec-
tronoptics of this arrangement have been optimized by analyzing com-
puter-generated electron trajectories with a modulation transfer function
program'® and for the operating electrode potentials given in Table I, a
magnification of —1.5 is predicted. Also, from the MTF curves given in
Fig. 2 for the spatial resolution expected at the phosphor screen corre-
sponding to a number of object points on the photocathode, it can be seen
that the limiting static resolution should exceed 40 Ip mm™!.

SINGLE AND MULTIPLE FRAME GENERATION

The method of frame generation can be understood by considering Fig.
3. A fast time-varying linear voltage ramp applied to the sweep deflector
plates streaks the electron beam across the aperture in the framing aper-
ture plate and thus a single temporal transmission of photoelectrons is
defined. The transmitted electrons have an imposed transverse velocity
which must be cancelled so that two-dimensional spatial resolution infor-

TABLE |

Operating voltages for
photochron framing

image tube
Electrode Voltage (kV)
Photocathode -15
Mesh -10
Focus electrode -12.8
Anode 0

Screen 0
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CATHODE OB. PT. (y.x) mm

(2.5.25)
(1.5.1.5)
(0.0.0,0)
(1.5.0.0)
(3.0,0.0)
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SPATIAL FREQUENCY (lp mm)

FiG. 2. MTF curves for static mode operation.

mation can be secured. This is achieved by applying an inverted-polarity
duplicate voltage ramp to the compensating deflector plates which have
the same deflection sensitivity as the sweep plates. It is of course impera-
tive to accurately synchronize these two voltage ramps.

The frame exposure time, 7T, is given by,°

T = 2Vad/[KIG + L)]

where the physical parameters are as indicated in Fig. 4, V is the anode

AR

- =

=

N\
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F1G. 3. Scheme for single frame generation.
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FiG. 4. Deflectors/aperture geometry.

voltage, and K is the slope of the voltage ramp. Frames having the short-
est exposure times will therefore be produced by minimizing the diameter
of the framing aperture and maximizing the rate of change of deflection
voltage.

When the linear voltage waveforms applied to the sweep and framing
deflectors cancel precisely a single frame is positioned at the center of the
screen. For multiple-framing operations several techniques can be used,®
but only one method which is compatible with the tube configuration of
Fig. 1 will be outlined here. A triangular voltage pulse is suitably de-
phased from an inverted-polarity duplicate such that their combined ef-
fect is to produce two frames at discrete locations on the screen. By then
applying an appropriate staircase voltage waveform to a pair of shift
plates,® oriented orthogonally to sweep and compensating deflectors, a
series of ‘‘frame doublets’’ can be generated.

THE EXPERIMENTAL FRAMING CAMERA

A framing image tube has been constructed with an S - 20 photocathode
and the P- 11 phosphor screen has been deposited on a fiber optic face-
plate. The performance characteristics of the tube under static operating
conditions which are presented in Table II are in good agreement with the
theoretical predictions. These data confirm that the deflection sensitivities
of the sweep and compensation deflectors are well matched and that a
relatively large image format (8 mm X 8 mm at the photocathode) can be
accommodated.

This framing tube has been incorporated into the camera arrangement
illustrated schematically in Fig. 5. The luminous event under study is
imaged onto the photocathode by an f71.5, 80-mm focal length lens with a
demagnification of X1.5. There is therefore an overall magnification of
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TABLE II
Static performance characteristics of framing tube

Characteristic Value
Electronoptical magnification -1.5
Static spatial resolution at screen 37 Ip mm™!
Deflection sensitivity of sweep plates 2.6 cm kV-!
Deflection sensitivity of compensating plates 2.5 cm kV-!
Usable area on cathode 8 mm X 8 mm

unity between the optical input at the object plane and the image pro-
duced at the phosphor screen. With the nonoptimized input optics used in
these preliminary evaluations, the static spatial resolution at the screen
has been measured to be 23 Ip mm™~!. A microchannel plate image intensi-
fier (Mullard, type XX1332) was fiber optically coupled to the screen of
the framing tube to ensure that excessive photocurrents which induce
deleterious space charge effects!! were not drawn during the framing
operation. The intensifier was gated on for 200 usec just prior to camera
illumination and provided a modest gain ~250 and the output image was
recorded on Ilford HP5 photographic film in intimate contact with its fiber
optic faceplate.

EVALUATION OF FRAMING PERFORMANCE

In our preliminary evaluation of the camera dynamic performance, the
basic single-frame operation was selected. The experimental set-up has
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FIG. 5. Schematic of experimental framing camera.
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FiG. 6. Scheme for streak calibration of frame exposure time. Inset is a reproduction of an
experimental result.

been described elsewhere.t Laser pulses were used both to illuminate a
test object and to irradiate the photoconductive switch which was used to
produce the linear voltage deflection ramps. A passively mode-locked
CW ring dye laser generated pulses having durations below 200 fsec at 617
nm (Willson et al.'?) which were then amplified to powers ~2 GW by a
four-stage dye amplifier operating at a 10-Hz repetition rate."? Approxi-
mately 10% of the amplified, hypershort laser pulse was directed onto the
semiinsulating, Cr-doped GaAs photoconductive element'® which was
maintained with a 2-kV dc bias voltage.

To determine the frame exposure time the camera was operated in a
streak mode where the compensation deflectors were made electrically
common with the anode and screen and a single linear voltage ramp was
applied to the sweep deflectors. Thus the photoelectrons which pass
through the framing aperture form a streaked image at the screen, the
width of which is directly related to the total exposure time of a frame.

The mask object shown in Fig. 6 was positioned at the camera input so

+ See p. 617.
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that half the photocathode was illuminated by a slit object while the other
half was uniformly illuminated. For calibration purposes, part of the in-
tensity of each amplified laser pulse was directed through an optical delay
line which produced six subpulses each separated by 20 psec. With these
subpulses incident on the camera, six photoelectron pulses were pro-
duced and swept across the aperture plate to produce a streak image at
the framing tube screen. The expected and experimentally recorded
streak images are both included in Fig. 6 where the exposed ‘‘shadow’’ of
the lower half of the framing aperture contains data relating to the total
exposure time while the upper half displays the temporal calibration.
From this record the exposure time was calculated to be 190 psec, al-
though shot-to-shot variations in the voltage ramp profile arising from
amplitude fluctuations in the amplified laser pulses led to observed expo-
sures slightly below and above this value.

The spatial resolution in the single frame has also been measured for
this dynamic mode of framing operation. For this part of the work the slit
mask object used in the streak calibration described above, was replaced
by a standard USAF resolution test pattern which was illuminated di-
rectly (i.e., no optical delay line) by a portion of the amplified laser pulse
intensity. A single GaAs photoconductive element was used to generate
the voltage ramps applied to the sweep and compensation deflectors. The
inverted polarity ramp for the latter was obtained by taking the voltage
waveform from the sweep plates via a 50-( transmission line arrangement
to the opposite plates of the compensation deflectors. The dependence of
the recorded spatial resolution on the length of this transmission line has
been found to be critical to within =5 mm although the spatial resolution
can be optimized by fine tuning the overall image tube voltage through
~500 V.

A single frame recording of the USAF chart made under these dynamic
conditions is reproduced in Fig. 7a. Although this does not represent the
best spatial resolution that we have observed, the image has good contrast
and the familiar features of this resolution chart are clearly visible. To
encompass the entire format of the USAF test pattern a X2 demagnified
copy was used as the object and the associated framed recording is in-
cluded as Fig. 7b. It can be seen from these results that the image does not
suffer noticeably from astigmatism or other spatial distortions. Examina-
tion of the original recordings on the photographic film indicates that it is
possible to resolve the sixth element of group one on the demagnified
chart which corresponds to a dynamic spatial resolution of 7 Ip mm~! at
the screen (i.e., 10.5 Ip mm™! at the photocathode) of the framing image
tube.

It must be emphasized, however, that for the single frames recorded to



FiG. 7. Recorded two-dimensional, single frame images of (a) standard size USAF test
chart object and (b) x2 demagnified USAF test chart object.
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date the camera has been illuminated with single light pulses having subpi-
cosecond durations. So, although the framing aperture effectively re-
mains ‘‘open’’ for ~190 psec the duration of the photoelectron signal is
much shorter. This has the practical consequence of relaxing the con-
straints upon the linearity and synchronism of the deflection voltage
ramps but exacerbating space charge problems!! arising through the high
photocurrents necessary to produce recordable image intensities. It must
be conceded, therefore, that the dynamic spatial resolution may be
slightly lower than that reported here when the camera is illuminated for
longer durations (100 to 200 psec).

CONCLUSIONS

The results obtained so far relating to the static and dynamic perfor-
mance of our Photochron framing camera indicate that it offers the facility
for picosecond exposure times (<200 psec), good spatial resolution (~10
Ip mm~! at the photocathode), and low image distortions. In a future
design the aperture diameter will be reduced from 1.9 to 1.5 mm while
still retaining an acceptable cathode image size of at least 5 X 5 mm?2.
When this modification is combined with the application of faster deflec-
tion speeds the frame exposure times are expected to be reduced to less
than 100 psec. Other design aspects being considered include an X-ray
version of the framing camera and the incorporation of an internal micro-
channel plate intensification stage similar to that in the Photochron I1A
streak camera.!® Evaluation of these and the multiple-frame operation of
the present camera are the subject of our ongoing research in this area.
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