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PREFACE
These proceedings contain most of the presentations given at a workshop on the current
state of research in techniques for switched power acceleration. The workshop took place
October 16-21, 1988 at the Pridwin Hotel on Shelter Island, New York. Roughly half
the time was spent in formal presentations and half in considering possible solutions to a
workshop design problem presented by R. Palmer.
The proceedings are divided, as was the workshop itself, into two parts. Part I contains the latest results from a number of groups active in switched power research. The
major topic here is a method for switching externally supplied power onto a transmission
line. Advocates for vacuum photodiode switching, solid state switching, gas switcliing,
and synthetic pulse generation are all represented. Other important areas of research
described in this section concern: (1) external electrical and laser pulsing systems; (2) the
properties of the created electromagnetic pulse; (3) structures used for transporting the
electromagnetic pulse to the region where the electron beam is located; and (4) possible
applications.
Part II of the proceedings considers the problem of designing a high brightness electron
gun using switched power as the power source. This is an important first step in demonstrating the usefulness of switched power techniques for accelerator physics. In addition
such a gun could have immediate practical importance for advanced acceleration studies
since the brightness could exceed that of present sources by several orders of magnitude.
I would like to take this opportunity to thank Kathleen Tuohy and Patricia Tuttle for
their assistance in organizing and running the workshop. Their tireless efforts contribute
greatly to a very productive meeting.
R. C. Fernow
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PART I:

Current Research on
Switched-Power Techniques

OVERVIEW:
INTRODUCTORY PRESENTATION AT THE
SHELTER ISLAND WORKSHOP ON SWITCHED POWER
W. Willis, CERN
Most types of accelerators with time varying fields were first proposed by Rolf Wideroe in the
192O's. One of these was the switched power linear accelerator (SPL). It is not surprising that this
device should have been suggested early because it is perhaps the simplest type of accelerator with time
varying fields. It relies on the use of pulsed power, which at the time of Wideroe had a 20 year history
of developments at megawatt levels, orders of magnitude higher than that initially available in the radio
frequency continuous wave domain (see Marconi). In this sense it might be considered surprising that
switched power linac were not established early, at least for applications where duty cycle are not
important.

The reason that this did not take place, and that Wideroe failed in his first attempt, was that raw
power was available but the quality of the fields produced was not adequate. First of ail, the timing
accuracy of the switches must be good enough compared to the flight time of particles through each stage.
This would require nanosecond accuracy in the devices of interest to Widerroe (or picosecond accuracy
for the devices that interest us), and such accuracy *»•»« •"•tally out of the question. With the development
of precision optical techniques, we now believe that tne dming accuracy available should be adequate, but
that still leaves another field quality issue. For our application we do not demand good spectral quality
but we do demand reproduceable spatial distribution, which is automatically achieved in resonance
accelerators by selectively driving desired modes, which is made possible by the good spectral quality of
the RF power source. We will return to this point when we discuss specific geometries. We notice that
the qualitative evaluation of the field quality problem depends on the geometry of the accelerating
structure and the quality of the switch, and in the quality of the laser drive in the case of a linear
photoswitch.

Among the variations in the theme of "power from impulses" we note that the field can be built up
by one pulse or a few accurately timed pulses and that the field produced can be in pulsed form or in a
sine-wave packet, as in the lasertron, or indeed the two-beam linac, which can be seen as a impulse
excited device. Another dimension of variation is in the structure used to couple the switch to the beam.
Among the simple two-dimensional structures there is the circular disk with excitation around the edge
producing the useful field and aperture in the centre, the parabola with excitation along a straight line
focussing the aperture at the focal point of the parabola, and ellipse with energy transferred from one
focus to another (Fig. 1). The ellipse offers no gain, while the parabola suffers from lack of azimuthal
symmetry in the accelerating aperture and requires considerably more material in the structure for a
given length of drive switch. Three-dimensional structures offer the possibility of higher gain factors,
at the cost of greater complexity (Fig. 2). The model measurements of Aronson et al. show that the field

-

3 -

quality at the centre of the circular disk is relatively insensitive to the uniformity of the excitation: the
transformer gain inherent in the structure does not apply to the undesired modes.
A number of options have been considered for the source of impulses. Relath/istic electron beams
have well understood and desirable properties but are not the subject of this Workshop. Among optically
driven or controlled switches, there are a number of options.

We may classify them according to

whether the technique allows:
(1) a choice between one and a train of pulses;
- Vacuum Photodiodes
• Low Work Function Films
- Metals
- Oxides on metal
or (2) is restricted to a single pulse.
- Semiconductor Photo-switches
- Seeded gases, with or without avalanche gain.
The criteria for chosing among these possibilities for the switch are based on elements of
practicality which are under research but also on some general principles.

If the application of the

accelerator demands a train of pulses, then only the first group of switches is suitable. We shall also see
later that the nature of the field formation by the switch electrodes may lead to a preference for a train
of pulses. The primary criterion is what we may define as the controlled power ratio.

w

power switched M V-QE^ri
laser power
ET

the ratio of the power switched to the laser power, is influenced strongly by the quantum efficiency for a
laser proton to give one free electron, Qg. V is the voltage appearing across the switch before it is fired,
ERF is the efficiency in the switch, and E r is the energy carried by each laser photon. We see that the
voltage hold off capability of the switch, which allows V to be as large as possible is as important as the
quantum efficiency. This is limited by the breakdown of the switch during the charging time. Finally,
we require of course an adequate degree of ruggedness and lifetime in the application chosen.

The conversion of the energy stored in the switched electrode to useful electric field, erf, is
affected by the electrode geometry. The most desirable electrode configuration from the point of view of
efficiency is that of a Blumlein line. Fig. 3(a). In general we expect for good efficiency to require that
the length of the line, L, divided by the switching rise-time t is greater than 1.

We have seen

simulations performed by the Livermore group at the request of Franco Villa which show a reasonable
efficiency for L » x.

In Fig. 3b we show a diode .consisting of a simple wire electrode which has been extensively
studied in the MASK simulation program by luliu Stumer.

The physics of the switch is somewhat

complex. When the electron bunch leaves the electrode in vacuum one has a field due to the moving
-
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charge as well as the displacement current due to the altered potential of the electrode. Stumer finds that
for a single pulse launched down the line the efficiency is always less than one half, but for a sequence of
a few pulses, reflecting back and forth in the line, in synchronism with laser pulses exciting the
photocathode, the efficiency can reach large values. For example, for 4 pulses he finds efficiencies of the
order of 60%. the field uniformity will also improve in this mode.
Although the thrust of this Workshop will be to design high brightness, one stage accelerators (in
other words electron guns), it is interesting to give this morning's version of a high energy linac
constructed with this technique. The important parameters for our purpose are the total power required
in the accelerating field, largely influenced by erf; the total cost, mostly influenced by the accelerating
gradient in terms of capital cost of the accelerator and by the control power ratio: and the emittance of
the accelerated beam, which is influenced by the field quality obtained. These considerations lead to
following (this morning) choices.
1. For reasons of erf I choose the Stumer four-bounce train of laser pulses as illustrated in Fig. 4.

He

finds that about 25% of the energy is left on the electrode after the fourth pulse, which might in
principle be recovered.
2. For the gradient we set a target of 2 GV per metre in li.e gap leading 1 TeV/km. This should be
allowed by the field emission limit, and for the pulse configuration considered here the RF heating is not
important. The accelerating aperture appropriate for a linear collider is about 2 mm diameter so the
accelerating gap we take also equal 2 mm. The total potential drop across the gap is then 4 MV and the
charging voltage on the electrode will then need to be of the order of 1 MV. The results on voltage hold off
for short pulses of the Berlin group (Jiittner et al.) show that this should be possible.
3. For this choice of electrode and pulsing configuration we need to choose the vacuum photodiode in
order to obtain the controlability in the switch. This is also the only choice of switch where we have good
reason to believe that the required voltage holding capability can be realized. We need a photocathode
which can survive the surface field used, approximately equal to 2 GeV/m, and the current density
implied, approximately 10 s A/cm 2 .

This seems to require the ustv of a metal photocathod? of

intermediate work function. A cesiated photocathode would probably have too much field emission for
these surface fields, aside from questions of ruggedness. In order that the control power not unduly
influence the total power required, the quantum efficiency of the cathode must be greater than 10"3.
These considerations lead to a rough parameter list shown in Table 1. If one solves the basic physics
questions in realizing these parameters, one can tackle the real problem, which is how one would
construct a large system. The wall plug power has to be converted into charging power pulses of the
order of 1 MV and duration of order 2 ns and delivered onto to the photodiode cathode with reasonable
efficiency. Similar problems occur in the generation and distribution of the large quantity of laser light
required. Fig. 5 is a picture of a accelerator geometry which might lend itself to an attack on these
problems. The electrode is in the form of a narrow ribbon held in tension with eight sets of ceramic
-
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spacers, down the middle of which runs a high voltage distribution bus, operating as an approximation to
a large co-axial transmission line of low impedance.

The length of the side feed is only a few

centimetres and coming from both sides is, I believe, capable of sub-ns response. The light is captured
from beams which are almost axial.
N.B. At the end of the Workshop, as shown in the Summary of the vacuum photodiode Working Group, we
found that the electron gun which meets the given specifications is close to a single stage of the high
energy linac.

Table

Outer Radius

120 mm

Inner Radius

1 mm

G-p

2 mm

Photocathodecap.

20 pF

Pulse Length

10 ps

Charging voltage

800 kV

Stored energy

0.64 J
50 %

EflF

Power in Pulse

32 GW

12

Radial Enhancement

3GV/m

Field in Gap

500 KA/cm2

Current Density
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SOLID STATE SWITCHING
ERIC T. LINCKE
DEPARTMENT OF PHYSICS AND ASTRONOMY
UNIVERSITY OF ROCHESTER
ROCHESTER, NY 14627
presented at the
Switched Power Workshop
Oct. 16-21, 1988
Shelter Island, New York

INTRODUCTION
In recent years semiconducting materials, particuliarly silicon (Si) and galium arsenide
(GaAs) have become very attractive candidates for high voltage high speed switches. They
hold off fields in excess of 100 kV/cm for microseconds without breakdown, and if they
are illuminated with pulsed laser light whose photons span the band gap of the material
these materials can act as a switch that will close as fast as the width of the laser pulse.
Switches that close in the subpicosecond range have been demonstrated1. One application
in which these switches are being used, which is the primary focus of this paper, is the
development of a compact high gradient linear accelerator.
First the fundamentals of a photoconductive switch (PCS) are described. The laser
switched LIN AC is described and prelimininary results of its performance are presented. A
Blumlein circuit is used for the injection of the E-M pulse into the accelerator, so a proto- 12 -

type Blumlein circuit using a laser activated switch was constructed. Results regarding
its operation are also presented. Another branch of research being pursued and on which
results will be presented are experiments designed to determine the ultimate voltage and
switching capabilities of these switches. Finally the current status and future plans of the
research are outlined.

FUNDAMENTALS OF SOLID STATE SWITCHES
The schematic of a simple circuit containing a photoconductive switch is shown in
figure 1.

laser light

\

electron-hole pairs

2703
Figure 1: Schematic of a photoconductive switch.
Voltage is applied across the semiconductor material, laser light illuminates the material,
and electron-hole pairs are created. The semiconductor acts as a closing switch, and
becomes conducting. The two most common materials used for the semiconductor are Si
(band gap = 1.11 eV) and GaAs (band gap = 1.4 eV). A commonly used laser is Nd+3:YAG
- 13 -

(photon energy = 1.17 eV). The reason light from a YAG laser can be used with GaAs
switches is that there exist intermediate levels (EL2 traps) in the band gap which make
the effective band gap narrower2. The electron-hole pairs are generated as fast as the laser
pulse width. With current laser technology, high energy pulses with sub-picosecond pulse
widths are available, so the circuit configuration, and the geometry of the switch become
limiting factors determining the ultimate closing time for a switch. As an example consider
a PCS inserted into a transmission line of impedance Z shown in figure 2.

switching beam

Z704

Figure 2: Photoconductive switch in a stripline circuit.
If the inductance of the switch is L when it is closed, the risetime of the switch will be
limited to,

(1)

For a stripline,
- 14 -

Z

(2)

c

where 1 is the length of the switch, and er is the relative delectric constant of the stripline.
If the maximum field the switch can hold off is E m a r , and the applied signal voltage is V*o,

so that the risetime is

A reasonable number for Emaz is 100 kV/cm, so for example if V'o = 10 kV, then Tr = 1 ps.
Another feature of these switches is low ON resistance. For the switch of length 1 and
area A shown in figure 3, the resistance is

H = —

1

(l+no)£A

e{[i + fih)

4n 0

— t

Et

f OJ

where fj.e and /x^ are electron and hole mobilities resp., n0 is the index of refraction, Et
is total energy/pulse of the laser, and Ex is the energy/photon for the laser. Consider a
silicon switch 0.5mm long which has a total mobility fie + fih. = 1850cm2/V.s, and index
of refraction n 0 = 3.4. If it is illuminated with a A*d+3:YAG at 200/iJ/pulse, the ON
resistance is 8miliohms.
These materials also have demonstrated high holdoff voltages. The ultimate breakdown field strength is reported3 as 300 kV/cm, but the practical limit is currently in the
range of 100-200 kV/cm. This is caused by flashover due to impurities on the surface of
the semiconductor. Switches immersed in deionized high resistivity water have yielded the
highest hold off voltages4.

- 15 -

Z706

Figure 3: Resistor schematic.
The switch opening time (or carrier recombination time) is dependent on the level of
impurities and defects in the material. The more impure the crystaline structure the faster
the carriers will recombine and the faster the switch will open. For silicon the range is
reported4 to be: 10ns - 100/is, and GaAs which is less understood is quoted at: less than
lOOps5 to up to a few nanoseconds6. An effect called "lock-on" has been reported for GaAs
where at a critical field strength of around 3 kV/cm the ON time increases dramatically
from < Ins to several hundred ns 4 .

THE LASER SWITCHED LINAC
The primary goal of our group is to develop a structure that will have a significantly
higher acceleration gradient than is presently available. That is, design a structure with a
gradient in the range of 0.5 to 1 GeV/m. We intend to do this by launching an electromagnetic pulse into a radial transmission line with a laser activated switch. A schematic
for the most current prototype is shown in figure 4.
It consists of two circular brass ground planes 6cm radius separated by 2mm. Around
- 16 -

45° aluminum mirror
GaAs
photoconductive
switch
high-voltage ring
G-10 insulator
ground planes
/radial
\
I transmission!

yline

I

1.06-jum

switching beam

Z705

Figure 4: LINAC schematic.
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the outside edge sandwiched between the plates is: lmm G-10 insulation, a thin brass foil
high voltage injection line, a l/2mm copper spacer, and a l/2mm by 1/8 inch segmented
ring of Cr doped GaAs. The accelerator structure is circumscribed by a 45 degree aluminum
mirror which reflects the laser light onto the outside edge of the GaAs. The device operates
by applying high voltage to the thin brass foil ring, then closing the semiconductor switch
with a laser pulse which launches a wave toward the center of the structure. If the switches
are closed simultaneously and evenly the

TEAIQQ

mode for the structure will be excited,

and it will act as a radial transformer. If a voltage VQ is applied to the outside edge of a
structure of radius R, and the plane spacing is g, the voltage of the wave that arrives at
the center after the switch is closed will be

where T is the rise-time of the electromagnetic pulse (or effectively the risetime of the
closing switch)7. For a gap g of 2mm, to get appreciable gain from the device, cT must
also be a few mm clearly demonstrating the requirement for fast switches. As an example
suppose the structure has a 10cm radius with a 2mm gap, and a laser with lOps pulsewidth. The gain for this device would be about 15. If lOkV is applied across the l/2mm
GaAs switch it will be 150kV at the center. This yields a gradient of 75 MeV/m. The idea
is clearly to inject an electron beam into the device as the wave reaches the center.
Thus far however our group has been concerned with measuring the magnitude and
time structure of the fields that arrive at the center of the device. This is done using the
electro-optic sampling technique. Between the ground planes of the accelerator structure
a lcm square by 2mm thick electro-optic crystal (KD*P) is mounted. When voltage
is applied across the proper axis of these crystals their index of refraction changes. The
frequency response is reported to be several THz8, and for this particular crystal the voltage
- 18 -
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Figure 5: Electro-Optic effect.
required to rotate an initially linearly polarized beam 7r radians is about 2900 volts, so these
crystals are particularly well suited for detecting picosecond kilovolt E-M transients. To
use them for our set-up the accelerator with the crystal is mounted between two crossed
polarizers. Laser light is directed through the polarizers and the crystal as shown in
figure 5. When a transient traverses the crystal the polarization of the light is changed
and the amount of light coming through the second polarizer is a measure of the voltage
that was applied to the crystal. The amount of light will be

v_

/ =

(7)

where the half-wave voltage is,

(8)

- 19 -

A is the laser light wavelength, no is the index of refraction, and 7*53 is the electro-optic
coefficient. Figure 6 illustrates the electro-optic sampling setup for the radial accelerator.
The laser for this experiment was a Nd +3 :YLF regenerative amplifier, operated at
1.054pm. It delivered about 250ftJ/pulse operating at 250Hz. The same laser beam was
used to switch the accelerator and to sample the E-M transient arriving at the center of
the device. The electro-optic effect is proportional to sin2 co "*', so to get better voltage
sensitivity a KDP harmonic generating crystal converts a few percent of the initial beam
to 532nm green light for the sampling beam. The green beam and the I.R. switching beam
are directed to different paths with a beam splitter. The green goes through an optical
delay line consisting of a prism mounted on a translation stage with a traversal distance of
12 inches for a total scan range of about 2ns. The I.R. beam is directed to the accelerator.
The initial beam diameter is a few mm. It is blown up to the accelerator radius of 6cm
with a telescope, and then focussed into a ring of light with a "donout" lens. The path
lengths of the green and I.R. are adjusted so that the switched E-M wave arrives at the
center of the structure as the green sampling beam passes through the cr}rstal. The optics
must be carefull}' adjusted such that as the translation stage moves the prism, the green
beam does not move off the photodiode recording the signal. The photodiode signal is
sent to a boxcar signal averager which digitizes the signal and sends it over GPIB to a
personal computer. The signal is gated in a 20ns window. A data run consists of one run
of the translation stage to record the signal, and a second run with no voltage applied to
the accelerator to measure background. The signal is then corrected by the background
run. Before a run is begun the alignment of the switching beam must be checked. A high
voltage capacitive probe monitors the voltage on the high voltage foil of the accelerator.
Figure 7 shows oscilloscope traces of the probe for about lkV applied to the accelerator
structure. It shows the voltage ramp up time is about 100ns and the switching edge is
scope limited to Ins. To get a good run it is necessary that the voltage drop as close to
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Figure 6: Electro-optic sampling set-up.
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Figure 7: Oscilliscope traces of switched voltage: a) 50ns/div b) lns/div.
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zero as possible.
Figure 8 is a plot of several sampling runs with different delay positions for the I.R.
beam, cancatenated together to show a 5ns scan of the signal at the center of- the structure
with 50ps resolution. The peaks are spaced at approximately the round trip time for an
E-M wave ringing inside a 6cm radius cavity, and the peak height decreases with time.
Figure 9 shows blowups of the 5 largest peaks in figure 8. The first and largest peak is
actually composed of two peaks, and has the sharpest risetime—25ps. The width of the
peaks broadens with time, and the risetime clearly is slower for the later peaks. The voltage
scale in figure 8 is the actual measured voltage, and does not account for reflections from
the crystal, or attenuation of the wave in the crystal. It is evident that an E-M pulse has
been coupled into the structure, and that it rings in the device until cavity losses disperse
it.

180 -

20

500

1500 2500
3500
Picoseconds

Z710

Figure 8: Accelerator sampling run.
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Figure 9: Blow-up of 5 largest peaks in figure 8.
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Figure 10: Streak camera trace of laser pulse (1.2ps/channel).
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Figure 11: Streak camera trace of laser pulse (3.2ps/channel).
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Figure 10 shows a streak camera trace to illustrate the laser pulse profile, and figure 11 is
a trace of the same laser, but on an expanded time scale to show that the multiple peaks
in figure 8 are not due to multiple pulses from the laser.

COMPUTER SIMULATIONS
A FORTRAN routine was written which iterates Maxwells equations for the accelerator. The device is divided into a one-dimensional grid of 100/xm increments. A pulse of
risetime RT and level 1 is injected at the edge and progagated to the center. The electric
field l/2mm from the center of the disk is recorded every picosecond. Figure 12 shows the
results for several different initial pulse risetimes. The gain clearly depends on the initial
pulse risetime.

BLUMLEIN STUDIES
It is desirable to use a circuit for injecting a pulse into the accelerator that delivers a
well characterized pulse so that it will be easier to interpret the time structure of the pulse
arriving at the center of the structure. For this reason a Blumlein switch is used for the
injection circuit. To test how such a circuit works when a photoconductive semiconductor
is used for the s.vitch, a parallel plate transmission line using a photoconductively switched
Blumlein for injection was constructed.
Figure 13 shows a schematic of the structure. If a voltage VQ is applied to the injection
line, and the length of the injection line is d, then when the device is switched, the result
is a square pulse of magnitude Vo, and length 2d. Again electro-optic sampling was used
to measure the transients launched into the transmission line. The KD'P

crystal was

mounted 1 inch after the injection line. Figures 14 and 15 show sampling runs done with
a 3 inch injection line and a 4 inch injection lines respectively.
The laser used for this experiment was a Nd+3:YAG with a 200ps pulse width. The
- 26 -
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Figure 12: Computer simulation of E-M wave in accelerator structure for different
initial switch closing times.
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Figure 13: Blumlein schematic.
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Figure 14: Blumlein sampling run with 3" injection line.

- 28 -

ground
planes

2.18 -

200

600

1000 1400

1800

Picoseconds
Z716

Figure 15: Blumlein sampling run with 4" injection line.
result is clearly not a square pulse of width equal to twice the length of the injection line.
Examining figures 14 and 15 however, the arrival time of the second peak in both cases
is approximately where the end of the expected square pulse should be. It appears that
perhaps the GaAs switch closes, and then reopens before the reflected pulse returns to
the switch so that when the pulses in the bottom and top injection lines reflect from the
switch they have the same polarity and do not cancel each other when they reach the end
of the injection line. The second pulse, particularly in the 4 inch injection line, seems to
be composed of two peaks. A first guess as to its origin is that it could be due to the
fact that the 1/8 inch of material at the beginning of the injection line is not the same
material— one side is GaAs, and the other side is G-10. The index of refraction of G-10
is 2.19 and the index of refraction of GaAs is 3.62 at high frequency. A path difference
of 1/4 inch yields a travel time difference of only 30ps, in disagreement with the 250ps
pulse separation for the 4 inch line. It is not clear what the double peak is due to. The
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pulse width of the initial pulse is on the order of the width of the laser pulse. This fast
opening time for GaAs is consistent with results published by other groups using GaAs as
mentioned earlier. It seems a switch with a longer ON time is necessary.

HIGH VOLTAGE/POWER SWITCHING EXPERIMENTS
Another condition necessary to be met for these switches to be useful for a high
gradient accelerator, is that they have high holdoff voltages. To investigate the high voltage
limitations several experiments have been done to push the limits of these photoconductive
switches. A schematic of the first is shown in figure 16. It was designed just as a simple
experiment to get a quick estimate of the field strength l/2mm GaAs can hold off. A
2 inch by 1.4 inch wafer of GaAs is mounted on a copper ground plane, and a high voltage
feeler is sandwiched onto the front side of the GaAs, and this setup is mounted on a post.
A pulser which is triggered by the laser frequency source applies high voltage across the
semiconductor. The voltage is monitored with a high voltage capacitive probe. The I.R.
laser light is then timed so that it arrives when the voltage on the switch has reached a
maximum. To obtain good contact between the GaAs and the copper conductors, silver
paint is applied to the semiconductor/metal boundary.
Figure 17 shows oscilloscope traces of the high voltage probe for the highest fields attainable
with this switch. Figure 17a shows 9.2kV across l/2mm of GaAs for a field strength of
184kV/mm without switching, and figure 17b shows another switch of the same dimensions
at 5.2kV, but with the I.R. beam closing the switch. The switch in figure 17a brokedown
and self-destructed after a few minutes before it was possible to try switching it with the
laser. The switch in figure 17b would not go above 6kV without arcing, so it was not
possible to demonstrate switching a lOkV switch. The drawings in figure 18 subjectivelj'
illustrate the arcing problem. At 70kV/cm a purple corona develops around the high
voltage feeler where it contacts the GaAs. At 140kV/cm the corona develops fingers, and
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Figure 16: Simple high power switch set-up.
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Figure 17: a) 9.2kV across l/2mm GaAs b) 5.2kV across l/2mm GaAs with I.R. switching.
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around 180kV/cm these fingers arc all the way across the switch to ground shorting out
the switch. It was possible to prevent the arcing by applying T.V. corona dope around the
high voltage feeler —several switches went up to lOkV without breaking down in this way.
however it was found that the switches would not last more than a few minutes at this
voltage before actually arcing through the switch to ground and destroy the semiconductor
presumably because of localised heating, or a poor metal/semiconductor contact.
In the second set of experiments a bigger high voltage power supply was used, and
a more elaborate design was used for the switch holder. Figure 19 is a schematic of the
setup. A 30kV D.C. supply feeds a thyratron pulser which has a 2X transformer, operates
at 50Hz, and is triggered by the frequency source of the laser. The output of the thyratron
goes via RG218 to a 500ft charge resistor, to the switch holder, and then is discharged into
a 50fi terminator. The switch holder with the switch mounted inside and filled with oil has
50J1 geometry that matches the 50J7 RG218 cable in order to minimize reflections. The
switch holder is essentially a block of aluminum with a hole bored down the center for the
conductor and the switch, with a window for the I.R. switching beam, and two small holes
for sampling beams. In the first set of experiments E-0 sampling was used to demonstrate
fast closing times for very high voltages. The switch used for this experiment was a lcm
dia. by 1/8 inch thick silicon, coated on either side with gold, and polished around the
outside edge. It was held inside the holder by two spring loaded copper contacts. The
laser used in this experiment was a 1kHz 250/aJ/pulse 400ps Nd+3:YAG. Figure 20 shows a
sampling scan for 3 different light levels with 13kV applied across the silicon, and figure 21
shows the same for 19kV.
In the next, set of experiments the switch contacts were modified slightly so that a
small GaAs rectangle wafer 10mm by 3mm by l/2mm could be mounted inside the holder
-this is shown in figure 22. Mounted on the charge resistor is a capacitive pickup that
can indirectly monitor the voltage at the switch. Figure 23a shows the voltage pulse from
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Figure 18: Arcing problem a) 100kV/cm b) 150kV/cm c) 180-200kV./cm.
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Figure 19: Elaborate high power switch set-up.
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the thyratron from a high voltage probe mounted inside the pulser. Figure 23b shows the
corresponding signal from the capacitive pickup for 5kV applied across the l/2mm GaAs.
Figure 23c shows the capacitive pickup when the I.R. switching beam is applied to the
switch.
Using a more elaborate and better controlled setup did not seem to improve the voltage
holdoff capabilites of GaAs. Figure 24a shows a switch that endured 10k V for 2-3 minutes
before self-destructing. Again the voltage literally punches through the GaAs and shorts
it out. This switch in particular broke in half, and a black mark at the break shows where
voltage punched through. Figure 24b shows a black spot on the same piece of GaAs which
had not yet punched through. Figure 25 shows another GaAs switch that endured 7kV at
50Hz for 30min. Here the voltage arced across the surface burning a crater into the surface
of the switch.
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Figure 23: a) Thyratron voltage output b) Capacitive pick-up signal c) Capacitive pick-up
signal with switching.
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Figure 24: a) Damage to a GaAs switch at lOkV b) Other damage spots.

- 39 -

Z725

Figure 25: Damage to a GaAs switch at 7kV 50Hz for 30min.

CONCLUSION AND FUTURE PLANS
The results of the electro-optic measurements of the radial accelerator indicate a fast
transient pulse with a risetime approximately equal to the laser pulse width is being coupled
into the device, and that this pulse bounces between the center and the outside edge of the
cavity. The fact that the time separation between the pulses is not strictly uniform, and
there appear to also be other smaller pulses in between the big pulses may indicate that
more than one mode of the device is being excited. Another problem with the acclerator
data is that the signal level observed does not show any gain as equation 6 predicts. This
observation is backed up by the Blumlein data in figure 15. The Blumlein structure has no
gain, so the voltage observed at the crystal should be the same as the applied voltage when
corrections for attenuation and reflections are taken into account. The peak voltage in the
accelerator data is within error equal to the peak voltage in the Blumlein data indicating
no gain in the accelerator structure. Earlier work9 done by our group on a smaller 3.8cm

radius accelerator with a different structural configuration, and using a Nd:Glass laser with
lps pulse width to switch, did show indications of gain. This indicates the problem with
the current device may be due to inefficient switching of the accelerator since the amount
of light/area is considerablly less than it is for the Blumlein structure or the smaller 3.8cm
device, or it may mean that other competing modes in the structure drain energy from the
fundamental mode. These hypothesis are currently under investigation.
Future studies of the Blumlein structure involve using a silicon switch rather than
a GaAs switch so that the switch will not open before the reflected pulse arrives at the
switch.
In the high power/high voltage switching experiments the arcing problem must be
contended with in order to go to higher field strengths. One approach is to study different
mediums for operating the switch such as oil, SF6, high resistivity water etc. The other
approach which we shall try is to make the ramp up time of the voltage pulse much
faster. Currently as shown in figure 7a and figure 23a it is 100ns for both the small hard
tube pulser and the big thyratron pulser. Since semiconductor switches close so quickly it
should be possible to use a thick semiconductor switch that holds off a very high voltage
as a preswitch that launches a high voltage, but also very fast (sub-nanosecond) voltage
pulse to the switch being tested, then switch the test switch before it has a chance to break
down. We are presently designing a setup to do this.
Finally in living up to the original goal of this project which is to make an electron
accelerator, we have built a vacuum box in which this accelerator will be mounted. We have
recently purchased a BBO crystal which frequency doubles 523nm green light to 266nm
U.V. light. This will enable us to develop a photo-cathode. This will be necessary for the
accelerator because the acceleration pulse is only several picoseconds long, therefore the
electron bunches must be about the same length. It will thus be necessary to generate
them with a laser photoelectrically from a cathode. It is necessary to use U.V. light in
- 41 -

order that the photon energy will be high enough to liberate electrons from the cathode.
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UV PHOTOEMISSION FROM METAL CATHODES
FOR PICOSECOND POWER SWITCHES*

J. Fischer, T. Srinivasan-Rao and T. Tsang
Brookhaven National Laboratory
Upton, New York 11973, U.S.A.

ABSTRACT
Results are reported of photoemission studies using laser pulses of 10 ps duration and
4.66 eV photon energy on metal cathodes. These included thin wires, flat surfaces and
an yttrium cathode with a grainy surface.
The measurements of current density and quantum efficiency under low and high
surface fields indicate that field assisted efficiencies exceeding 0.1% and current densities
exceeding 105 A/cm 2 are obtainable. The results are compared to the requirements of
switch power applications.'
1
INTRODUCTION
Novel accelerator concepts such as the Switched-Power Iinac (SPL), originally
proposed by W. Willis,1 and pulsed power sources such as the microlasertron proposed by
R. Palmer,2 call for fast switches with current densities exceeding 100 kA/cm 2 from a
1 cm2 area with electron bunch lengths of the order of a few picoseconds at fields of 107
to 109 V/m.

In addition a variety of proposed high energy accelerators3 and the

Accelerator Test Facility (ATF)4»5 at BNL, as well as coherent picosecond x-ray FELS
require electron bunches of extremely low emittance, short duration, high current density
and high brightness.

*This research was supported by the U. S. Department of Energy:
DE-AC02-76CH00016.
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Contract No.

Such e" sources must be efficient, rugged, and able to operate at high repetition rates.
It is difficult to meet these requirements with conventional electron sources. However,
photocathodes driven by short, intense laser pulses are more suitable for these
applications, since the electron density and pulse length can be controlled by the laser
intensity and pulse width. Cesiated metal and semiconductor cathodes,6'7 which have been
studied in recent years, have high quantum efficiency, but require vacuum below
10'10 Torr, in situ preparation, and have a short life due to surface degradation and
poisoning. Metal cathodes, on the other hand, can be rugged, relatively stable to brief
exposure to air, can operate in moderate vacuums and have a long life. Also, the high
density of electrons in the conduction band of metals, and their low resistivity, is conducive
to high current density photoemission. However, the quantum efficiency of simple metals
is relatively small and require UV illumination for photoemission.8'12
Some of our measurements of quantum efficiency and high current density for metal
photocathodes with 10 ps UV laser pulses have been reported previously.8-10 Here we
summarize these results and report on our experiments to improve the quantum efficiency
by suitable choice of metals, activation of the surface with UV laser pulses, and field
assisted reduction of the effective work function and with applied fields enhanced by a thin
wire or by a grainy cathode surface.
applications.

The results are discussed in relation to SPL

The experiments were done under "practical" laboratory conditions as

expected at accelerators.
Figure 1 illustrates the similarity of our photodiode arrangement to the design of an
SPL. Figure l(a) shows a schematic cross section of the ring shaped photodiode in the
gap between the first two discs of an SPL.13 Figure l(b) indicates our experimental flat
photodiode which simulates a small portion of the SPL ring cathode. However, the
applied fields in our measurement were below 3 x 107 V/m DC, whereas in the SPL a
prepulse with 5 to 10 times higher fields will energize the ring photocathode. The
photocathode in the electron bunch source of the SPL may experience fields of the order
of 109 V/m.

-
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Fig. 1 (a) Schematic of the cross section of a single ring photodiode switch of an SPL
with the electron source in the middle. The diagram is not drawn to scale.
(b) Schematic of the electrode configuration in our experimental arrangement.

EXPERIMENTAL ARRANGEMENT
The schematic of the experimental arrangement is shown in Fig. 2. The output of a
frequency quadrupled, active and passive mode-locked Nd:YAG laser (Quantel YG 501)
was passed through a series of variable irises, and attenuators to yield a laser beam of well
defined energy and spot size at the cathode. The energy of the beam entering the target
cell can be measured by directing the beam into a joulemeter (Molectron J3) with the
movable mirror M. A small portion of the laser beam reflected from a CaF 2 beam splitter
was directed onto a one dimensional vidicon to monitor the spatial profile of the laser
beam.
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Schematic of the experimental arrangement.

The target cell consisted of a stainless steel six-way cross mounted on a remotely
controlled x-y translation stage of 1 /«i resolution. The UV beam entered the cell via a
sapphire window. The pressure in the cell can be maintained in the range 10' 8 -10* 9 Torr
with turbo and ion pumps.
Two different diode configurations were used in the measurements. The arrangement
using flat electrodes is shown in Fig. 3(a). The electrodes were arranged in the middle
of the cell with their surfaces parallel to each other.

The cathode was illuminated at

normal incidence by the laser light passing through the hollow anode of 3.9 mm inner
diameter. The anode surface facing the cathode was covered by a wire mesh. The
electrode gap was variable from 0.3 to 3 mm. The gap and mesh size were chosen so that
the field lines at the emitting area would not be distorted significantly by the wire mesh.
DC voltages up to 10 kV can be applied to the anode via a resistance of 50 Mn.
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Schematic of the electrode configuration.
(a) for a flat cathode held at a variable distance from a hollow anode, covered
with a fine mesh.
(b) for a 4 pm wire held coaxially to the anode. The laser beam can illuminate
up to 500 urn length of the wire held under the anode.

In the second arrangement, the photocathode, consisting of a 4 pm diameter gold
coated tungsten wire, was held in the center of a surrounding anode in a coaxial geometry
(Fig. 3(b)) with an electrode gap of 1 mm. Such thin wires give rise to high surface
electric fields. Surface field enhancements of about 1000 over the applied voltage were
obtained. The wire was illuminated obliquely so that the field lines at the emitting area
would not be distorted significantly.
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The information about the electron emission was derived directly from the cathode
as shown in Fig. 2. The output was fed into a calibrated charge sensitive preamplifier,
shaping amplifier and pulse height analyzer. The fluctuations in the laser energy was
monitored and the electron yield was normalized accordingly.

PHOTOCATHODE PREPARATION
The gold coated tungsten wire cathode, in its fork-like holder, was washed with
solvents and cleaned in hexane before insertion into the vacuum test cell.
The flat photocathodes were made of small sheet metal discs, machined from the
desired metals. The discs were attached to the copper electrodes. The combined cathode
and electrode surface was then lapped with a 1 nm diamond compound, washed in solvents
and ultrasonically cleaned and stored in hexane topped with N 2 . The electrodes were
assembled and treated under practical conditions to be expected at accelerators. When
setting the electrode gap on a measuring machine, there was a brief 1-2 minutes exposure
to air, while wet with hexane. The assembly was then cleaned with a N 2 jet and installed
in the test cell in a N 2 atmosphere. The cell was then evacuated, baked at ~150°C, and
pumped to a pressure of a few 10*9 Torr at room temperature.
To activate the photocathode, a 3 mm dia of the cathode surface is irradiated with
the 266 nm UV laser beam, usually of 3-5 mJ/cm 2 , for 5-10 minutes before each
experiment. We observed that:
•

The quantum efficiencies increased, in some cases, up to four orders of magnitude,
after activation by the laser beam.

•

There seemed to be a minimum laser intensity required for the activating process.
The efficiency also increased with the number of laser pulses before it stabilized.
Longer activation times and much higher intensities damaged the surface.

•

532 nm laser beams were much less effective.

•

During activation the pressure in the cell increased.

•

The efficiencies decreased slowly with time, when the cathode was not strongly
illuminated during the experiment.

•

If the vacuum was poor, the efficiency decreased faster.
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A usable operating time was ~6 hours at 2-3 x 10"9 Torr for a 10-30% decrease in
yield depending on the sample. The cathode could be rejuvenated by reirradiating
the surface as described above for 5 min. The deterioration could be attributed to
the formation of layers of residual gas molecules on the cathode surface. A useful
time of 24 hours or more may be obtained with a vacuum of about 10"10 Torr.

QUANTUM EFFICIENCIES fo) AND WORK FUNCTIONS (*) OF METAL
PHOTOCATHODES
The quantum efficiency »/, defined as the number of emitted electrons per incident
photon on the cathode, can be written as
emitted charge (Coulombs)
_
e-ou + / \r\
fi
i
i? = -—rj——.
—
jz—r*T x Energy of Photon (eV)
incident laser energy (Joules)

/«
(1)

To calculate the efficiency of the metals, for a given incident energy, the charge
emitted from the cathode is measured for various electric fields. The charge, obtained for
a field large enough to overcome space charge effects, but not yet large enough to alter
the work function, was used in Eq. (1). Plots of yield versus field are shown in Fig. 4 for
Y, Mg, and Sm.
The quantum efficiencies derived from our measurements for Au, Ta, Mg, Ti, Y and
Sm are listed in Table 1 together with corresponding published values of work function
(#) for the elements14 and for MgO.15 As expected IJ generally increases with decreasing
work functions.
It is worth noting that all the photocathode surfaces were activated by irradiation with
a UV beam. The activation procedure could have altered both the chemical composition
and the structure of the surface. The actual work function of these surfaces could be
different from the published values. No attempt was made to study either the chemical
composition or the surface structure of these surfaces in detail. Furthermore the cathode
surfaces were not highly polished.
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YIELD vs. FIELD
ENERGY ON CATHODE = .129
BEAM*. 1.9mm DIA.;4.66eV; lOps

FIELD (KV/mm)
Fig. 4

Yield vs field curve for Sm, Mg and Y. Laser parameters are photon energy
4.66 eV, pulse duration ~10 ps, pulse energy 129 nJ, 1.9 mm dia. At low
fields, space charge effects predominate. For fields above 5 kV/mm, the
emission is determined by the pulse energy of the laser and the effective work
function of the material.

The presence of protrusions could have generated high local surface fields that might
alter the effective work function. Gold in the form of a wire, of sheet metal, or as an
evaporated layer, gave a higher »? than expected. Similar efficiencies have been observed
by others.16 Insufficient cleaning of Ta and Te may be the cause of deviation from their
expected behavior.
The dependence of the quantum efficiency on the work function is illustrated in Fig. 5,
where the measured values of r\ are plotted versus (hi/-#)2. hv is the energy of the photon
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Table I. Published Work Functions and Observed Quantum Efficiencies'
Material

Gold
Tantalum
Magnesium
Yttrium
Terbium
MgO
Samarium

Work Function 4
(eV)

5.1
425
3.66

3.1
3.0
2.9
2.7

Measured
Efficiency, 17
10"3
.047

.01
.62
.5

.235

.62
.725

•Electrons emitted per incident photon.
••Probably MgO

and <j> is the work function of the metal. As expected17 there is an approximate linear
relationship between 17 and the square of the excess energy of the photon above the work
function.
17 « K 0 W ) 2

(2)

A line drawn from the origin through our measured efficiencies for MgO and Y, indicates
a slope of K « 2 x 10"4. However, K is dependent on the photon absorption which is
subject to surface roughness, temperature and wavelength. Other factors that affect K are
crystal structure, density of state, transition probability, angle of photon incidence,
polarization of the photons, etc.
Theoretical description and experimental results concerning the improvement of the
efficiency by field assisted photoemission and by surface structures are discussed in later
sections.
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EFFICIENCY VS (hi/-?>)2
hi/=4.66 eV
0?=Work Function

Fig; 5

Efficiency of different metals is plotted against the corresponding (hv - <f)2
where hi/ = 4.66 eV and 4> is the published work function of the metal. The
solid line corresponds to J? = 2 x 1(H(4.66 - 0)2. Efficiency of gold is indicated
by the dashed line.

HIGH CHARGE AND CURRENT DENSITIES
The current density of photoemission from metal cathodes can be very high. Peak
emission of the order of 109 A/cm 2 from very sharp needle points have been reported.18
However, emission densities from macroscopic areas are subject to practical limitations
such as space charge effects, optical surface damage, and field breakdown.

Field

breakdown can also be triggered by local gas or vapor desorption from the cathode by
the laser pulses and by the photoemission process. The light intensity has to be well
below surface plasma formation levels.
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Figure 6 illustrates the dependence of yield and current density on the field for
samarium, with a light pulse energy of 1.1 / J on .05 mm 2 spot. It can be seen that the
maximum field of 13 kV/mm is barely sufficient to overcome the space charge effects.
The yield of 170 pC corresponds to a current density of ~34 kA/cm 2 .

YIELD AND CURRENT DENSITY vs FIELD FOR SAMARIUM
LASER BEAM: 4.66eV; 10ps; 1.1/4; 0.25mm DIA

200
180 - -

Embaion UmtUd Currant Dantlty - 34 KA/cm2

CM

O

10

7

Fig. 6

8

9 KV/.69mm

Charge and current density from samarium plotted as a function of the applied
field. At fields of 10 kV/mm, emission limited operation is barely beginning.
Maximum current density obtained for 1.1 / J UV laser energy on a 0.25 mm
dia spot is ~34 kA/cm 2
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Charge vs field plot for Mg. The scale on the right is the corresponding
current density in a space charge free regime (where electron pulse duration
equals laser pulse duration). Even at the maximum field applied, the emission
is space charge limited. If it was space charge free, the expected current
density, for a laser energy of 3.1 / J on 0.25 mm dia spot and an efficiency of
6.25 x 10-4, v/ould be -84 kA/cm2.

Figure 7 is a similar plot for a magnesium cathode illuminated with a more intense
laser pulse of 3.1 jJ. The emission is space charge limited even at the maximum applied
field. Under these conditions the charge increases linearly with the field, i.e., Q « V x C .
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At the maximum field applied, the measured charge was about 330 pC, which implies
a current density of 66 kA/cm 2 assuming a pulse duration of 10 ps. Based on our
previously measured quantum efficiency of 6.25 x 10"4, the emission limited current density
for this light pulse energy would be 84 kA/cm2, if the field were high enough (estimated
>25 kV/mm) to be free of space charge. As will be shown later, for the high fields to be
used in SPL, the field assisted efficiencies may exceed 0.1% for yttrium. From these
examples and corresponding results with yttrium, it is apparent that current densities
exceeding 105 A/cm 2 can be obtained at higher fields.
The laser damage threshold would limit the attainable current density for a given
quantum efficiency. In the case of yttrium such threshold, currently under investigation,
is about 10 mJ/cm 2 .

FIELD ASSISTED PHOTOEMISSION
A. An Overview.
The energy required for electrons in their highest energy state (Fermi level at absolute
zero) to escape from the metal into the vacuum is called the work function <f>, and is equal
to the height of the potential barrier. At temperatures above absolute zero, the electrons
in the metal have a thermal energy distribution and require correspondingly less energy
to escape from the metal. In simple photoemission, this energy has to be supplied by the
photon. Any excess energy of the photon over the work function appears as the kinetic
energy of the escaping electron, and can make the emittance worse.
The application of the electric field affects extraction of photoelectrons in various ways.
Figure 8 is a diagrammatic representation of the variation of yield with the applied field,
for a constant illumination. In region 1, the applied field is so low, that the space charge
effects are predominant. As the field is increased, the space charge effects are overcome
and in region 2, the emission is controlled by the photon flux. In this emission limited
regime, the modification of the potential barrier due to the electric field is not significant.
Intrinsic (no enhancement due to the field) photoemission quantum efficiency can be
measured in this regime.
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Diagrammatic representation of the dependence of the photoelectron yield on
the field in 1) space charge limited, 2) emission limited, 3) field assisted
photoemission, and 4) near the dark field emission regime. See text for more
detail.

For fields in the range K^-SxlO8 V/m, (region 3) the height and width of the potential
barrier between the Fermi and vacuum levels are modified. The reduction in the width
of the barrier is not large enough in this regime to contribute significantly to electron
emission. The reduction in the height, however, is equivalent to a lowering of the
effective work function (Schottky effect),19 resulting in an increase in the quantum
efficiency. In this regime, the electron emission is still controlled by the incident photon,
and is referred to as the field assisted photoemission. SPL, microlasertron and RF driven
electron guns, operate at these fields.
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As the field is increased further, the contribution due to the narrowing of the barrier
increases, since electrons can tunnel through the barrier with increasing escape probability
(Fowler & Nordheim).20'21

The photoelectron emission in this region (photo-field

18

emission, region 4) is high, but at these high fields it may not be completely controlled
by the photons. The work function approaches zero on further increase in the field,
ushering in the dark field emission regime.
Fields exceeding 108 V/m require fast (sub nanosecond) electrical pulses to prevent
electrical break-down on smooth metal electrodes. However, surface fields exceeding
108 V/m can be realized with DC fields, if the surface is not smooth, but covered with
microscopic protrusions produced intentionally or by chance. Significant field emission
dark currents from photocathodes should be avoided because of stability and breakdown
problems. The duration of photoemission in the photo-field emission region may exceed
that of the laser pulss.
The presence of a thin layer of adsorbed oxides or particulates may also lower the
effective work function, due to tunneling from the metal and band bending in the
particulates, and therefore enhance the emission, at fields which are lower than for the
plain metal alone.22 In practical cathodes of macroscopic areas, a mixture of all the
processes mentioned in the preceding paragraphs can be present.

B. Efficiency. Schottky Effect, and Field Enhancement
In the field assisted photoemission regime the effective work function <t>h due to the
Schottky Effect, can be written as:

where
-) 1/2 » 3.786 x 10-5 in MKS units
00 = work function. The subscript "zero" is used from here on to emphasize zero field,
e = charge of the electron, eo = dielectric constant of free space, E s = surface field.
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The surface field E s is a product of the applied field and a field enhancement factor p
due to geometrical factors, surface roughness, etc. Equation (2) can now be expressed as
a function of an applied field E by substituting the expression for ^ 1 in place of 4>. For
photons of 266 run this results in
n m K [4.66 - (*o - 3.786 x 10"5 y/p~Ej}2

(4)

K and p are considered to be field independent. The slope and y-intercept of the
straight line plots of \Z»? vs JE, gives VK/3 and vK (hi/ - ^ o ) = V»7o» respectively. If any
one of the three unknowns (K, p and 0O) is already known, the other two unknowns can
be calculated from these slope and intercept measurements. Alternatively, the data points
can be fitted to Eq. (4) by a least square method with K, p and 4>o as parameters and the
best fitting set can be chosen to represent the surface.
The increase in efficiency in the field assisted regime is illustrated in Fig. 9 as a
theoretical plot of Vn vs >/E with K = 2 x 10"4,0 = 1, hi/ = 4.66 eV, and <f>Q ranging from
2.7 to 4.2 eV. The published work function of Sm, Mg, and Y fall within this range. The
y-intercept of the lines give j % for each ^0. The dashed line on this figure corresponds
to i) = K x 4.662, i.e., where the effective work function $x = 0 considering the Schottky
effect only. The field at which tf2 = 0 for a given 4>0 can be obtained from the xcoordinate of the point of intersection of the dashed line and the corresponding v^ vs y/E
line. These limiting surface fields would of course increase with metals of higher work
function, which may be useful in applications where extreme fields are expected.
At a field of 109 V/m, q0 increases by factors of about 2.5 and 9 for 4>Q values of 2.7
and 4.2 eV, respectively, due to the Schottky effect. The real increase may be higher
because of the onset of significant tunnelling at fields of 109 to 1010 V/m, where the
Schottky formula is insufficient.
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Efficiency Change Due to the Schottky Effect Alone
Assumes: K-2x10- 4 ; hv-4.66 eV

V E (V/M) (x104)
Fig. 9

C.

y/ri calculated using Eq. (4) is plotted as a function of VE. The parameters
used are K = 2 x 10** 0 = 1 and <j>0 ranging from 2.7 to 4.2 eV. The yintercept for each line is VHQ corresponding to that <f>0. The dashed line
corresponds to tf0 = 3.786 x 10*5 x VE and »j = 4 3 x 10*3. As this field is
approached, the effective work function vanishes, the electron emission
approaches field emission, and Eq. (4) is not valid anymore.

Experiments

We describe two experiments to measure the field assisted photoemission using low
intensity laser light pulses of 266 nm (4.66 eV) of 10 ps FWHM duration.
In the first experiment a 4 /xm dia gold coated tungsten wire was held 1 mm from an
anode in a coaxial geometry as shown in Fig. 3(b). In such a case the approximate field
enhancement can be calculated from the geometry, and the applied voltage, by the well
known formula
-surface

V
r m
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R

/r

(5)

where r and R are the radii of the cathode and anode. For the physical parameters used
in this experiment, the enhancement is wlO5, if E is expressed in V/m, and thus permits
investigation of high surface fields with modest applied D.C. voltages.
From our experimental measurements of yield for various applied voltages, the
efficiency can be calculated as a function of the surface field. In this experiment the
maximum surface field was 3 x 108 V/m.
Figure 10 illustrates the relation of -Ji\ vs VE surface . The field assisted efficiency at
3 xlO8 V/m increased by about a factor of six over J/Q. From the slope and the y-intercept
of the extrapolated line through the data points, the value of K and #Q can be calculated
using Eq. (4), and substituting Esurface for y?E. One obtains K « 9.8 x 10"6 and ^ 0 *•
4.2 eV. This 4>Q for gold is lower than a reported value of 4.68 eV. 23 However, our
vacuum and surface conditions were not perfect.
f.u-

Au on W, 4/*m did. wire
Energy on Wire: 0.16/ij

3.5-

Y Intercept « 1.426x10~ 3
Slope - 1.183 x 1 0 ~ 7

3.0*
2.5-

•

2.00.0

X
1

fi-

0.5

s

1

1,

1.0
V E S u r f o c . (V/M)

Fig. 10

1

1.5

,

2.0

(x10 4 )

The experimental efficiency versus surface fields up to 3 x 108, using a 4 /
dia gold coated tungsten wire cathode, as in Fig. 3(b). The slope and yintercept of the extended line through the data points determines the constants
of Eq. (4) for this case.
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In the second experiment a flat yttrium cathode was used in the configuration shown
in Fig. 3(a). The experimental parameters are: laser energy 37.5 nJ, spot size 0.25 mm
dia, electrode gap 0.425 mm, anode wire screen 80 wires/cm. The presence of this screen
modifies the intensity distribution cf the laser beam due to diffraction. This modification,
as well as hot spots in the original laser beams resulted in local peak intensities estimated
at 30-60 mJ/cm 2 during the activation treatment. This feature caused an interesting
surface damage or graininess as will be shown later.
The results of the measurements plotted as <Jn versus ^applied field are shown in
Fig. 11 for applied fields up to 2.5xlO7 V/m. It shows a stronger increase of 17 with the
applied field than expected for a smooth cathode. The expression of Eq. (4) was then
fitted to the data points in the emission limited linear region by a least square method.
The best fitting parameters are:
enhancement factor of p m 20.

K * 2x10^*; <f>Q =* 3.3 eV and an average field
For comparison Vi calculated for K = 2 x 10"4,

<f>o = 3.3 eV but p = 1, as a function of VE, is also shown in Fig. 11. It results in a much
smaller increase with the applied field. Preliminary experiments with uniformly activated
fresh yttrium surfaces indicate that the <j>0 for such surface is 2.9 eV.

Nonuniform

activation and degradation of the surface during the elapsed time between activation and
measurement could be the cause of higher 4Q in this measurement.
For a more uniformly activated fresh yttrium surface, the data points would follow the
upper line calculated for ^ 0 = 2.9 eV, and 0 = 20.
An extrapolation of this line to an applied field of 108 V/m, the operating field for the
SPL, would indicate an efficiency of 2.4 x 10"3. Because of the high surface field this value
is also expected to be increased substantially by electron tunneling effects.
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Measured and Calculated Field Assisted Efficiency
(Schottky Effect)
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Fig. 11

D.

0 ; vs v^E for a flat Y cathode. Circles are experimental data points. Least
square fit to the data results in p = 20, 4>Q = 3 3 eV and K = 2 x 1(K The
dashed line is V'JJ calculated from Eq. (4) with p = 1, 4>0 = 3.3 eV and K =
2 x 10"4. The top line is Vv calculated from Eq. (4) with /S = 20, <f>Q =• 2.9 eV
and K = 2 x 10"4.

Grainy Cathode Surface by UV Activation
The SEM photographs of an yttrium cathode surface activated with a UV beam passing

through the fine wire mesh of the anode are shown in Fig. 12 a, b, and c, with increasing
magnifications of 12, 430 and 4300. The activation was done with a 3 mm dia beam
through the anode screen for 10-20 minutes, at peak intensities of 30-60 ml/cm 2 on the
cathode surface, as mentioned above. The overall view in Fig. 12(a) shows the shadow
of the anode screen wires superimposed on the damaged surface, thus dividing this area
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in little squares. An enlarged view of several of these squares is shown in Fig. 12(b). The
bright and darker stripe pattern in each square is caused by the intensity modulation in
the laser beam due to diffraction by the screen. Further enlargement of the area near the
edge of such a square is shown in Fig. 12(c) which reveals the grainy character of the
surface, probably caused by repeated recrystallization of the yttrium, after flash melting
during the 10 ps, 10 Hz, laser pulses. The grain size increases with the intensity, in the
diffraction pattern. One would expect about 40% intensity variation between the brightest
first maximum and its neighboring minimum, which shows much smaller grains.
The effect on the anode, shown in Fig. 13(a), shows a darkened area, when viewed
from the cathode side. A magnified portion of the grid wires shown in Fig. 13(b) reveals
details of the darkened area, identified as deposits of evaporated or ablated yttrium, by
electron probe x-ray analysis.
In these measurements, the size of the test beam, positioned for maximum efficiency,
covered simultaneously 4 - 9 of the squares shown in Fig. 12(b). The test beam followed
the same diffraction pattern as the activating beam, i.e., the highest intensity is incident
on the larger grains. The field intensification factor 0 found from our data is therefore
a weighted average value. The local I may vary within the pattern of each square.
It is difficult to calculate accurately the enhancement factor from the appearance of
the grains, since they vary in size and edge sharpness. The SEM also does not show the
height of the protrusions above the surface. The production of more uniform grainy
surfaces under controlled conditions without the diffraction pattern, and determination of
the resulting p, 4>Q, n and grain size, as function of the UV activation are currently under
investigation.24

RESULTS AND THEIR RELEVANCE TO HIGH POWER SWITCHES
These experiments indicate that strong UV activation of metal cathodes, e.g., Y, Mg
or Sm give rise to grainy surfaces which enhance the surface field over the applied field.
For applied fields of 1-3 x 108 V/m, (operating fields in pulsed power switches), the
calculated field assisted efficiency may exceed 0.1% due to this enhancement.
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r

b)
I

a) Polished yttrium cathode after localized exposures
to laser light pulses via anode grid 0.42S mm away.
Laser. 266 nm, 10 ps, 10 Hz, 10-20 minutes.
Grid: wire 15 Mm; spaces 112
b) Diffraction pattern of the anode grid on the cathode.
c) Detail of surface changes within the diffraction
pattern.
Fig. 12 Surface details of UV activated yttrium cathode.
c)

Hollow anode (~4 mm I.D.) with copper grid facing
yttrium cathode at 0.425 mm distance.

Detail of dark area showing deposit of yttrium
(opposite cathode damage).

Grid wires 15 jim
Open spaces 112
Note dark area (upper left) where strong laser beam
passed.

Fig. 13 SEN! photograph of the anode and anode screen. Details as noted on the photograph.

In these experiments, the maximum measured current density of 60 kA/cm 2 was
limited by space charge effects. However, in the high power switches, where the applied
field may exceed 108 V/m, the limiting mechanism may be the optical damage of the
cathode by the laser irradiation and not the space charge effect. An efficiency of 0.2%
and a laser pulse width of 10 ps would permit a current density of ~200 kA/cm 2 and still
have a damage threshold safety factor of 2. Higher current density without significant
damage may be obtained by using lasers of shorter pulse duration, since the optical
damage at short pulse regime depends on the energy flux and not power flux.
One may estimate the laser energy required to switch one SPL gap, with a 5 ps laser
pulse on a ring cathode of 1 cm2 area. If the current needed is 100 kA and the grainy
yttrium cathode efficiency is 0.25%, the laser pulse energy needed would be under 1 mJ.
Excimer (KrF*) lasers yielding 1 Joule in a few picoseconds would in theory be able
to energize 1000 gaps of the SPL.
The electron bunch source at the center of the first SPL gap could utilize a smooth
cathode and a metal with higher 4>Q, since the fields there are expected to be in the
109 V/m range, and electron emission with low emittance is required.
Extension of our small area results to the 1 cm2 area of the SPL ring shaped cathode,
operation at high pulsed fields, the photoemission duration at fields near the field
emission regime, as well as cathode life times, all remain to be explored. At the SPL,
provisions have to be made for periodic rejuvenation of the cathode, e.g., by laser
reactivation, or by thermionic heating if high melting temperature materials are
considered.
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HIGH SPEED SWITCHING IN GASES
R. E. Cassell and F. Villa
Stanford Linear Accelerator Center
Stanford University, P.O. Box 4349
Stanford, CA 94309

INTRODUCTION
A fast, efficient and reliable switch is the basic ingredient of a pulse power accelerator.
Two switches have been proposed so far: the solid state switch, and the vacuum photodiode
switch. The solid state version has been tested to some extent, albeit at low (few kilvolts)
level, with risetime around 10 ps in the radial line transformer configuration. The vacuum
photodiode is being investigated by Fisher and Rao at Brookhaven National Laboratory.
Common to both switches is the need of a short laser pulse; near infrared for the solid state
switch, and ultraviolet for the vacuum photodiode switch. Another common feature is the
poor energy gain of these switches: the gain being the ratio between the electrical energy
switched and the laser energy needed to drive the switch. For the solid state switch, calculations and experimental data show that the energy gain cannot exceed a value between
5 and 10. For the vacuum photodiode, the situation is somewhat similar, unless very high
quantum efficiency, rugged photocathodes can be found. A closing switch also can be used
to produce short pulses of RF at frequencies related to its closing time, using a well-known
device called the frozen wave generator. For a risetime of the order of 30 ps, one could
produce several Gigawatts of RF at Xbarid at very low cost.

AVALANCHE GROWTH CALCULATIONS
The calculation of the avalanche growth in gas has been attempted by many authors,
with various degree of success. In particular, the calculations have centered the attention on
complex breakdown phenomena related to high power switching, for conditions that span
from very low gas pressures (below atmospheric, as in the case of thyratrons) to values of
the order of a few atmospheres. Our interest is to obtain extremely high rate of rise of
the current; as a consequence, we must look at the breakdown conditions in a region of
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electric field/pressure, pressure and initial electron distribution different from those typical
of a conventional spark gap. In a conventional spark gap the main current is carried by a
rapidly expanding, hot channel which has an inductance capable of limiting the rate of rise
of the current. This limitation is removed to some extent by rail gap switches, where the
inductance of the gap due to the hot thin channel is reduced by having many channels in
parallel.
If the geometrical inductance of the spark and of the electrode structure is made negligible, the next limit to a fast current rise is the resistive phase of the spark itself.
The initial phase of breakdown is universally assumed to be an electron avalanche, developing under the influence of an applied electric field. The growth rate is given by:
N(t) = Noeavt

(1)

Where a is the first Townsend coefficient, v the electron drift velocity, t the time, No the
initial number of electrons present in the field region at the time t = 0.
The avalanche does not grow indefinitely: when the internal electric field cancels approximately the external field, the avalanche speed changes, and so does the propagation
mechanism. It is said that the avalanche has reached the streamer phase. Typical number
of electrons in an avalanche at the streamer transition is of the order of 108 (avt = 20).
The avalanche growth time can be reduced by increasing gas pressure, and maintaining
constant the value of E/p. In fact, the value of a/p is constant for constant E/p (hopefully up
to very high pressure); and the electron drift velocity also scales as E/p. Some experimental
data on a/p and drift velocity as a function of E/p are shown in Figs. 1 and 2. Since the
avalanche growth time is 1/av [from Eq. (1)], it follovs that one can increase the speed by
increasing the gas density and the electric field (Fig. 3).
However, as will be shown later, one single avalanche is not capable of producing a large
current. Typically, if the electron drift velocity is 107 cm/sec, an avalanche containing 108
electrons will produce a current of 8 ma in a gap 200 microns wide. Many avalanches in
parallel, i.e., developing simultaneously in the same gap, will produce a large current, with
a rate of rise related to the avalanche growth time. In other words, as observed by Dickey,
if the number of initial avalanches is large, the current due to the electrons moving in the
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Figure 1: Electron drift velocity for different gases, as a function of E/p (electrie field/pressure).
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gap at their drift speed will be sufficient to collapse the voltage applied to the gap, without waiting for the streamers to coalesce in a spark and connect the anode to the cathode.
Notice also that if the avalanche growth is as fast as a few picoseconds, avalanches a few
millimeters apart will be "transit time isolated" from each other.
There is some experimental evidence that each individual electron develops a separate
avalanche even when the initial electrons are very close to each other. The authors in this
reference report the observation that when
the number of electrons starting the avalanche is large, the breakdown proceeds uni-

10

formly in the gas, without the formation of
filamentary discharges.
Some evidence about speed of growth
of the current comes from gas avalanche
counters.
40
E/P

80
(V/cm-Torr)

Figure 3: 1/av, or time constant for avalanche growth, for different gases (Air,
Nitrogen, Hydrogen, Argon), at a pressure of 100 Atm.

In these counters, the ioniza-

tion left in an appropriate mixture of high
pressure gases by a charged particle grows
under the influence of the applied electric
field, generating
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a very fast

pulse.

Although the pulse has not been observed at the bandwidth necessary to observe a few hundred picoseconds risetime (these pulses could not propagate along the counter's structure),
one can infer the speed of the output from the timing jitter of the counter.
The other evidence comes from work done by Fletcher, and quoted by Dickey. The
latter author points out that the fast risetime observed in a highly overvoltaged gap by
Fletcher can be explained quantitatively with a simple equation:

dV _

° ~dt ~

qNov favdt , V-VQ

J~

+

T~

(2}

where qN0 is the charge of No electrons initially released in the gas (by a picosecond ultraviolet laser, for example, focused into the switch gap volume); a and v are experimental
data; Vo is the voltage applied to the switch; and R is the impedance in series with the
switch. The value of the capacity C of the switch is estimated as two flat paralled electrodes
separated by a gap g.
This equation can be solved numerically; some predicted waveforms for different gases
are shown in Fig. 4.
The numerical solutions of Eq. (2) were compared with the calculations reported by
Mayhall for Air as avalanching gas. The results are in Fig. 5. The agreement between
the two calculations is remarkably good. The conditions are identical for both simulations,
except that we scaled the value of a in our code by a constant factor of .67. The twodimensional code of Mayhall does not use explicitly the parameter a, but the cross sections
are extracted from the value of a (among other "ingredients") measured experimentally. If
one reconstructs the value of a as a function of E/p from the two dimensional code, one
obtains a value of a systematically smaller than the measured value by about 30%. In
conclusion, if the function a (E/p) is the same in both codes, the resulting waveforms are
identical.
Equation (2) makes the implicit assumption that the value for or is a function of E/p, as
given by measurements. This assumption, albeit correct in most cases, should be modified to
take into account the following effect: when an electron avalanche grows to a large density,
a modified value of a has to be used, since there is a finite probability that any electron in the
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Figure 4-' Voltage waveform from numerical integration of Eq. (2). The conditions are E/p = 100, Volts/cm Torr, 100micron gap, 108 initial electrons, 350 Atm
pressure.
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Figure 5: Waveforms as calculated with
Eq. (2) and by Mayhall with a two-dimensional avalanche simulation code.

avalanche may collide with a molecule (or atom) that has been already ionized by a previous
impact. This free charge density effect is not present in the conventional measurements of
a, because the density of free electrons in these electron swarms is very small. To estimate
the density of the avalanche we have assumed that the diffusion velocity (transverse to the
electric field) is 1/n of the. electron drift velocity, where n is a small number greater than
one. This may or may not be a good assumption, because the local electric field is already
distorted by the avalanche charge distribution. Certainly n cannot be smaller than one. The
ratio R of ionized to nonionized atoms in the avalanche volume is given by:
n2eavt
R =
Napv3t3

(3)

where p is the operating pressure of the switch and Nap is the number of molecules per unit
volume. Inserting some numbers, we find that R is of the order of .5 for a value of t given
by:
n2eavt
R =
NaPv3t3

Ar at 100 Atm E/p = 100

- 74 -

v = 4 x 107 cm/sec
a ~ 2.5 x 105 cm" 1
aw ~ 1013 sec" 1
n = 2
Na = 2.68 xlO 1 9
for * = 1.9 x 10" 12 sec .

R = .5 ,

Therefore, sometime during the avalanche growth process it becomes necessary to consider
the fact that the effective a must be changed.
This effect has been taken into account in our calculations as follows:
Consider an infinitesimal time At, during which the avalanche traverses a volume AV,
containing k gas molecules. The number of ionization events produced by a single electron in
the avalanche during this time is avAt. For a low density avalanche (low density means that
the number of nonionized molecules is large compared to the ionized fraction), the increment
of ionized molecules will be AN = NavAt. To consider the case where N approaches k, we
look at each electron in the avalanche sequentially, and reduce the probability of ionization
by the reduction of gas molecules from previous ionization:
N

AN = Y^QvAt (1-avAt/ky-1

.

(4)

Summing this series:

AN = k[l-(l-_avAt/k)N]

.

(5)

Since the ionization from a single electron does not approach the total number of gas
molecules, or a • v • At « k:
AN = k[l - e-NavAf/k]

.

(6)

Let R be the number of ionization events expected without taking into account the finite
number of gas molecules available, divided by the total number of gas molecule available,
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or:

R = NavAt/k

;

(7)

then:
AN

=

(8)

Therefore, the reduction factor, i.e., the actual ionizations divided by the expected (uncorrected) number is:
AN
r = NavAt

(9)

then the factor r is given by:
1 - e -R
r =

(10)

R

describing the reduction in avalanche growth due to density corrections. This factor has
been included in the numerical calculation of Eq. (2).
As expected, there are substantial differences between the numerical solutions of Eq. (2),
with and without density corrections, when the value of R [Eq. (3)] is sufficiently large.
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calculated waveforms.

Figure 7: Same as Fig. 6, increasing the
number of initial electrons by 100.
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Some typical results are in Figs. 6 and 7. The waveforms are predicted for H2, Air,
Ar, N2, for E/p = 100 V/cm Torr, at a pressure of 100 Atm. The two figures differ in the
number of initial electrons released in the 100-micron gap at the time t = 0. Argon seems
to be the gas that suffers the most from the reduction of a, since its drift velocity is low.
Hydrogen would seem the gas of choice, but it appears untractable because of the very short
formation time. Nitrogen appears promising because of the long formation time and rather
fast risetime.
The effect modeled by Eq. (10) may or may not be a good representation of the true
avalanche dynamics: many, other complicated effects should be considered, one being the
field enhancement at the head of a dense avalanche.

COMPARISON WITH EXPERIMENTAL DATA
We have compared the solutions of Eq. (2) to the waveforms recorded by Fletcher, using
the values of drift velocity and a/p as reported in Ref. 9. We find the agreement between
the calculations and the measurements particularly good, considering the uncertainties in
the calculations due to errors in the measurements of a/p and Vfoift, and the uncertainties
due to our digitization of Fletcher's waveforms. It is important to notice that there are no
free parameters to be adjusted to obtain such agreement. The calculated waveforms and
the Fletcher "drawings" are shown in Figs. 8 through 12. The calculated waveforms do not
include the risetime of the recording apparatus (cables, oscilloscope, attenuators). From
Refs. 10 and i l , we guess the risetime of the recording system to be of the order of 70 ps.
This system, called the micro-oscillograph, was designed and built in 1945, and it had the
same bandwidth as the fastest Tektronix scope available today. The micro-oscillograph did
achieve such short risetime by trading speed for vertical sensitivity.
If this risetime is added in quadrature to the calculated waveforms, the agreement does
improve, since our calculations show a systematically faster pulse. Finally, it is important to
point out that not only the risetime, but also the delay (otherwise known as the avalanche
formation time) agrees quite well with Fletcher experimental data, using the initial number
of electrons as reported in Ref. 6 (~ 100 electrons).
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LASER TRIGGER
The switch will be triggered by injecting free electrons in the high pressure gap;
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gas with a picosecond duration ultraviolet (A « 250 nm) laser pulse. This wave-
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length can be obtained either with an excimer (KrF), or by quadrupling a dye or an
equivalent laser emitting around 1000 nm.

1000

Figure 12.

1500

Shorter wavelengths may improve the ion-

(Ps)

ization efficiency, but they are more diffi-

(See caption, previous page.)

cult to transport, and not readily produced

by "conventional" laser arrangements. An estimate of the energy needed to trigger the switch
can be obtained from the value of the cross section for three photon ionization reported in
Ref. 12, for Xe gas. We assume that 2 Atm of Xe is added to the gas of choice; the laser
light will be focused on a line 10 A wide, for a depth of 50 A (A = 250 nm), for a length
of 1 cm. Under these conditions, a power density of 2 x 108 W/cm 2 (corresponding to
5 x 10~8 Joules in 1 ps) will produce 104 electrons. As mentioned before, ionization occurs
when three photons are absorbed by the same Xe atom; hence, the electron yield varies with
the third power of the number of photons/unit area x time. Therefore, for a laser energy of
2.5 x 10~8 Joules (3 x 1010 photons), the electron yield still will be 103, sufficient to trigger
the switch. The electrical energy controlled by the switch is of the order of 4 x 10~3 Joules
(100 KV on 50 ft for 20 ps), or 105 times larger than the laser energy required to trigger:
for an accelerator using 100 K Joules of electrical energy/pulse, the laser control will be of
the order of a few Joules, considering the inevitable losses in handling the laser beam.
Other "seed" gases may have a much higher cross section for ionization, and an ionization
potential requiring only two photons. Two possible candidates are NO, with an ionization
potential of 9.5 ev; and CVHs, toluene, with an ionization potential of 8.5 ev. The ionization
rate for these two gases is larger than that in Xe by a factor of 105 (at equal laser power
density). If they can be used, they will be introduced in the switch gas in miniscule, almost
undetectable, amounts, and further reduce the amount of laser energy needed to trigger.
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EXPERIMENTAL PROGRAM
The main uncertainty in the switch performance comes from the possibility (or impossibility) to withstand high electric fields without breakdown, for a short time. Since any
breakdown in this regime is initiated by field emitted electrons at the cathode, we plan to
take particular care in the design of the switch electrodes. First, we will use materials that
are known for their low field emission; second, the cathode's surface electric field will be
made as small as possible. Switch lifetime and reliability, together with recovery properties,
must await the experimental test.
A general purpose, high-pressure vessel with quartz windows (to inject UV laser light
and to observe the switch breakdown) has been constructed. The vessel has two high voltage
coaxial feed-throughs to bring voltage to the switch(es) and to observe the sharpened output.
The high voltage is provided by a small Marx generator, appropriately shaped to generate
subnanosecond risetime and short pulse duration.
The vessel can be "easily" opened, so that different switch geometries can be studied.
The system has been pressure tested to 1000 Bar.
The fastest diagnostic available to us is a 60 ps risetime scope. We are prepared to
measure the switching time with an electrooptical modulator in conjunction with a streak
camera, if the risetime of the switch appears comparable to 60 ps.
The first measurements will determine how high an electric field can be supported across
the switch under study, as a function of different gases, pressure, electrode geometries, gap
width, etc. We are confident that we can predict the risetime of the switch, once E/p and
p at breakdown are known. If some promising combination of gas, gas pressure, electrode
material and geometry can be found, we will proceed to synchronize the high voltage pulse
and the UV laser to actually trigger the switch.
CONCLUSIONS
A simple calculation predicts extremely high rate of rise for the current in a switch
working in a high pressure gas, triggered by some electrons released by a very short pulse
laser. The energy required to drive this switch is much smaller than the energy needed
to drive the other two candidates (the solid state semiconductor and the photocathode).
Our calculations agree very well with a more complex, fluid in cell code (see Mayhall, these
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proceedings). The agreement with Fletcher's experimental data also is excellent. Although
Eq. (2) cannot predict the actual development of an electromagnetic wave, it allows us to
look at different gases with a modest use of computer time.
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FIELD ENHANCED PHOTODIODE

MUSTAPHA BOUSSOUKAYA
LABORATQKE DE L'ACCELERATEUR LINEAIRE, BAT. 200,
UNIVERSITE PARIS XI, F 91405 ORSAY CEDEX FRANCE

I. I N T R O D U C T I O N

Pulsed field enhanced photoemission from single or from arrays of metallic or
semiconducting needles is one of the possible methods which may lead to the realization of a
very high emissive and bright e~ source. In many laboratories of different countries as
Brookhaven National Laboratory and Los Alamos National Laboratory in U.S.A, KEK in
Japan, LAL in France and others, studies on the development of new photoelectron sources
triggered by laser light beams are under way. The main goal of theses researches is the
production of picosecond electron pulses of 5 x 10~9 to 2 x 1(H* C/bunch with the same
frequency as the light modulation and which can be used as direct injector for new accelerators,
free electron lasers, RF power sources, etc-M
Many results are already obtained, however there is still some difficulties to find the right
photocathode and to choose the kind of the emission. At LAL, Orsay (France) our principal
interest was to study pulsed photo field emission properties of single and array microemitters
with nanosecond and picosecond laser beams operated in the ultra-violet, green and infrared
wave length regions of the electromagnetic radiation spectrum. Photoemitted current densities
of 1010 and 108 A/cm2 were obtained from single tungsten needle and carbon array emitters
respectively in the ps and ns regimes. Quantum yields exceeding unity were obtained in both
regimes. Explanation of such high quantum yields is strongly tied to the field effect and to other
physical properties of the microemittersf^.

* Work supported by IN2P3-CNRS and by DRET C85/140
** Invited paper
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II. MICROEMITTERS DESCRIPTION
The emitter used in our photo field enhanced diodes were made from metal or semiconductors. They were prepared by two different methods:
1. single W emitters and some of the arrays of needles made of niobium-titanium were
o

sharpened by chemical etching to a final upper radii of about 500 A and were prepared
at LAL, Orsay (Fig. 1).
2. arrays of microemitter, especially micronic ridges, (Fig. 2) were realized for us by Dr.
Warren at BNL using the integrated circuit technique^.
All the microemitters (single and arrays) are not very sensitive to contamination. They are
not generally destroyed by vacuum leaks. They are easier to control and have longer lifetimes
than any cesiated positive electron affinity (PEA) or negative electron affinity (NEA)
photoemitter.
Single metallic microemitters can be regenerated by thermal flashing or field desorption of surface contaminants. They do not need any cesiation.
However if cesiated they can be subject to alkaline adatom surface migration and
desorption and no result can be reproducible if they highly emit, even during very short
time, (less then one hour) this is due to the modification of the emissive surface as a
consequence of the atom migration. Another problem which seems difficult to solve is
the right knowledge of the correct emissive surface in the case when an array of needles
is emitting in field enhanced emission conditions, especially when the microemitter
material is semi conducting. They are, like any photocathode material even of regular
size, very fragile under intense laser beams and may be destroyed easily.

III. FIELD EMISSION C O N D I T I O N S

Such microemitters emit by field emission whenever the local field is strong enough
enhance. The probability of electron escape through the tunnel generally begins when the local
field has a magnitude of at least a few tenths of volt per Amgstrom. The electric field near the
tip of these microemitters can reach local field values of 0.2 V/A to few volts per Amgstrom. If
such high fields are created at the vacuum-metal interface, the potential barrier is lowered by a
few tenth of eV by the Schottky effect and reduces its thickness (Fig. 3). This barrier lowering
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Fig. 1: Example of micronic single emitter observed
by electronic scanning microscope G « 400
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2 b)

Fig. 2 : Micronic ridges used in photo field emission
tests at ORSAYLAL
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and thickness reduction are important factors which affect photo field emissivity and the
quantum yield in the case of field enhanced photoemission or photo field emission^.

3.1 Pulsed Field Emissions
If the local field is a high frequency one and enhanced from a macroscopic AC field
which amplitude is high enough to start field emission, then we obtain an AC and RF field
emission ; if the local microscopic field is the consequence of a DC macroscopic field, we get
DC field emission.
Pulsed field emission using an AC and RF electric macroscopic field may be an
interesting method in the realization of a pulsed very high emissive and bright e~ source (no
laser is needed in this case).
Pulsed Field Emission (PFE) or Pulsed Field Enhanced Emission (PFEE) may be
obtained using only the transverse laser electromagnetic field which amplitude is related to the
laser power density a s :

e =(E,S)

Io) - is the power density of the used wave length in W/cm2
6 - is the angle between the irradiated cathode surface S, and the laser transverse electric field
direction (Fig. 4).
To obtain high emissive AC field emission using such a method, one needs powerful
lasers which power densities are in the range of gigawatt per cm 2 to reach the field emission
threshold. (As an example, we can consider the ORSAY's microemetter arrays for which local
Q

electric field near the Tip must be of 0.6 V/A to start field emission ; (Eiocal = PEMac), the
enhancement factor p = 10 3 ). The laser EM field is maximum when 6 = JC/2 i.e in the case of
photonic beam parallel to the microcathode holder (S) (Fig.4) and the photonic laser beam must
be as close as possible to (S).
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3.2. Pulsed Photo Field Emission
Pulsed photo field emission may be obtained using two laser beams, but the probability to
destroy the micro emitter is so high, that is the reason for which it is very risky to use (one laser
must be used for potential barrier lowering and a second laser for photoconversion needs).
A more simple method consists of associating Field emission effects on the photocathode
material obtained from a DC electric field and a low laser electromagnetic field effect to its
photoconversion effects (in this case 6-y is not zero but small enough to allow some photoconversion process). That is this method which we are using at LAL, since 1984.
Field emission from DC electric field insure the potential barrier lowering by the schottky
effect and its sharpening. When the DC electric field is just below the field emission threshold,
no dark current is collected. Then if the photocathode surface is illuminated by a laser light
beam, two processes will occur, the laser electromagnetic field will act on the already lowered
and sharpened potential barrier (as in figure 5) allowing in first step the escape of the electrons
through the barrier by tunnel effect, and then the photoemission effect will take place as a result
of an "electron feeding" of upper layers from the bottom by the photo excitation process due to
absorbed photons.
Such a way very high emissivity is possible and quantum yields more than 100 % were
possible to obtain.
Quantum yields exceeding 100 % are often obtained in many other laboratories. For
example : P.G. Borziak of the Ukrainian Academy of Sciences obtained from Germanium
quantum yields of 600 % in photo field emission conditions at T = 77°kl4-5^.
3.3. Photo Field Emission Calculation
Photo field emission is the combination of field emission due to electric local field (s) and
photoemission effects.
As it is well known that photoemission process is the result of 3 steps under laser light
photonic beam ((1) photo electron excitation step, (2) photo electron diffusion step and (3)
photo electron liberation step).
Fowler and Du bridge gave general formula which allow photoemission cur ant densities
calculation:
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rVwjDCWJdW,

(2)

* / +oo

where (Xs is the absorption coefficient of the photocathode material
N(Wx) is the number of electrons reaching the material surface with an incident energy between
W x andW x
D(WX) is the probability to get over the potential barrier after reaching the upper surface and
which can be calculated using:

as
a is a constant tied to the potential barrier.
Below the space charge limit, the calculation of photoemitted current densities may be
done using:
J

phe ~" JJC

2

where TJ is the quantum yield defined as
number of electrons produced _ ^je_
^ ~ number of incident photons ~ JJ V

,,.
^

and the effective quantum yield is
t

leff = -;—

H - is the reflection coefficient
W is the absorbed optical power at working wavelength X
h is Planck's ct: 6.6 x 10-34 j / s
r - is the optical spot radius
e - electron charge: 1.6 x 10~19 C
k - Bolzman's constant
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(6)

h - Planck's constant
<(> - work function of the used material (if metal) or its potential barrier height (if semiconductor.
3.4. Heat Effects at Photo Field Emission
It is well known that simultaneously to pi.otoemission process, thermo emission process
may occur rapidly under absorbed laser energy W as result of pulsed illumination of the
photocathode. According to heat transfer theory of H.K Choi' and S. WangPl, the temperature
rise under pulsed laser beam can be calculated using:
AT =

W

1
(7)

2

r V2kpC v T

where K is die thermal conductivity of used material, p its mass density and Cv its specific
heat.
We give examples of temperature rise for SO ps laser pulses.
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5xlO-2Wcm-l°el
O.lJcm^C 1
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semi-conducting

highest temperature at
which can be used
Sllisl30°C
KCsSbl70°C
S24 180° C

In the case of photo field emission Orsay's experiments, the temperature rise due to absorbed
energy was often negligible, the photonic beam is quasi parallel to the cathode, and the
photoconversion process in mis regime needs few incident photons from the used laser light
beam to start high photo field emissivity.
The temperature rise may be of some importance because of Joule losses if very high
quantity of charges is produced.
However worjdng at low temperature as Borziak (T = 77 %) may sharply decrease these
losses.
3.5. Choice of Photo Field Emitter Material
In normal photoemission, the choice of a semi conductor as photocathode is essentially
explained by the high photonic absorption coefficient of the material.
Less than 20 % of incident photons are reflected by semiconducting surface while in
metal case more than 90 % are often reflected.
In photo field emission case, the choice of metal is important because of its response
time.
The photoelectrons are extracted in metallic case, from the conduction band at Fermi
velocity v e = 10~2 x c while from seconducting material they are extracted from valence band
at a velocity v e = 10""4 x c (c-velocity of light).
IV. SPACE CHARGE E F F E C T S

Space charge effects occur in picosecond regime (photo field emission case) from
microemitter of sharp geometry at higher extracted charges than in the case of normal and flat
photocathode (photo emission case).
We give below example from a simulation using the code "OAK"* which has been done
by Alexis Dubrovin from LAL, on space charge effects limit of a needle and a flat cathode^.
The space charge effects limit to 2.3 nC the extraction of electrons from the following
geometry, using 50 ps laser pulse duration (46 A for a single bunch with uniform density).
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In the case of emission from a needle, the local fields are tremendous and allow the
extraction of a bigger amount of charges.
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Let us consider the previous geometry introducing as DC field the one saw at r = 0 when
leaving a needle cathode.
This choice (physically false) is made to get an easier comparison to flat previous case.
(N.B : all the surface emits).
•50 A :
When 50 A arc extracted, we observe an increasing of the bunch length due to the initial
strong local fields.

S Mm
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Fig. 10

In the needle case, the field E = E&c + E^ remains strong on the cathode during all the
emission and allows the extraction of more charges.
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Fig. 12

Transverse space charge blows up the bunch. On Z-momentum versus time picture, we
see the strong initial acceleration and the last electrons be slowed down as they reach the zone
of macroscopic field where E ^ is bigger than Edc before a notable removal of the bunch from
the cathode.
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Fig. 13

The last electrons are very close to the cathode (at Qtnax, still unreached, they are in z = 0
at 50 ps), transient oscillations between the cathode and already emitted electrons seem to
happen, partially added to computation errors (the maximum time step here required is around
50 fs).
Such a way, this simulation shows that
1) - needle fields locally (on cathode apex) allows the extraction of more charges than the
flat case and increase the bunch length.
2) - the transportation of a very highly intense beam in the macroscopic field zone
provokes a strong (particularly transverse) explosion.
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WORKING PRINCIPLE OF THE ps Nd: YAG LASER
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Fig. 16: Photoresponse to UV light observed with a
1 GHz bandworth scope
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Fig. 17 : One of the UHV chambers in which photo field emission
experiments are realized at P = 10"10 Ton
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Fig. 17 c : shows different angles under which the
photocathode can be irradiated
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Fig. 18: FN plot of a W tested microemitters

Fig. 19: Fowler Nordheim Plot of the array of Carbon needles
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Fig. 2 1 : Variation of emitted photocurrents vs photonic
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250

300

FET = 60KV/cm
a = 40 db
£i = 10-3J
Q = 35 nC
thermic tail of 35 nS duration
Fig. 2 2 : Photoemitted current under high
photonic intensity (10-6 J absorbed)

FET
89 kV
110 kV

Quantity
Used wave Total laser
snergy in the of charge
length
beam
120 uJ
50 nC
U.V.
40
nJ
inC
u.v. .
V

60jiJ

lnC

c (envelope)
Break-down
limit of scope
60 ps.
60 ps

Table 1: Some of the obtained results from on W(8) ridge (detection on
the anode) for 2 values of the field emission threshold
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Fig. 23 a: Partial destruction (5 % of the ridge surface) of the photocathode
when emitting 4,5 fiC per pulse under Ei - 1,5 mJ

Fig. 23 b : Detail of the destructed photocathode area
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T=100ps/div
V = 500mV/div
£i= 50 J j
V= 55KV

Fig. 24 a: Pbotocuirent time duration = 92 ps (it)

T | = 50ps/div
V*500mV/div
8i= 50 t J
V= 75KV

Fig. 24 b: Phoiocurrent time duration = 82 ps (it)
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3) - Longitudinal oscillations (with fast decreasing intensities and frequencies
(fn < 40 GHz) may then happen as long as the bunch's head removal isn't important enough,
as the electrons are strongly pushed toward already emitted one, and can't reach back the
cathode surface, where the local accelerating fields are still greater than space charge one.
V. EXPERIMENTAL RESULTS

5.1. Laser Description
Two different lasers were used in our experimental studies : a single pulse device
operating in the nanosecond pulse width regime and a repeating device operating in the
picosecond pulse width regime. Each of the lasers can deliver infrared, green or ultraviolet light
beams with wave lengths between X -1.064 Jim and X = 0,355 Jim.
5.1.1 Picosecond Laser Parameters
A trippled Nd-YAG laser, working in phase-locked mode produces a train of elementary
pulses of 35 ps each with a chosen frequency modulation from 125 MHz to 3 GHz. The time
duration of each elementary pulse is strongly dependent on the age, use rate and ambient
temperature of the dye. The working principle of the ps laser is shown in figure 14.
Frequencies from 125 MHz to 500 MHz are obtained by variation of the distance between the
oscillator minors; a 3000 MHz frequency can be obtained by multiple-mixing of the 500 MHz
frequency with 6 passes on a set of mirrors. The temporal distribution of light pulses has been
observed with 2 different picosecond successively positioned streak cameras. An example of an
intensity versus time distribution is shown in figure 15. The laser photoresponse has been
measured with a sensitive photodiode for both UV and green light An example of the
photoresponse to UV light observed with a 1 GHz bandwidth oscilloscope is shown in
figure 16.
5.1.2. Nanosecond Laser Description
A ns pulsed Nd-YAG laser was also used as light source. It delivers a single light pulse
of 10 ns width with a repetition rate of 10 Hz. The laser light beam diameter does not exceed
5 mm at an angular divergence of ~ 1 milliradian.
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VI. EXPERIMENTAL MEASUREMENTS

Several microemitters were tested: single tungsten needles (Wi, W2 and W3) of about
o

500A radius then an array of 1000 carbon needles and an array of about 400 filaments niobium
titanium etched in a copper matrix of area 7 x 10"2 mm2 and since the beginning of 1988
different micronic ridges as presented on fig. (2) are under test. These photocathodes were
tested in an ultra high vacuum chamber; high voltage feed throughs into this chamber permit
tests in the field emission regime. Two sapphire windows in the chamber permit the
transmission of light with wavelengths between 0.14 \Lm and 6.5 ixm. Each of the
photoemitters was tied to an electrically insulated photocathode support which could be
positioned in the r, 6 and z directions. This support was electrically connected either to an
oscilloscope or to an ammeter through a coaxial feed-through. In front of the photocathode, a
fluorescent screen permitted observation of either field emission or photo field emission
patterns associated with each microemitter (Fig. 17). The experimental chamber has been
described previously (9).
6.1. Fowler-Nordheim Plots
Before illuminating each of the photocathodes to be tested with the laser beam, each
emitter was characterized with the help of a Fowler-Nordheim plot to determine its emitting
surface. The voltage level was then lowered below any measurable dark current. Examples of
die Fowler-Nordheim plots obtained for a single tungsten and from an array of carbon emitters
are shown in figures (18) and (19).
6.2 Results
6.2.1. Photo Field Emission obtained with ns Laser Beam
Laser light power controlled for the three used wavelengdis (A, = 1064 nm, 532 nm and
355 nm). Pulsed photocurrents were obtained from tungsten single needles Wi and W2 and
with the array of carbon needles at different laser energy level e ranging from 2 x 10"6 J for UV
radiation to 2 x 10'2 J for IR radiation. The pulse widths for both wavelengths were 10 ns.
Only a small amount of this energy interacts with tip of the microemitter.
The threshold for field emission was found for single W needles to be V = 1.1 kV at a
gap of 4 mm. The dark current began at V - 2.3 kV (gap: 4 mm) for carbon needles.
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In all photo field emission experiments, (in ns and in ps cases) the light beam was quasi
parallel to the cathode holder, power measurements showed, than 10 % of incident light are
reflected by the imput of 1st sapphire window, 80 % are transmitted at the output sapphire
window, so less than 1 % of the light beam power is absorbed by the whole surface cathode
holder.
Using a single tungsten needle (Wi), we obtained photocurrents with UV light of
I = 250 mA peak at V = 1 kV with a laser beam energy e = 100 pJ and a pulse width FWHM
less than 1 ns. With a green light laser beam (diameter D = 8 mm, energy e = 1 mJ and pulse
width FWHM of about 1 ns) a peak current of I = 2A was observed.
With single tungsten needles, W2 and W3, we obtained practically the same results as
with needle Wi at the same laser beam energies. Using the array of C needles, the
photocurrents reached peak currents of 1 A in UV light at £ = 100 joJ and more than 10 A in
green light with e = 1 mJ at V = 2.2 kV. In infrared light, currents of more than 5 A were
obtained with 20 mJ in the laser beam at the same voltage value (2.2 kV).
6.2.2. Photo Field Emission in the ps Regime
Experimental results were also obtained using a ps laser beam with a single tungsten
needle (W2) and with a niobium titanium array of about 400 filaments etched in a copper matrix
of area 7 x 10"2 mm2. With needle W2 and green light, pulsed currents of 2 A peak with 1 ns
pulse width FWHM and 10 A peak with 2 ns pulse width FWHM were measured at V = 1 kV.
Laser beam energies e of 4 x 10*5 and 10"4 J were used, respectively, in 15 ns wide bursts).
Using ultraviolet light, pulsed currents of 0.2 A and 0.8 A peak with less than 1 ns FWHM
duration were obtained; the respectively beam energies used were 2 x 10"6 and 10"5J.
With the array of about 400 filaments of Nb3Ti, photons with 70 j J per UV burst gave
peak currents of about 10 A peak value. In this case we observed that the starting dark current
occured far V > 10 kV. It was not possible to measure the pulse widths of the electron beam
when the peak current values exceeded 10 A at V > 10 kV.
Using W(Sj) sample at \ = 353 mm with photonic energy ei = 10"4 J ± 20 %, we
observed the variation of the average photoemission with the DC potential figure 20. All
potential value were below the field emission threshold. In this figure, we may notice an
important enhancement of the photoemission just below the field emission threshold (FET).
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In figure 21, variation of the emitted photocurrent vs photonic intensity is represented at
X. = 532 mm and different HV. The important increase of the current may be tied to thermic
behaviour figure 22. Pulse observation on 1 GHz scope showed a thermic tail. Increasing
photonic energy, we noticed, just below FET a strong enhancement of the emission with
4.5 |ic : the corresponding pulses observed on 1 GHz scope indicated a peak value of about 40
Amps for 100 ns pulse envelope (including tail). The high rate of charges as well as the pulse
enlargement indicates an important contribution of thermic and space change effects.
After some time, emission rate decreased in this region of the photocathode. Observations
on a scanning electronic microscope showed local destruction on about 5 % of the total
emitting area (Fig. 23). XPS analysis showed for this region that only tungsten was removed.
Time duration of different pulses shown in figures 24a, 24b were obtained using a
7 GHz bandwith oscilloscope.

CONCLUSION
Photo field enhanced photodiodes are very high photoemissive and present a good
reproducibility of the photocurrents when irradiated with low laser energies (less than 10""4 J in
the total beam i.e. less 10" 6 J on the cathode surface), good mechanical stability and good
behaviour to air exposure. Such photodiodes could be interesting candidates for laser driven RF
guns. However some precise measurement of the photocurrent pulse duration and emittance
have to be done.
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CONVERSION TO FIELDS
luliu Stumer

We present here a numerical evaluation of the fields generated by the Switched Power LJnac. The
purpose of this study is to find out the characteristics of the fields in the vicinity of the photocathode. As
a starting point, we consider the geometry proposed by W. Willis [1]. The propagation of the pulse
inward and the available gradient of the centre of the accelerating structure were analytically estimated
by Villa [2] and Rehak [3]. For a cavity of a gap g, outer radius R, initial field E o with a rise time T R ,
Villa observes a useful relation for the effective accelerating field at centre
2Eo

V

2R

'

2

c+g

In our case, for an outer radius of 6 cm, a gap of 1 mm and a rise-time of 4 psec. the radial
enhancement was calculated to be 14. We define the efficiency as the ratio of the output to the input
energy. The input energy is the one drawn from the DC power supply. We will ignore for the moment
the laser efficiencies.
The input energy is given by

Uoc« — (Of- Q?)
2c

where Qj and Qf are the initial and final charges of the photocathode and C is the capacitance of the system.
The output energy is defined as
U R F - U D C - UKIN

where U K I N - (Qf - Qi).

<P>

where <p> is the average kinetic energy of the electrons bombarding the anode. The efficiency will be

*

UDC

Various parameters have been varied in order to maximize the gradient and the efficiency; the
deflecting fields were kept to a minimum value. We will give estimates of the raise time, the radial
enhancement and the wave lengths.
We will assume the following procedure for the operation of the switch: the wire photocathode
will be charged through the external photodiode in a multitude of points symmetrically distributed on the
circumference.

This will provide a uniform distribution of the charge in a relatively short time: 0.5

nsec.
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NUMERICAL MODELING
The proposed geometry was simulated with the program MASK,

the program is of the type

'particles in mesh' with 2.5 dimensions for space meshes and is three-dimensional for particle
kinematics. The causality is respected and the energy conservation was estimated to be adequate.
First, we have simulated a thin wire of 100 nm diameter located in the centre of the gap at a
distance of 0.5 mm from the outer edge (Fig. 1). The wire was represented by a matrix of 3 x 3 square
meshes. The mesh size was 33 microns and the timestep was 7.5 x 10~14 sec. The walls of the cavity
and the photocathode were assumed to be perfect metals, the two walls were grounded.
The electrons were emitted from the three meshos on the right hand side of the wire. In order to
correct for the fact that the wire was not round, we have used an injection mode were the particles could
be given an initial velocity chosen such as to ensure radial emission.
The wire was charged to 40 KVolts with 0.32 micro Coulomb. At the emission surface the field
was 300 MVolts/m. An ideal switch consists of a single pulse operation, where the photocathode is
discharged down to a comfortable voltage which could be held for relatively long intervals (few
microseconds).
First we will address the problem of space charge limits. We have studied it in the case of a
uniform current during an emission time of 6 picoseconds. In Fig. 2(a) we present the space position of
the macroparticles at the end of the emission. One can observe that the electrons are moving radially
away from the photocathode. The two components of the momentum are comparable at this time (Fig.

Fig. 3 shows the generated "bunch" traversing the gap at various moments in time, all relative to
the beginning of the emission. Fig. 4(a) displays the momentum component perpendicular to the walls
versus the position of electrons in the gap. The first emitted electrons arrive at the anode after 6 psec
with the full kinetic energy (40 KeV). In Fig. 4(b) we show the same variables but 4 picoseconds later.
Now the electrons reach the anode with only 30 KeV, but the last emitted electrons are moving backward
toward the cathode. This case corresponds to a space charge limit of 85 KA/cm2. About 2/3 of the
charge has been removed and the voltage was lowered to 14 KV. The average kinetic energy of the
electrons at the arrival was 23 KeV and the whole operation lasted 20 psec.
The generated electrical pulse E z (Fig. 5) was measured at a point located in the middle of the gap,
sufficiently far from static field effects. The pulse represents a superposition of the inward traveling
wave and of the outward one, partially reflected by the open end. We obtain a pulse of 14 psec FWHM and
an amplitude reaching 5 MVolts/m.
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The radial electrical field Er which opposes the radial acceleration is not beneficial. It will lower
the efficiency of the switch and although ideally will balance itself at the centre, could cause an increase
in the deflecting fields if the mechanical and electrical axes do not coincide in a practical world. It was
estimated to have half of the amplitude of E z .
The volumes where the simulations are performed are by far too small. Therefore, it is hard to
estimate a realistic efficiency of the switch; it

should take advantage of the return of the outgoing wave

with only little losses. In order to overcome this problem we have studied two extreme cases: the outer
boundary of the cavity was either a fully absorbing port or a totally reflecting one, the latter
representing an open cavity with an ideal aspect ratio (see Fig. 6(a) and 6(b) respectively).

We

proceed to a slight change in geometry: we replace the 'round' photocathode by a 'flat' one 100 x 160
microns. We keep the same emission surface. The capacity of the structure was increased from 8 to 9.2
picofarads and we raise the voltage in order to maintain the electrical field at 300 MVolts/metre at the
emission surface. The two guard regions around the photocathode have reduced the radial component Er to
about 0.1 E z . The bunch will have less lateral spread, therefore we can place the cathode closer to the
outer edge (0.25 mm) allowing a better overlap of the outgoing and incoming waves, thus reducing the
width of the pulse.
A movie of the traversing bunch can be seen in Fig. 7. The pulse shape is displayed in Fig. 8. It is
characterized by a rise time of 3 picoseconds and a FWHM which varies from 7 to 10 psec. The flat wire
switches are summarized in Table 1. The realistic efficiency is somewhere in between the two cases,
most probably of the order of 10% for single pulse operation. In the new geometry, only 1 % of the total
energy went into the deflecting field Er.
The gradient at centre was estimated for the R - 6 cm disks and XR« 3 psec and an analytical
radial enhancement of 14 to be of the order of 300 MVolts/m.
The 'single pulse' operation has the highest peak power. As shown before, in order to avoid HV
breakdowns, a single pulse switch will have to operate close to the space charge limit. This will imply
that the backward moving electrons will affect both the amplitude and the width of the generated
electromagnetic pulse, reducing the efficiency. We must also note that if we operate the single pulse
switch away from the space charge limit, we must provide an energy recovery scheme which will collect
the charge left on the photocathode, avoiding HV breakdown and compensating for the low efficiency.
Other schemes based on the same basic geometry can be devised. For example, we can consider
operation with multiple pulses spaced by the time of a round trip reflection (« 0.5 nanoseconds). In
this case, we can operate away from the space charge limit. The echoing pulse strength could be built up
over several cycles before the first beam bunch arrives.

The multiple pulse scheme has new

limitations: dispersions in the structure, the laser must provide multiple pulses and the accelerator
must cope with trains of bunches with the same (0.5 nsec) separation.
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"Few1 pulses discharge mode
First, we have studied the possibility of a few consecutive pulses which will discharge the
structure almost completely.

The study was done on the cavity described in Fig. 7.

Since every

subsequent pulse will operate in a lower voltage, we have studied first the efficiency of a single pulse as
a function of voltage for a constantly emitted charge. The drift distance was 160 urn, the instantaneous
current was J - 20 KA/cm2 and the duration of the emission was x - 2 psec. In Fig.9, we display the
average kinetic energy of the electrons arriving at the anode. In the 5 KVolts case, the kinetic energy is
substantially lower than the nominal voltage, therefore a higher efficiency.
The efficiency of the multipulse scheme in discharge mode is displayed, in Fig. 10. The initial
voltage was 60 KVolts. The drift distance was 760 UJTI, the current J - 50 KA/cm2, emission duration
constant at t » 2 psec, the emission surface was 320 UJTJ and the cathode surface was 640 ujn. After 4
pulses, the total efficiency reaches 30% and the last pulse efficiency is better than 50%.
The generated Ez (-Bd>) is displayed in Fig. 11 for the first 5 pulses and one can observe that the
general qualities of the fields are preserved in this mode of operation. The unwanted mode, E r is rapidly
dumping, see Fig. 12.
Multipulse resonating cavity
We have examined another mode of operation of the switch. One could imagine a cavity of the type
described in Fig. 7 where the voltage is maintained constant. As we will show later, high efficiencies are
obtained for higher currents, equivalent to the removal of a significant fraction of the charge on the
cathode.

It will be very difficult to recharge the structure in the short interval available between the

pulses. Even the scheme suggested by Willis in which the cathode will be charged from a multitude of
points connected to a power bus may not provide the necessary uniform voltage required along the
structure.
The last pulse efficiency reached 75% and the total efficiency was as high as 60% after the first
50 pulses (see Fig. 13).
Single pulse study
In order to understand and to optimize the geometry of the switch we have used the cavity
described in Fig. 14.

The emission area and the gap were kept constant at 320 u.m and 1 mm

respectively. All the other parameters were varied and the efficiencies were compared for single pulses.
In Fig. 15 we display the efficiency as a function of drift distance for a constant voltage of 50
KVolts and an instantaneous current of J - 20 KA/cm2 (x - 2 psec). Higher efficiencies were obtained
when the photocathode emission side was closer to the anode. The same conclusion applies when one keeps
constant the electric field at the emission surface. One can also observe that the efficiency is higher at
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short drift distances for higher fields (see Fig. 16). For constant current operation, the quality of the
pulse was maintained for all the drift distances. In Fig. 17 we show the obtained pulses.
Next we have studied the efficiency obtained for various sizes of the cathode. We kept constant the
voltage (50 KVolts), the current (20 KA/cm2) and the emission surface (320 urn). We have simulated
two drift gaps of equal capacity (160 and 760 urn). The efficiency was found to be insensitive to a
variation of the cathode size from 0.6 to 2 mm (Fig. 18). We have decided to keep the cathode size
constant at 1.4 mm.

In the next exercise, we have studied the shape of the pulse in the gap as a function of current
density. The emission time (2 psec) and the initial voltage (50 KVolts) were kept constant. Fig. 19
shows that the rise time of the pulse is invariant as a function of the current density, but the wave
length increases beyond current densities of the order of 120 KA/cm2. This space charge effect is more
obvious in the next :*ure (Fig. 20) where we display the efficiency as a function of current density for
two sizes of transit gaps. We conclude that for an operation with high currents (close to space charge
limit), the size of the drift gap is not important. In case the switch will be operated in a single pulse
mode, the smal! drift gap has an advantage, because it allows much higher currents (» 200 KA/cm2)
needed for a quick discharge.
Just as an example of inefficient operation we show the case of V - 30 KVolts, emission time T - 6
psec, drift gap of 600 u.m. tn Fig. 21 we display the ratio of the charge transferred to charge emitted.
At 80 KA/cm2 onfy half of the charge traverses the gap.
Finally, we present in Fig. 22, the peak field as a function of current density. We have assumed a
perfect return from the outer edge. This is the case of V - 50 KVolts, x - 2 psec and a drift distance of
160 jim. We conclude that in the vicinity of the photocathode, the peak fields generated by a single pulse
could reach 20 MVolts/m for efficiencies of the order of 8-10%.
The last exercise is addressing the question of the preferred duration of the laser light pulse, the
study was done on a structure charged at 50 KVolts. Two drift gaps of 160 and 760 u.m were considered.
We present in Fig. 23, the efficiency as a function of the duration of the emission (x). The charge
emitted was kept constant for all r"s and was chosen such as the instantaneous current density for the i *
2 psec case to be equal to J - 20 KA/cm2 in Fig. 23 (a) [J - 120 KA/cm2 in Fig. 23 (b)]. In this case,
the efficiency of the switch is independent of the length of the laser light.
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CONCLUSIONS
We have simulated the geometry initially suggested by W.J. Willis. The electromagnetic pulse
(E z ) was found to have a rise-time of 3 psec and a wavelength of about 1 cm. This will allow a radial
enhancement of the order of 10. Our study shows that a small, flat photocathode is preferred to a wire
type geometry. The deflecting field modes are estimated to be small {Er s 0.1 E 2 ).

The interesting voltages are 50 KVolts and the recommended field at the emission surface is 200300 MVolts/m. in these conditions, the space charge limits are reached for current densities of the
order of 100 KA/cm2.
Peak fields of 20 MVolts/m could be obtained by single pulses with an efficiency of 10%. They
will generate an accelerating field E G * 200 MVolts/m.

The efficiency and the quality of the

electromagnetic field are limited by the space charge effects. The switch should be ideally operated with
very high currents just below saturation. In case of a low current density operation (J » 20KA/cm2),
the short drift distance was more efficient.
Higher efficiencies and safer high voltage conditions can be obtained if we discharge the structure
with a train of a few, equally spaced, pulses. In such a case local fields of 50 MVolts/m could be
generated with an efficiency r\ > 40%, corresponding to an accelerating gradient of 0.5 GeV/m.
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FIGURE CAPTIONS
Fig. 1
Fig. 2

Schematic of the MASK simulation of the 'round wire' switch.
(a)
(b)

Fig. 3
Fig. 4

Space position of the electron bunch at t - 6 psec in the geometry of Fig. 1.
Longitudinal versus transverse momentum.
Space-time position of the traversing bunch in the 'round wire' geometry.

(a)
(b)

Longitudinal momentum as a function of distance from the emission surface in the 'round
wire' switch at t - 6 psec (see text)
Same as in Fig. 4 (a) at t » 10 psec.

Fig. 5

Accelerating electric field generated in the 'round wire' geometry.

Fig. 6

Schematic of the MASK simulation of the 'flat wire' switch for a fully transmitting (a)and
reflecting port (b).

Fig. 7

Space time position of the traversing bunch in the 'flat wire' geometry.

Fig. 8

Accelerating electric field generated in the 'flat wire' geometry.

Fig. 9

Average kinetic energy of the electrons bombarding the anode as a function of their arrival
time for various initial voltages.

Fig. 10

Efficiency as a function of pulse number in the 'few pulses discharge mode' of operation
(see text).

Fig. 11

Accelerating field generated by the 'few pulses discharge mode' of operation.

Fig. 12

Radial field generated by the 'few pulses discharge mode' of operation.

Fig. 13

Efficiency as a function of pulse number in the 'resonant cavity - constant voltage' mode of
operation.

Fig. 14

Schematic of the MASK simulation used for single pulse studies.

Fig. 15

Efficiency as a function of drift distance for constant voltage.

Fig. 16

Efficiency as a function of drift distance for constant fields at the emission surface.

Fig. 17

Accelerating field generated in the geometry of Fig. 14 for various drift gaps.

Fig. 18

Efficiency as a function of cathode size for a constant emission surface.

Fig. 19

Accelerating fields as a function of current density for a constant emission time.

Fig. 20

Efficiency as a function of current density as an illustration of space charge limits.

Fig. 21

Ratio of charge transfered to charge emitted as a function of nominal current in an
unoptimized switch (see text).

Fig. 22
Fig. 23

Accelerating peak fields as a function of current density for single pulses.
Efficiency as a function of the duration of the emission for constant charge emitted (see
text).
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TABLE 1

'Absorbing' ends

FWHM
X

(psec)

•

(mm)

Radial enhancement
Rise time

(analytical)
(psec)

UDC -1/2 QjVj -1/2 QFVF

(mj)

7

10

8

12

14

14

3

3

15.5

19.6

.40

UEZ«UB*
U K I N E T I C - ( Q - Qf) • <EKJN>

(mJ)

Gradient at Centre

14.5
5.2

r\ S P L - (UEZ + UB# / U D C ) %
(MVolts/m)

K|0SS factor - (G2/(4.Ueim)) (Q/mpsec)
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'Reflecting' ends

1.44
16.5
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RADIAL TRANSMISSION LINES
F. Caspers, H. Haseroth, J. Knott, W. Willis
CERN, Geneva, Switzerland
S. Aronson, BNL, Upton, USA
Introduction
The principle of the switched power Linac (5PL) has raised considerable
interest. Work is going on in different laboratories concerning its various
aspects. At CERN, model measurements were perforated to study the enhancement
factors and the field distribution around the accelerating gap. Multifrequency operation to achieve similar effects has also been tested. This
paper reviews the work done at CERN over the last few years.
History
Except for the very early days, particle acceleration was performed either
by DC voltages or by RF. Beam transport elements were usually powered by DC
currents. Only for special cases, like injection or ejection elements, were
pulsed power supplies used. With the advances in the technology of switching
means, especially in the semiconductor field, pulsed power-supplies became
more fashionable, even in cases where DC supplies would have done the job.
The power used in these elements is sometimes amazingly small. The power
stored in a pulsed beam of low duty cycle is usually also fairly small if
compared to the total power consumption of the accelerator.
Switched power has occasionally been used, for example, to replace a
Cockcroft-Walton for pulsed beam applications. A step-up transformer provided
the high voltage from a low voltage power-supply. This technique has
difficulties, however, to compete with RF systems using cavities with high
shunt impedances. Particle acceleration could benefit from the advantages of
the pulsed power techniques by using extremely short pulses which are
increased in amplitude by passing them from the outside to the inside of a
radial transmission line1.
Field measurements in the final geometry of the switched power Linac are
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somewhat difficult to make because of the small size and the correspondingly
very high frequencies. Therefore, a scaled-up model has been built at CERN
(Fig. 1). It consists of two gaps forming a double sided radial strip line
scaled up by a factor of 10 and thus permitting the use of conveniently sized
probes and commercially available high frequency instrumentation2.

ssssssv
Fig.1a
Radial power combiner structure
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Experimental Set-up
The model consists of a sandwich structure with two outer disks of
diameter 2 . 4 m and a central disk separated by a 10 mm gap each side. For
pulsed transmission the model can be treated as a radial transmission or
double sided strip line with its impedance increasing with r"1 from the
periphery to the center. One gap is actually fitted with probes across the
diameter to study the propagation of signals. At the center a universal plug
permits the use of different kinds of probes with adequate spacing, adapted

- 140 -

to the specific need of each study. The photocathode discharge is simulated
by feeding pulses to the central disk from 64 equally distributed points on
the circumference.
The 64 pulses are derived from one single pulse by feeding it successively
through broad-band power dividers (line transformers). They feature a 3 db
band-width from 2 MHz to about 5 GHz. As a matter of fact, most of the
measurements were done by using synthetic pulse techniques with a network
analyser (HP 8753 A or HP 8510) able to present the results in the time
domain. Complementary tests with a fast pulser and real time oscilloscopes
are in good agreement with the first method. One advantage of the synthetic
pulse methods is the easy choice of band limited pulses and the much better
stability, dynamic range and reproducibility compared with sampling or real
time systems. In Fig. 2 measured traces in the low pass mode are depicted.

hp

1
SPA N
0. 0

ns

2 . 99 79 m

/\

I

i

r[cm]

"A

^?

^"

1

110

i

90

i

60

J

\

—-—„

f t

37.5 17.5

i

0

Fig.2- Pulses at different radii as measured with network analyzer
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Enhancement Factor
The enhancement across the structure as a function of the radius is shown
in Fig. 3:

oi

f no hole

tr . 21 Ops ffmax = 3 GHz) 2cm -

[Acm «
tr=3t0ps(fmax=2GHz)

(nohole)

tr * S30ps(fniax -1 GHz) (nohole)

7.S 17.5

37.560

90 110120

Fig. 3
Enhancement vs radius for different rise-times
The measurements are in good agreement with the theoretical curve /R/r until
the incoming pulses start to overlap near the axis. The beginning of this
overlapping is of course a function of the pulse width and hence linked to
the rise-time. The gain at the center is reduced as a function of the risetime and the results are very well predicted by Cassell and Villa3 when
taking into account the distance s between the disks and the rise-time tr :
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Zi- 2 / 2
VR
V s +ctr

(1)

The enhancement at the center as a function of the rise-time (10 to 90\
value) is shown in Fig. 4. An empirically corrected curve, using the
equivalent half wave length instead of c * tr gives a better fit to the
measured values and permits an extrapolation to shorter rise-tines. It seems
possible to get enhancement factors of about 15 for rise-times of the order
of 5 ps. It is also clear from this curve that the stability and
reproducibility of the rise-time are very important for the stability and
reproducibility of the field in the center.
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ps

As mentioned above, there is a plug in the center that can be removed and
hence measurements are possible with and without a hole for the beam :
a) Without beam hole
The measured enhancement can be as high as 9.4 (Fig. 3) when using the
full 3 GHz bandwidth of the network analyser, corresponding to a synthetised
pulse with an equivalent rise-time of 210 ps.
With real pulses of 200 ps rise-time and a 1 GHz oscilloscope a gain of
8.5 was obtained; about the same as for synthesised pulses of 310 ps risetime or when the network analyser bandwidth was limited to 2 GHz. All these
results, though about 15 to 20 % lower than calculated, are in good agreement
with the Cassell-Villa formula. By applying the empirically found correction
one should be able to easily specify an optimised geometry for an efficient
switched power Linac (SPL) structure.
b) With beam hole
Removing the center plug, thus allowing an aperture for the beam (Fig. 1a)
reduces the field strength measured by an on-axis probe on the supposed beam
axis by 50% for a 4 cm hole and by 25% for a 2 cm hole, corresponding to a
diameter on the real SPL of about 4 and 2 mm respectively . This loss is
certainly to some extent due to a local reduction of the electric field
caused by the fringing field or the acceleration gap. Particles travelling
on-axis will probably see nearly the full voltage as measured without hole.
Some more detailed studies of the exact field distribution in this area can
be performed on the model.
Concerning the time after the pulses arrived at the center, two points of
view are possible: the pulses can be considered as having travelled through
the center, or as being reflected by the center. These points of view are at
least equivalent in the case of feeding the structure with a rotationally
symmetric field distribution. Looking at the pulses after having crossed the
center of the structure has not shown any measurable difference of the pulse
shape due to the hole (Fig. 5). This should lead to the conclusion that the
beam hole itself is not responsible for energy losses of the pulse. This is,
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r = -7.5
r = -17.5
r = -60
rs -90

Honogenous feeding

however, not in contradiction to the above mentioned observation of a reduced
field level in the center of the gap, due to additional energy stored in the
fringing field.
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Non uniform feeding and resulting asymmetries
A critical problen for the SPL is the required geometric and temporal
uniformity of the photocathode discharge. In order to simulate possible
defects the number of feeds was reduced by disconnecting sectors (1/32, 1/16,
etc.), and by feeding alternate quarters to study quadrupole and dipole
excitation with only one half of the structure powered.
Tests were also carried out by introducing delays into parts of the feeds
in order to study effects due to a possible non uniform temporal response of
the photocathode switch on the circumference of the structure.
In addition to data taken with the probes across the diameter of the
model, we used more closely spaced probes of the rotatable holder right in
the center. Probes at the center and respectively 1 or 2 cm off-center proved
to be adequate for studies in this area.
Data were normalised by correlating then in time to the maximum of the
undisturbed enhancement rather, than to take the individual maxima directly
as done in the earlier published results4.
Generally, the missing or delayed feeds cause an equivalent power loss in
or near the center, as expected. But the overall distribution near the axis
is astonishingly uniform, even for extremely asymmetric feeding.
As can be seen from Figs. 6a and 6b, the dipole excitation is attenuated
to 5% at r = 2 cm and only 2% at 1 cm. For the quadrupole mode (alternate
quarters disconnected) the damping is even stronger with only 3 and less than
1% respectively. Without the beam hole the difference is even
less
pronounced.
It is of particular interest that the dipole effect, as measured at the
center, is in phase with the simulated edge defect, whilst for the quadrupole
it is 180* out of phase.
These variations are already of the same order as those introduced by
imperfections of the actual model. For this reason detailed measurements are
required to improve the central geometry of the disks.
The distribution on the structure with 1/8 of the power disconnected is
shown in Fig. 6c. As the probes outside the center are only fixed ones, these
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Fig.6a

Dipole excitation
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Quadrupole excitation
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Fig. 6c

Field distribution across the model with 1/8 of the feeds missing
results have been obtained by moving the feed defect around the circumference
of the model.
It is surprising to see how all these possible perturbations are finally
attenuated by the radial line structure and how close the maximum of the
enhanced pulse stays to the supposed beam axis.
Pulse Propagation
The behaviour of the radial line transformer and the development of the
pulses propagating from the periphery to the center of the disk structure
is shown in Fig. 5. "
The amplitude increases steadily until the two wave fronts start to
overlap at r = 7.5 cm, resulting in the expected high peak right in the
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center. Note that pulses having travelled through the center look
differentiated. As already stated before, the presence of a beam hole is
apparently of no influence on this effect.
These waveforms are in reasonable agreement with the simulations carried
out by H.E. Jones 5 . Slight differences are due to a different spectral
composition of the pulses and the fact that our model represents a short
circuit for the pulses reflected at the periphery (ct/r = 2,4, etc.), whereas
Jones' calculations are done for a more realistic open structure.
Fig. 7 shows the propagation with 1/4 of the feeds missing equally on both
sides of one row of the radial probes, similar to Fig. 6c. The wave fronts
from the nearest working feeds arrive with an appropriate delay and a reduced
amplitude with respect to the expected pulse, as indicated by the markers.
Arriving finally nearly on time in the central area and after having merged
with the undisturbed pulse, they continue with their smaller amplitude on the
other side of the structure; a strong indication that pulses travel across
the center rather than being reflected from it.
4 ns

8ns

12ns

T

16 ns
— r*90
r = 60
r=37.5

r= 7.5

r= 0
r=-7.5
T=-t7.S
•r=-60

c-T
Fig. 7

1/4 of the feeds missing
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Multi-frequency operation of the radial transmission line
The radial transmission line can also be considered as a sort of resonant
structure in the sense that the outgoing pulses are again being reflected
from the outer limit of the structure. The pulses being fed in once thus keep
going on through the structure for several cycles. Hence, repetitive
excitation seems possible. Repetitive pulses can of course be Fourier
synthesised with higher integer harmonics of a given fundamental frequency.
Because the Eigen-frequencies of the radial transmission line are not integer
harmonics of the fundamental frequency, some tests were made using superimposition of the first few Eigen-frequencies6. This does not yield a nice
square pulse propagating radially the cavity, but, if at a certain moment all
the maximum amplitudes of the individual Eigen-frequencies are in phase, the
maximum field will occur at the center of the cavity.
We are mainly interested in this particular moment and a priori it is not
important what happens before or afterwards. In a way, we have then given up
the picture of a pulse moving towards the center of the cavity to gain its
amplitude as described before with the switched power principle.
Multi-mode excitation
The orthogonal properties of the Eigen-frequencies quarantee the mutually
undisturbed operation of the different RF generators, provided that they are
mutually independent and isolated using frequency filters, corresponding to
the appropriate mode. This permits a linear superposition in space and time
of the corresponding individual field patterns in the cavity. In general,
there is no rational ratio of the Eigen-frequencies. To obtain, nevertheless,
a periodic excitation one can choose as operational frequencies integer
multiples of a certain base frequency f0 which are near enough (within the 3
dB bandwidth) to the corresponding Eigen-frequency. This is equivalent to
having a comb generator with a comb spacing Af = f0 and selecting only those
frequency lines which fall within the 3 dB bandwidth of the resonance
frequency of the mode to be considered. With a defined phase relation between
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the frequencies thus selected, electric field maxima will be obtained at
equally spaced time intervals f,,"1 at the center.
Power considerations
For most cavities the R/Q decreases rapidly for higher order nodes but
this decay turns out to be very slow for a flat pillbox (Tables 1 and 2).
This means that we can easily add higher aodes in order to achieve high
gradients. Assuming constant Q and R/Q the maximum accelerating field will
increase proportionally to the input power and not only with the square-root
as for single frequency operation.
Assuming
conventional cavities, the total power involved is still
considerable. The advantage is, nevertheless, the high gradient which can be
obtained this way, as compared to the single-frequency operation at the same
total power level. In particular, higher gradients can be held when the
pulses are shorter. It should be noted that this method seems to offer some
control of the pulse shape.
Table 1 - Flat pillbox
R = 250 mm, s = 10 mm, 0 = 5 mm
Frequency

(R/Q)/Ohm

Mode Type
MHz
MO-EE-1
MO-EE-2
MO-EE-3
MO-EE-4
MO-EE-5
MO-EE-6
MO-EE-7
MO-EE-8
MO-EE-9
MP-EE-10

at Ro

458.923
1053.01
1649.60
2245.40
2839.35
3430.70
4018.82
4603.11
5182.99
5757.87
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7.391
7.466
7.411
7.325
7.212
7.071
6.912
6.730
6.529
6.315

Q,
3114
4718
5906
6892
7753
8526
9232
9886
10494
11071

Table 2 - Pillbox with nose-cones
R = 15 mm, s = 20 mm
Beam hole = 5 mm, N
= 10 mm
nose-cone
Frequency

(R/W)/0hn

Mode Type
MHz
TMO-EE-1
TMO-EE-2
TMO-EE-3
TMO-EE-4
TMO-EE-5
TMO-EE-6
TMO-EE-7
TMO-EE-8
TMO-EE-9
TMO-EE-10

906.488
2045.47
3162.02
4282.97
5434.69
6619.58
7828.05
9050.72
10281.1
11515.1

at Ro
31.038
34.245
32.399
24.680
16.167
10.154
6.538
4.422
3.160
2.385

Q.
7861
11665
13915
15397
16740
18209
19743
21285
22813
24328

The total energy envolved is comparable within about a factor 2 to that of
the switched power Linac if we assume that the RF for the cavity is switched
on according to its filling time. During the filling about an equal amount of
energy would be lost in the cavity. After filling the stored energy should be
equivalent to the switched power Linac, provided that an "equivalent" number
of frequencies is being used. However, to reduce the amount of stored energy,
one would need to use small structures such as the 30 GHz main Linac
structure in the CLIC concept or the 12 cm radius of the SPL. This involves
very high frequency components (above 20 GHz) with high peak power. In the
normal conductivity case such an approach would certainly not be competitive
for the time being. On the other hand, superconducting structures are not
efficient above, say 5 GHz, thus seriously limiting possible applications..
Fig. 8 shows the electric field in the cavity at different times.
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Multi-frequency measurements on a model pillbox
Some measurements were performed on a cavity built for this purpose (Fig.
9). Eleven probes are located along one radius. Eight positions around the
circumference are used for coupling in different frequencies. Fig. 10 shows
the initial experimental set-up which was limited to 2 frequencies. Pin diode
limiters were required after the amplifiers to avoid driving the amplifiers
into saturation.
Using a network analyser it was possible to demonstrate the radial
enhancement for the first five Eigen-frequencies. Fig. 11 shows the resulting
field levels as function of time for three radial positions.
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Conclusions
Model measurements on the radial transmission
the theoretical calculations but have provided
requirements which have to be fulfilled by the
frequency operation of the radial transmission
interesting alternative.

line have not only confirmed
a good insight into the
photo-cathode switch. Multiline may turn out as an
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SOME FURTHER THOUGHTS ON HIGH GRADIENTS TO BE ACHIEVED HITH
MULTIFREQUENCY EXCITATION OF A CAVITY
F. Caspeis, H. Haseroth
CERN, Geneva, Switzerland
Abstract
In the context of model measurements for the switched power Linac the idea
came up to achieve high gradients by multifrequency excitation of a cavity.
Compression in space and tine of the electric field can be achieved by
superposition of different frequencies (the eigen-frequencies of the cavity)
with appropriate relative phases. This paper reviews some of the technical
problems of this scheme.
Introduction
Model measurements for the switched power Linac have shown the possibility
of resonant excitation of the structure 1,2,3. Pulses can travel several
times through the structure without much attenuation or deformation. This
observation suggested the possibility of excitation of the cavity by a pulse
train, which could be Fourier-synthesized. Instead of using integer harmonics
of the fundamental frequency it has been shown1 that it has some advantages
to use the eigen-frequencies of the cavity. This can imply a very slow
repetition rate and therefore the scheme is using RF power even during
intervals when it is not needed for acceleration of a beam. A possibility to
avoid this, is to switch on the amplifiers only for the filling time of the
cavity. Correct phasing of the different amplifiers results finally at a
pulse which appears to travel from the outside of the cavity to its center.
This situation is then exactly equal to the situation in the switched power
Linac after the photo-cathode has been triggered. Hence the energy content of
the cavity is exactly equal in both cases. In the case of the RF excitation
of the cavity an about equal amount of energy is lossed during the filling
time. As the photo-cathode switch is not working without losses and the
charging mechanism is not loss-free, the energy balance of the RF excitation
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of the cavity does not look unfavourable, a priori.
Practical Considerations
It is well known, of course, that the RF generation itself is not very
efficient. Power problems are, however, only one aspect of the scheme (and
perhaps not too important). The main problem is the complexity of the RF
amplifiers. The availability of RF transmitters determines the useful
frequency range for the cavity and hence its dimensions. The dimensions of
the cavity would tend to be somewhat larger than in the case of the switched
power Linac.
This would slightly reduce the gradients one could hope to
obtain.
Cavity diameters of 2.4 m as in the model require driving frequencies of
100 MHz to 2 GHz when using about 20 eigen-frequencies, k reduction of the
diameter to 24 cm would therefore require frequencies in the range from 2 to
20 GHz.
Remembering the structure of the switched power Linac which is essentially
a row of disks spaced by about one centimeter or by some millimeters
depending of the diameter selected, it seems difficult to find the space for
the high power amplifier feeds.
At the moment it looks as if this scheme may become interesting in the
case of superconducting cavities. Although the fields aimed for are
considerably higher than the different critical fields well known in
superconductivity, it is difficult
to predict the behaviour of
superconducting material on very short time-scales.. It is, however, well
known that, in order to split up the Cooper pairs a certain amount of energy
is required. Hence, it may take a certain time to transfer this energy to the
Cooper pairs and if this time is long compared to the actual pulse duration,
there may be some hope that the critical fields can be exceeded. If these
considerations turn out to be too much science-fiction-like, the
multifrequency
excitation of a superconducting cavity may still be
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interesting for the study of superconducting phenomena on short-time scales.
For this purpose a collaboration has been started with Wuppertal, Germany.
The first measurements planned consist of Q-measureraents at several eigenfrequencies at a given power level and then of Q-measurements using
multifrequency excitation with the total power identical to the previous
measurements. It is hoped that the latter ones will turn out to be more
favourable.
For the time being we do not believe that the multi frequency excitation is
interesting for normal conducting cavities, due to the cost and complexity of
the high power amplifiers, the limited space available for them and the
problems of power coupling. There is, however, a special application which
looks feasible: If the aim is to build only a single section instead of a
whole Linac. This is, for example, the case if a unit is needed to accelerate
immediately to very high energies the beam coming from a cathode. For the
creation of high intensity and very short electron bunches rapid acceleration
to relativistic energies is the only way. Here enough space can be made
available for the RF power amplifiers and coupling may be eased by changing
the shape of the pill-box cavity to a slightly conically shaped re-entrant
cavity (Fig. 1). Another application of this shape can be for sparking tests
for extremely short pulses with high gradients.

beam

Fig. 1: Conically shaped re-entrant cavity
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As an example let us consider a cavity of approx. 8 cm diameter driven by
the first five or ten eigen-frequencies. The frequencies would thus lie in a
convenient nulti-GHz range. This would result in shunt impedances in the
range of 30 to 50 k& and would require more than 100 kW per frequency. The
conical shape of the cavity should provide enough space for the coupling-in
of the RF power. Its use for a Linac structure (i.e. repetitive) would, of
course, not be interesting because the long field-free sections between the
regions of high gradients. It nust be emphasized that the expenditure in this
scheme is extremely high and only justified if switching-means (e.g. photo
cathodes etc.) cannot achieve the desired goal. The time behaviour of the
fields near the moment when all the eigen-frequencies are in-phase to create
the maximum amplitude, is very much similar to the incoming wave in the case
of the switched power Linac. However, the time behaviour earlier and later is
very much different from the picture of a short pulse travelling through the
cavity. Lower fields over longer times and over larger areas are quite
frequently occuring in this regime. Normal breakdown mechanisms or even
multi-pactoring may cause problems.
Conclusion
Multifrequency excitation of cavities looks possibly interesting in the
case of superconducting resonators, provided higher gradients than allowed
for by the critical fields can be obtained for short pulses. An additional
problem, of course, could be caused by multi-pactoring. If this scheme works,
a Linac structure may be envisaged. In case of normal conducting cavities
only the application for a single cell, like e.g. for an electron gun, looks
attractive now, provided the pulses cannot be provided by other means.
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A NEW SWITCHED POWER LINAC STRUCTURE
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INTRODUCTION
In the last few years, many ideas, suggestions and proposals have been presented on
the subject of linear colliders and related technologies. The common denominator of this
activity points to the need for machines that stretch present capabilities to a level that
would have been considered impractical or useless in the not-too-distant past. For example,
an accelerator delivering low repetition rate electron bunches 100 fs (10~13 sec) long would
not have generated great interest in the high energy physics community fifteen years ago;
these bunch lengths (and shorter) are now essential for e + e~ colliders in the quantum beamstrahlung energy regime. Similar considerations apply to another basic parameter of a linac,
i.e., the gradient: at a few tens of GeV final energy, and a gradient of 20-40 MV/m, the
accelerator length is kept within "reasonable" limits. But at 40 MV/m, a 1 TeV machine
will be 25 km long. In other words, the need for high-duty cycle, the fact that moderate
gradients were satisfactory and the availabilty of high-power RF sources all have controlled
the development of linear accelerators. The needs have now changed, hence the attempt to
find alternative solutions for short bunches and higher gradients.
One could catalog the various proposals submitted in broad catagories: inverse effects,
collective acceleration, wakefield mechanisms, pulse (switched) power, conventional and unconventional RF sources, laser acceleration supported by microscopic structures, and combinations thereof of one or more of these. This catalog (of the available literature, by no means
complete) contains thirty-five rather distinguishable machines, according to our count. Of
these, only two are in the pulse power category.
Pulse power differs from RF only to the extent that the power compression stage of a
resonant cavity is replaced by fast (ultrafast) switching. The two approaches are, in essence,
the same: a potential difference between two conducting planes increases the energy of
* Work supported by the Department of Energy, contract DE-AC03-76SF00515.
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the charged bunch traversing the planes. Pulse power eliminates the very expensive and
complicated conversion from wall plug to RF energy, and lends itself quite naturally to the
acceleration of very short bunches. On the other hand, there are "proven" techniques to
generate high peak power RF while subnanosecond switching is at a stage far from the
needs of a linear accelerator. This paper is devoted to the description of a new pulse power
structure, and to the proposal for a switching technique that appears to fill the requirements
of future high-gradient machines.
A switched power linac structure has been suggested by Willis.1 The structure consists
of a set of parallel disks of radius R, with a hole in the center, where an electron beam is
accelerated by EM wave injected uniformly at the disk's periphery, with the appropriate
phase. The wave is spatially compressed while travelling towards the center; starting with
an electric field Eo, the energy gained by a charge q crossing the gap g between two disks
will be qG Eog. Analytical calculations have shown that 2

where R is the radius of the disks, TRC is the product of the risetime of the pulse times
the speed of light (the "space rise" of the pulse). This expression is rigorously correct if
the plates have no hole in the center: a case of little interest if an electron beam has to be
accelerated. However, it can be shown that this expression is a good approximation if the
diameter of the hole is smaller than the gap between the plates. The value of G has been
experimentally verified by Aronson et a/.3 by varying T# and by measuring the E field at
different radii.
A good approximation for G that includes the effect of the center hole on the accelerating
field is:
C S 2 /

R

The reduction factor of \/2 is close to the experimentally measured value, when the hole
diameter is equal to the gap g.
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The electron bunch length required by future colliders must be very short, in order to
achieve useful values of luminosity. Typical bunch lengths are of the order of 1-2 mm or less
in the "classical" beamstrahlung regime, and down to a few tens of microns in the "quantum"
beamstrahlung regime. This implies that gap lengths in a pulse power structure should be
small, i.e., of the order of a few millimeters; and since Tgc appears as g in the gain formula,
a serious restriction is imposed on the pulse risetime, if reasonable efficiency is expected.
The impedance seen from the periphery of a pair of disks is given by {ZQ = 377 ft; R > g):

or Z = 1 Q for g = .1 cm, R = 6 cm. The gain G for 3.3 ps risetime will be 15.5. A gradient
of 200 MV/m will be obtained with ~ 13 kV pulse injected. Therefore, one needs 1000
switches/meter, each capable of 3.3 ps risetime with a current of 13 kA. Although the total
energy switched per meter of structure is small (.56 Joules), the peak power is 1.7 x 1011
watts!
In conclusion, the plurality of switches, the fast risetime needed, high peak power and
the required unifonnity in switching (the wavefront injected must be uniform around the
radius, or else transverse fields will be seen by the accelerated bunch) appear to be rather
difficult goals to achieve simultaneously.
The new accelerating structure removes some of the difficulties of the radial line structure:
first of all, the new structure does not need an extremely fast risetime to achieve high
gradients efficiently.
Furthermore, the switch configuration of the radial line structure is circular (around the
periphery of the disks); the switch of this new structure is rectilinear. This makes the optical
setup necessary to drive the switch (with laser light) simpler and cheaper. The new structure
has two other advantages over the radial line: it offers the possibility of implementing energy
recovery schemes without interfering with the switch; and for equal gradient, the energy/unit
length needed by the radial line is higher (for practical values of
DESCRIPTION OF T H E STRUCTURE
Consider a flat plate transmission line (Fig. 1), of width L, with initial interelectrode
distance g%, filled by a dielectric (relative dielectric constant tT). The two plates (anode
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and cathode) forming the line are not exactly parallel, but slightly converging, i.e., the
interelectrode distance decreases at a shallow angle. A pulse of duration r is injected in the
side shown as AA' in Fig. 1. The wavefront of the pulse is parallel to the direction AA',
the electric field has the direction indicated. The pulse travels towards BB', which forms
an angle 0 with AA' given by:

9 = sin"1 -4= •

(1)

The flat plate transmission line is cut into ribbons of width wi, each starting at BB'. The
initial ribbon thickness is g < g\ (remember that the two plates are not parallel). Continuing
from left to right, both width and thickness of the ribbons are reduced continuosly, while the
ribbon is twisted 90°. After the twist, a bend of an angle 0 aligns the E field of every ribbon
in a straight path. The E field in the regions will be aligned and with the proper phase for
accelerating a charge (already) moving the velocity c, because of the delay inserted in each
section by Eq. (1) and because each transition transformer has the same delay. Figure 2 is
a shaded drawing of one section (equivalent to Fig. 1).
E Field
E Field

SS49B4

Figure 1: Isometric view of the new pulsed structure. The central electrode on the
left hand side is intended to represent schematically a Blumlein-like pulse injection.
The switch in this case is symbolically shown only on the upper left corner. In a
true structure, the switch will be uniform along the center electrode.
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Figure 2: Shaded drawing of Fig. 1 (continuing lines). The beam will be
accelerated through the holes in the central region.
During the transition, the value of the dielectric constant tT is lowered: this can be done
by changing the dielectric mixture, or by using short sections of dielectric with progressively
lower eT. The idea is to change the impedance from the value*

Zt.

—

v
~"7=

91
91 + Wi

(2)

to the value of
Zf = ZQ

92

(3)

as smoothly as possible, in order to minimize the amount of reflected power; Z{ is the
impedance of a section of width w\ at the beginning of the line, Zf is the impedance at the
accelerating region. At this point, it is clear that the structure can be described as a set of
cables pulsed in parallel and rearranged in series (with appropriate delays) so that starting
with a wave of amplitude VQ, the final accelerating potential will be:

(4)

• Note: The expression is a good approximation to the exact impedance value of a parallel plate transmission line.
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Substituting 2, 3 in Eq. (4), we can write the equation for the gradient gain G
_ Vfcosd gi

as
G = ej cosO

01

/ Go { Oi

(5)

The travelling pulse appearing in the accelerating region has an electric field parallel to
the direction of motion of the electrons, but also a magnetic field that gives a transverse
impulse p± to the electron bunch. This effect can be compensated for by using the following
technique. The width of each ribbon w\ is larger than the gap g2, so that there is a spacing
between each accelerating region. Suppose that w\ = 3<72! in this case we can interleave
two more accelerating structures rotated 120° from each other. If the VQ amplitude is the
same in every triplet of successive accelerating gaps, the transverse momentum gain p±_ is
averaged to zero (see Fig. 3).
The three lines structure is the minimum required for averaging p± to zero,
if the striplines are continued after the
accelerating region. More generally, neglecting electrode's thickness, the value
ofiV
N =

(6)

must be an integer greater than or equal
to three. This condition will completely
pack the length S with S/g2 gaps.
After the accelerating gap, the ribbons are twisted again to form a flat transFigure3: Beam end view of three crossed
structures. Again, the Blumlein structure is shown to indicate where the pulse
is injected.
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mission line; in this manner the energy
of the electrical pulse left after acceleration can be recovered, or at least removed

from the structure to avoid heating and/or
damage to the switch used to inject the
pulse.

.B'umiein
Structure

There are many variants to the structure just described. For example, the use
of a dielectric to control the delay of the
high voltage pulse is not strictly necessary.
The delay can be obtained in vacuum by
an appropriate length of the individual ribbons. The geometry will be somewhat different, and one loses the factor tT' in the
gradient gain (eT = 1).
Another variant is to interrupt (leave
open) the ribbons after the accelerating region (see Fig. 4). In this case the pulse will
be reflected back, almost completely;

the

electric field will increase by a factor of two,
and the magnetic field will be reduced by
a large factor. We will interleave at least

2-88

SS49A6

Figure 4- Shaded drawing of the open
line structure. The acceleration is now
from left to right, through the holes at
the end of each line.

three structures in this case, to compensate for the small residual magnetic field,
and to pack the accelerating region completely. The gradient gain of this configuration (open end lines, completely packed)

i

will be:
G = 2c}
If (wi/gi)

02(52 + ^2)

(7)

= (102/02) (which implies that

Zi = Zj), the gradient gain can be approximated as:
** The reflection coefficient of an open line is frequency dependent.
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Figure 5: Beam end view of the open
line case (analogous to Fig. 3).

G = 2e} —

.

(8)

92

These expressions for the gain do not contain the pulse risetime, or pulse length. The assumption made in Eq. (4) is that the twisted transition region is equivalent to a transformer,
with voltage gain given by (Z//Z,) 1 / 2 ; this is correct if the pulse length is much shorter than
the length / of the twisted transition. The pulse length must be longer than ~ W2fc, to insure proper reflection from the open end. A beam line end view of this configuration is in
Fig. 5 (analogous to Fig. 3). To leave open the end of the twisted sections may be necessary
at high energies, since the synchrotron radiation loss goes as 7 2 5 2 , and for large values of 7
this energy loss can be a substantial fraction of the gradient.
Two effects have been neglected in Eqs. (7) and (8). The first is due to the fact that the
"open circuit" reflection coefficient is not exactly +1, but a complicated function of the line
geometry and of the frequency components present in the pulse. The second is due to the
presence of a hole (iris) in the accelerating region. The effect of the hole is to reduce the
field by some 20% when g<i is equal to the iris diameter (this reduction comes from numerical
simulation and from some measurements done on the radial line transformer). A reasonable
and conservative guess for the contribution of these losses is to replace the factor of two with
\/2~ in Eqs. (7) and (8). In conclusion:

e y/2 4 V. 92(92+W2)
J9l\9liWll

(9)

For:
91
G 3

92
y/2 tj ^
92

(10)

and, as mentioned before, Eqs. (9) and (10) are good approximations if:
u>2

—

c

<

T

<

/

-

c

.

The energy/unit length of accelerator needed to obtain a given gradient can be calculated
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as follows: The input impedance of each section as seen from AA' (Fig. 1) is:
7

Z

Z

_

o

91

„

Zp gi

~ yfer9l + L ~ SeT L '

For a voltage VQ injected in this line, the energy contained in the pulse of duration r is:

SL

= £ y£r - r .

(12)

On a length S = L/cos0 of accelerator, we have a number of lines given by Eq. (6), so that
the total energy needed per unit length will be:

ftf^

(13)

Using Eq. (9), we obtain the energy/unit length as a function of the final gradient Eft
SL

E

f

92+W2

This expression can be simplified by:
1.

T = (2w2/c) , minimum pulse length requirement.

2.

Zoc = eg1 ,

3.

w\ > 51 ,

so that Eq. (14) can be written as:
— = Ej co w2(w2+g2)

(15)

A NUMERICAL EXAMPLE
The following is an exercise in designing a section of length S = 1 m, to give an idea
of the order of magnitude of the parameters involved. A more accurate optimization of the
machine requires a detailed knowledge of a few effects which are difficult to calculate: the
interference between adjacent lines, the pulse spread while traversing the twisted sections,
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the actual reflection coefficient from the open end of the lines, etc. Furthermore, some of
the assumptions are somewhat arbitrary: the conditions given in Eq. (16), Iwijc — r, is
just a rule of thumb to avoid improper reflections from the open end. The exact value of the
constant "2" depends, among other things, upon the actual pulse shape reaching the open
end.
We will use a pulse length already achieved by Fletcher: 100 ps. This pulse length
was obtained with a switch working in air at atmospheric pressure. The design gradient
(without beam loading) will be 300 MV/m, or about 20 times the present SLAC gradient.
We will use a high-frequency dielectric (cr = 11, commercially available) to load the initial
section of the lines. The structure will have the open line configuration. The pulse length
determines the value of w<i [Eq. (16)]: w% = 15 mm. The value of gz is taken as 6 mm,
giving a reasonable aspect ratio for the accelerating portion of the lines. The number of
sections [N, Eq. (16)] is chosen, rather than w\\ for simplicity, we take N = 12, which will fix
w\ = 70 mm (cos0 = 0.953). The last dimension to select is g\, the interelectrode distance
at the beginning of the sections. This parameter controls the impedance at the beginning
of the sections, the detailed structure of the pulse-forming Blumlein structure, the gradient
gain and the voltage needed to obtain the desired gradient. For different values of g\, we
have:
Table 1.

G
kV

£/pulse
Joules

4.87

370

231

1.14

6.44

466

219

15

1.70

8.14

553

206

20

2.27

9.68

620

194

9l
mm

Zi

6

.68

10

n

The choice of g\ will be dictated by the detailed design of the power compressor preceeding the switch (probably a magnetic pulse sharpening system), and by the properties of the
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switch itself. At any rate, the energy handled by each switch is approximately 20 Joules, or
2 kW at 100 pps rate, quite a modest level for a switch operating in gas.

COMPARISON BETWEEN THE RADIAL LINE
AND THE NEW STRUCTURE
The energy needed by the new structure can be compared to the energy needed £R in a
radial line transformer, as a function of the final gradient and risetime of the pulse:
€R

_

5
If we specify the pulse length r as r = 2g/c, Eq. (16) becomes:
(17)
Comparing this expression to CifS given by Eq. (14) (r = 2102/c), we obtain, for the same
gap #2 = g:

5L

(

Since </i <^C w\, the two structures will require the same energy when:

9

\

9

*g

for Wijg = 3, Tgcfg = 2.82; the value of TRc/g drops rapidly: for w-ilg = 2, rgcjg = .91.

COMPARISON WITH AN X BAND LINAC
Recently, P. Wilson has presented a study of a linac working in the X band (11.42 GHz).
The value for elastance is quoted as s = 10.5 x 1014 V/Cm. From Eq. (14) we can write the
elastance of the open line structure as (see Appendix):

' .

(20)

where Ai = gi/vi, and A% — g2/<*>2- With the geometrical values of the previous example
(Table 1), we obtain s = 3.89 x 1014 V/cm {gx = 6 mm) and s = 4.61 x 1014 V/cm
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(#1 = 20 mm). The elastance parameter scales as w2; a pulse with a risetime r contains
frequencies up to

f * —
or a 4.5 GHz (for r a 100 ps). We conclude that part of the difference between the two
values of elastance is due to the frequency dependance, and that we could obtain a value of
s equal to the X band linac for a pulse of 65 ps (instead of 100 ps) duration.
TRANSIENT DISPERSION AND ATTENUATION
The skin depth associated to a frequency / is given by
6 ~

fc,/£cm

;

k = 5 x 103 ;

(21)

where p is the resistivity of the conductor (Q • cm), / is the frequency (Hertz). For Cu
at 4.5 GHz, 6 = 1.0 ft. A length / of conductor with a width u? will present a skin depth
resistance of

R = pJ- .
Sw
This value has to be compared with the impedance of a parallel plate line
Z = Zow

.

The ratio R/Z for a 1-m transmission line length is of the order of 4 x 10~3; hence, losses
due to skin depth are small. The attenuation due to the presence of dielectric can be
approximated as
A = 9.1 x 10" 8 / tg S ^

db/m

,

(22)

for tT = 11, tg6 = 4 x 10~4 (a commercial plastic dielectric material)
A = 0.6 db/m @ 4.5 GHz .
We conclude that losses are small for a line length of 20-30 cm loaded with this dielectric.
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Using fused silica (er = 4, and tgS = 2 x 10 4 ), the attenuation will be reduced to
0.2 db/m; other dielectrics (like sapphire) are expensive and difficult to fabricate in odd
shapes.
The use of a dielectric is probably needed to avoid field perturbations due to randomly
fluctuating field emission currents: even at very high electric fields, the short pulse duration
does not allow regenerative (avalanche) effects; but current due to field emission should
be kept conservatively below 1/106 of the main current flowing in the lines. Perhaps the
dielectric is not needed, or a surface treatment of the cathode may be sufficient.
Finally, there is a small wavefront distortion introduced by the twist transition from the
beginning of each strip to the region where the E field has been rotated by 90°. The center
of the transmission line will be shorter than the outer edges. Using the numbers given in
the numerical example, if the transition occurs in 20 cm, then the length difference amounts
to about 2 mm. If the average value of the dielectric constant during the twist is nine (we
started at er = 11), the transit time difference is ~ 20 ps, which is small compared to the
pulse length.

GRADIENT LIMITS
Very little is known about vacuum breakdown for short, subnanosecond pulses. We found
only one reference in the literature in which nanosecond pulses were used to determine the
breakdown strength of small vacuum gaps. The interesting point of this experiment is that
field intensifying whiskers were identified visually as the breakdown initiators; furthermore
these whiskers were destroyed by short pulses (1 ns or less), and did not form again once
destroyed (again, for very short pulse durations). The authors found that for pulses < .5 ns
long, the breakdown field between Cu exceeded 1.4 x 109 V/m (80 kV on a 57-micron gap);
with W electrodes the field was 3 x 109 V/m for pulses less than 1 ns (80 kV on 27 microns).
Whether the 3 x 109 V/m field can be held for a few picoseconds on a much larger area
and gap will have to be proven by experimentation. Nevertheless, the values reported are
encouraging.
Another limit, probably far from practically achievable gradients, is due to the melting
of the structure's surface. We will present here an order of magnitude estimate for a parallel
plate structure subjet to a pulse of duration T. The energy dissipated by a pulse of duration
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T is given by i2Rr, where R is the resistance due to skin effect. The skin depth 6 is given
by Eq. (21). For a parallel plate line, the volume heated will be w • S • £, w being the width,
£ the length of the structure. We can therefore write

(23)

with Cp = specific heat of the electrodes (Joules/cc), AT = increase in temperature (°K).
This equation simplifies as [ r / ~ (1/2)]:
E2

1
?

•

(24)

All metals have Cp a 2.5 to 3 Joules/cc. The value of AT goes from 3200°K for refractory
metals (like W or Ta) to 1000°K for Cu. Equation (24) estimates the temperature increase of
a very thin layer of conductor, under the assumptions that there is sufficient heat conduction
between two successive pulses to ignore the repetition rate dependence of AT. The gradient
limit calculated according to Eq. (18) for AT = 3200 °K, Cp = 2.5 J/cc is E = 2.4 x
1010 V/m. Notice that the units of E in Eq. (24) are V/cm.

ANOTHER EXERCISE
We will repeat the calculations for a very high gradient machine; the measurements of
vacuum breakdown reported in the previous chapter (Ref. 6) have shown that 3 GeV/m is a
gradient that can be sustained between tungsten electrodes without breakdown. The pulse
length will be 10 ps, a factor of 10 shorter than the previous example. This pulse length
may be achievable with a gas avalanche switch triggered by a short-pulse UV laser. The
accelerating gap will be reduced to 0.5 mm, and consequently, all dimensions will be scaled.
down. For example, the transformer/transition section in the previous example was of the
order of 30 cm, to insure a "smooth" transition between the switch and the accelerating
gap. The same smoothness can be obtained by a 10-cm-long transition, when the values of
w\ and W2 are 1.5 and 0.15 cm, respectively. Therefore, the shorter pulse will propagate
without appreciable losses (~ 1 db) through the shorter length of transition.
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The number of sections for complete packing given by Eq. (6) is N = 30. For an
accelerating gap of 0.5 mm, the electrode's thickness cannot be ignored, and the number of
sections must be reduced. Of course, the effective average gradient will be reduced, as well
as the energy /unit length. By selecting N = 16, we allow for electrode thickness and some
spacing between each gap, or between a complete set of gaps. The average gradient will be
reduced to 1.5 GeV/m. The geometrical dimensions are as follows:
Table 2.
Parameter

Dimension

91

15 mm

92

0.5 mm

W\

15 mm

102

1.5 mm

N

16
11

T = 2u>2/c

10 ps

From these numbers, we obtain:
G = 54.6
Vo = 824 kV
SfS = 65 J/m

.

Each switch (there are 16 of them) will control 4 J, or 480 watts at 120 pps.
Figure 6 is a very simplified drawing of the structure. Only six (out of sixteen) units are
drawn, and of these, only two are complete with-the Blumlein structure.
An approximate scale is indicated. Also, the dimension (length) of the Blumlein electrode
is greatly exaggerated for clarity. In practice, the electrode length is only 3 mm.
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Figure 6: Sketch of a high-gradient machine. Only six units (out of sixteen). The
two top units are complete with the Blumlein structure. Acceleration occurs in the
center, where all transition transformers converge.
SWITCHING
The key ingredient for a pulse power machine is the capability of ultrafast, reliable
switching of very large currents, at moderately high voltages. We want to propose a gas
avalanche switch (GAS) as a possible candidate; preliminary calculations show that the
risetime obtainable is within the range of a few picoseconds, when switching the large current
needed to drive a pulse power structure. We will give a description of the switching in a
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medium, starting from an elementary, idealized case. For a more detailed study of the
problem, see Ref. 13.
Consider a volume enclosed by two electrodes of area A, a distance g apart forming a
condenser charged at voltage VQ, and of capacity C. Let us ionize the medium uniformly in
an infinitely short time, with a density of free charges d (Coulombs/m3). The electrons will
begin to move with velocity v towards the anode (ions are ~ stationary), and after a time t
given by

the capacitor will be completely discharged. The calculation is not correct because it assumes
constant drift velocity of the electrons: actually, while the electric field in the condenser
decreases, the velocity will decrease as well. If we assume that the electron mobility is
constant, i.e.,
v =
then a simple calculation shows that the electric field will decrease with time as

E(t) = Eo e
i.e., with a time constant T = (eo/dfi) [exactly equal to t in Eq. (25)].
A risetime of 5 ps will be obtained with d = 1.8xlO~5 Coulomb/cc and /i = . l m 2 V" 1 sec" 1 .
The charge density implies an ionization level' of 4.2 x 10~6 for gas at NTP; the value quoted
for the mobility is fairly typical for a gas. From these elementary considerations, one can
conclude that given a fast source of ionization (like a 1-ps laser pulse) with sufficient energy
to ionize a medium (with some quantum efficiency) the switching of an electrical pulse can
be obtained.
The energy efficiency of this switch, however, is rather poor; the generation of a 1-ps laser
pulse may have an efficiency (wall plug to light) as small as 10~3. The quantum efficiency
in a medium is also very small, with only one notable exception, i.e., in a semiconductor.
f Ratio of number of ionized atoms/number of neutral atoms.
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Switching in semiconductors has been achieved with impressive speed (a few picoseconds),
but at low voltages — too low for our applications.
So far we have ignored the possibility of avalanche multiplication. In a gas, avalanche
multiplication reduces the number of electrons to be generated by the laser, provided that
the time of the avalanche growth is sufficiently fast. One electron drifting in a gas will
multiply to N electrons according to:
N(t) = eavt

,

where a is the first Townsend coefficient, v is the electron drift velocity, and t is the time.
Both a and v are known (measured) functions of the ratio E/p (electric field/pressure). The
drift velocity v depends only (with good approximation) on E/p, i.e.:

v = ME/p) .
The first Townsend coefficient a is the inverse of the mean free path for ionizing collisions;
the collision cross section is only a function of the drifting electron energy, i.e., it is constant
for constant E/p;
a = pfi(E/p)

,

because the number of scattering centers goes as p. The product l/av is the time that it
takes to increase the number of electrons in the avalanche by e. From the two previous
relations we conclude that
— a - for E/p = constant
av
p
Hence, increasing p and E so that E/p = constant should decrease the avalanche growth
time proportionally to p.
In these conditions the voltage will be applied to the switch for a very short time (less
than 1 ns) to minimize the probability of prefiring on an single electron emitted by the
cathode. This probability can be minimized by:
1.

applying tho field for a very short time;
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2.

reducing the field on the cathode;

3.

coating the cathode surface with an insulator.

Point 1 implies charging a few picofarads in a fraction of a nanosecond; quite a standard
requirement for pulse power. The field reduction on the cathode surface can be obtained by
shaping the electrodes.

CONCLUSIONS
A new pulse power structure has been described that utilizes an easily accessible rectilinear switch. The new structure is more "forgiving" (as far as risetime is concerned) than
the radial line transformer, and contains fewer switching structures/unit length. The combination of the new structure with the switch proposed seems to offer interesting possibilities
for a future linear collider.

APPENDIX
Calculation of elastance: The elastance parameter is defined as
E2

* " I/S '
where E is the accelerating field, and S/S is the energy injected in a structure per unit length
of accelerator. For RF-driven machines, s is proportional to the square of the frequency:
s = Au>2

.

For the SLAC-type structure A = 2.310"8, s in V/C • m 12 . For pulse power structures, an
approximate calculation of* is straightforward. We will start with the radial line transformer
case, i.e., a structure made of parallel disks with a switch on the disk's periphery.
A length S of accelerator contains S/g sections, g being the gap between adjacent disks;
the thickness of each disk is assumed to be negligible. The impedance seen at the disk's
periphery (radius R) is
z

- *
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(A1)

We calculate the energy/unit length as

-w
where r is the pulse duration and V{ is the voltage injected at every disk's periphery. Recall
the gradient gain (corrected for the prescence of the iris):

G = 2 J—2— .

(A3)

So that we can express \\ as a function of Ef, the final gradient, i.e.:

We obtain Eq. (17) by combining Eqs. (A4), (A3) and (A2). Assuming that r = 2g/c, we
can write (ZQC = ejj"1)

Finally, since
3

~ I/s '

we have, for the radial line elastance:
s =
TCO g(TR

•—- .
c + g)

(A5)

We can proceed along the same line to calculate the elastance for the proposed structure. If
we inject a pulse of amplitude VQ on a length 5, we need an energy [Eq. (12)]:

we now replace Vo in terms of Ef, using Eq. (9) for the gradient gain, and take into account
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that the value of N is [Eq. (6)]:
N =
and obtain, for a pulse length o:

s =

(A.6)

A2)

with Ay = g\jwi; Ai — g2/w2The expressions for the elastance presented here are approximate, because the effective
accelerating field is less than the calculated value, due to the presence of the holes through
which the beam is accelerated. The accelerating field/calculated field ratio is a function of
r/g only (radius of the hole/accelerating gap):

£

- 7 - T«.) ;

7 is unity for r/g = 0, and zero for r/g = oo. The exact behaviour of^r/g)

requires detailed

modeling of the actual structure. As a first guess, with some support from calcuations and
experimental data, we have taken 7 =

\/yfi.
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APPLICATION OF SWITCHED-POWER TECHNIQUES TO QUADRUPOLES
Saauel H. Aronson and Richard C. Fernow
Physics Department
Brookhaven National Laboratory
Upton, NY 11973

INTRODUCTION
Electric fields on the order of 1 GV/n may be achievable with.very
short (few ps) pulses.

A field of 0.3 GV/m is equivalent in deflecting

strength to a magnetic field of 1 Tesla.

We consider here the possibility

of replacing magnets (specifically final focus quadrupoles) with laserswitched devices.
FINAL FOCUS REQUIREMENTS FOR A 1 TEV COLLIDER
To have a concrete example we use Palmer's parameter list of 0.5 TeV x
o

0.5 TeV colliding electron-positron linacs.

The X - 17 mm solution re-

quires the following final focus quads (FFQs), assuming a 1.4 T pole-tip
field:
length

39 cm,

aperture radius...0.1 mm,
gradient

1.4 x 10

T/m.

Using the conversion mentioned in the Introduction, this (magnetic)
gradient is equivalent to
G e l - 5 x 10 3 GV/m2.
In what follows we assume that the minimum gap between adjacent poles
equals the aperture radius.

Figure 1 shows the pole-tip electric field and

pole-to-pole potential corresponding to this gradient as functions of the .

This manuscript has been authored under contract number DE-AC0276CH00016 with the U.S. Department of Energy. Accordingly, the U.S.
Government retains a non-exclusive, royalty-free license to publish or
reproduce the published form of this contribution, or allow others to do
so, for U.S. Government purposes.
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Figure 1: Plots of voltage and electric field in the pulsed quadrupole as
functions of the aperture radius. The assumption is made that the minimum
pole-to-pole spacing is equal to the aperture radius. The horizontal line
at E - 3 GV/m is based on Ref. 3 as discussed in the text.

aperture.

There is experimental evidence from Juttner and coworkers

that

for small tungsten electrodes and for pulses - 1 ns in duration fields of
3 GV/m can be held in vacuum.

Reading off the graph in Figure 1 we see

that the requisite gradient can be achieved at this field strength for a
0.6 mm aperture.

This relaxation of the aperture requirements, if achiev-

able in practice, would make it much easier to operate a final focus
quadrupole.

Palmer has pointed out that another similar application of

switched power would be fast kicker magnets; we leave to the reader the
detailed comparisons of such kickers to their magnetic counterparts.
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SWITCHED POWER FINAL FOCUS QUADRUPOLE
In order to explore the feasibility of such a device further, we can
A

use the numerical simulations of Stumer
CERN

and the results of RF modelling at

as rough guides. We wish to know what "DC" voltage we need to hold

on the switch and what kind of gain is required of the structure which
couples the switch to the beam aperture.

From the simulations we infer

that the peak voltage in the switched pulse (including a boost from edge
reflections) is about half the "DC" charging voltage.

From RF modelling

results we can expect a voltage gain - 15 from radial lines of practical
dimensions.

Since we require a voltage at the bean hole of 1.8 MV (see

Fig. 1) we get
V

"DC"

0.5x15

This voltage can be held for - 1 ns by an 80 micron gap in vacuum according
to Juttner's results.

Switch gaps from 160-600 microns are typical of

Stumer's calculations, so there is some safety margin which will probably
be user/ up in longer charging times or imperfections of larger
photocathodes, etc.

If we define the efficiency of the coupling structure

as the ratio of the energy going into the electromagnetic field of the
pulse to the energy stored in the switch, then Stumer finds typical efficiencies of 10-20% for a single switching pulse.

Although this is too

low for linac applications, it is not a problem for the type of applications considered here.
We consider below two examples.

The first is a proof-of-principle

device that falls short of satisfying Palmer's FFQ specification by about
an order of magnitude but could be tested with the ATF

beam at Brookhaven.

The second is an attempt to get to Palmer's specifications and at this
stage serves merely to raise the kind of questions we need to address In
evaluating such switched power applications.
Example I:

Demonstration Project

Figure 2 shows.a simple switched power electric quadrupole composed of 4 tapered transmission lines.
each gap at the outer edge.

A linear photocathode is located in

These are charged up to V H D - M and discharged

with line-focussed laser pulses.
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Figure 2: Sketch of the pulsed quadrupole described in Example I. Each of
the four tapered lines contains a photocathode wire at the outer end; all
four photocathodes are discharged simultaneously with four line-focussed
laser pulses.

A typical set of dimensions is:
gj^ - 2.0 mm,
g 2 - 0.5 mm - aperture radius,
w.. » 25 mm,
w- - 2.5 mm,
r - 100 mm,
133 kV.
»DC"
Note that with w- - 2.5 mm a relativistic particle spends 8.5 ps in the
quad aperture so pulses of longer than, say, 10 ps are required. Note also
that r, while somewhat arbitrary, needs to satisfy the condition
r » w-, w« so that the tapering is "gentle" and doesn't give rise to
reflections. The electric field, gain of the tapered line is 7
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- 7[g 1 (g 1
- 6
for these dimensions.

Thus

E

center " °'5 * TE * OT-DC-/«1>
- 200 MV/m.

With a pole-to-pole spacing — g- — 0.5 mm one obtains a pulsed gradient

G

el "

4 0 0 GV 1 2

/"-

This gives an equivalent magnetic gradient that is about an order of magnitude below the Palmer specification and is not readily adaptable to a
device of appreciable length due to the tapering along the beam direction.
However, such a unit could be tested with the 50 MeV ATF beam to
demonstrate its function as a quadrupole.
Example II:

Palmer FFQ Equivalent

As discussed above, we require about 40 cm length and about 10
times the pole tip field of the previous example to meet the specification.
A few ways to address these issues are:
A.

Half-twist in the tapered lines

(see Figure 3 ) : this puts

the wide photocathode end of the lines perpendicular to the beam and allows
close packing of as many units as necessary.

One would need on the order

of 160 units from Example I to give 40 cm of field.

The laser pulses which

do the switching would have to be appropriately phased to provide field
pulses in step with the beam bunch which spends about 1 ns in the device.
B.

Increased r_ can be achieved in a number of ways:
1.

Multipulsing--Stumer's simulations indicate almost linear

gain in the pulse amplitude from the first several refirings of the switch
(after the initial pulse returns from the center).
tainable.

•

•
2.

A factor 5 might be at-

•

Bigger taper ratio--another factor 3 might be practical

but this means three times the photocathode length, radius, etc.
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Figure 3: A variant of the quadrupole in Figure 2 with the lines twisted
by 90 degrees. This would allow for close-packing of a number of such
units to make a long quadrupole.

3.

Dielectric loading of the lines--one gains slowly here

since

r E d).
An additional factor 2 from this added complication is optimistic.
Therefore it seems possible in principle to achieve the objective of
replacing the magnetic FFQ and relax the aperture requirement by a factor
~5.

However, many questions have to be answered with experimental tests

before the device described here could be realized and one can ask whether
the gain is worth the effort.

This question (and others related to other
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possible applications of switched power quads or kickers) should perhaps be
deferred until a serious effort is made to design, build and test the
demonstration project outlined in Example I above.
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PICOSECOND AND FEMTOSECOND LASER SYSTEMS FOR PARTICLE
ACCELERATOR APPLICATIONS

William R. Donaldson
LABORATORY FOR LASER ENERGETICS
University of Rochester
250 East River Road
Rochester, NY 14623-1299

INTRODUCTION
This report will outline work done at the University of Rochester's Laboratory for
Laser Energetics on the generation of high energy femtosecond optical pulses. These types
of lasers may be used as drivers for a switched power linac. It will be divided into three
parts. The first will examine the two most common methods by which short optical pulses
are generated, i.e., direct generation by mode-locking and indirectly by pulse compression
techniques. Although these techniques generate short optical pulses, the energy in those
pulse is generally quite small. The second section will deal the problems and methods of
amplifying short optical pulses. The third section will describe progress in laser and optical
materials which promise significant improvements for the future.

SHORT PULSE GENERATION
To produce short pulses, the electric field which describes die optical radiation must
encompass a sufficiently large range of frequencies. A laser cavity has several modes or
resonant frequencies on which it can lase. The gain medium which is placed in the cavity
will have an acceptance bandwidth that overlaps some of these modes. The wider the
acceptance bandwidth, the more frequencies the laser can operate on and the shorter the
pulse that the laser can potentially generate. * Typically, organic dyes in an alcohol or water
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solution and excited by a solid-state or gas laser are the general choice for the gain medium
because of their wide acceptance bandwidth.
To make the laser operate in the short pulse regime, an optical shutter that operates
at the round trip time of the cavity is placed in the laser. The shutter can be an active or a
passive device. An acousto-optic modulator is an example of an active device. This device
scans the direction that light incident on it is diffracted in accordance with the phase of an
applied if signal. Thus, the shutter opens only during the zero crossing of the if field. An
example of a passive shutter is a saturable absorber. This is an optically opaque material
placed inside of the laser cavity. Only when the incident light intensity is sufficient saturate
the absorption does the material become transparent and the shutter open. Both active and
passive devices have the effect of locking the phase of all the active modes in the cavity at
single point in time. Such techniques produce pulses of about 1 to 100 ps.
Shorter durations can be obtained by using a ring cavity with a saturable absorber
as shown in Fig. 1. The absorber becomes transparent only when pulses are incident from
both sides.2 (Thus, the advantage of using the ring configuration). This has the effect of
clipping the wings of the incident pulses and making then shorter. In this case, the length
of the optical pulse is limited by dispersion (from the mirrors and other optical elements) in
the laser cavity which dephases the optical pulse and increases its duration. The dispersion
can be controlled by placing a series of prisms in the cavity. The positive dispersion of the
glass in the prism is compensated by the negative geometric dispersion of the prisms. This
provides an adjustable dispersion in the cavity and permits shorter pulses to be generated.^'
The disadvantage of passive mode-locking scheme shown in Fig. 1 is that there is
no master clock to provide system timing. System timing can be incorporated by using a
solid-state laser mode-locked with an acousto-optic modulator to pump the gain jet. This
forces the dye laser to operate in phase with the solid-state laser. The rf source driving the
mode-locker is then the master clock for the whole system. However, this requires that the
length of the pump aid dye laser cavities be exactly the same. In practice this is difficult to
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accomplish when one of the cavities is a ring. So the dye laser cavity should be linear. To
achieve the pulse shorting properties of a colliding pulse mode-locker in a linear cavity, it is
necessary to replace one of the end mirrors with a beam splitter that couples two counterpropagating pulses in a antiresonant ring as shown in Fig. 2. However, some recent work
indicated that the antiresonant ring may not be needed if dispersion compensation is used.
An advantage of a master clock is that the precise timing allows the dye laser amplified in
additional, synchronously-pumped stages. Such a scheme is depicted in Fig. 3.4

PULSE COMPRESSION
A second method of producing a short pulse laser is to compress a long pulse. This
is done with a grating compressor shown in Fig. 4. The input pulse must be a broad
bandwidth linearly chirped pulse. This type of pulse has its red frequency components in
the leading edge of the pulse and the blue frequency components in the trailing edge of the
pulse and the frequency changes linearly with time. If such a pulse travels through an
appropriately adjusted set of gratings, the red frequencies will travel through a longer
optical path length than the blue frequencies. The output pulse will be compressed in
time.5 The grating pair is usually operated in double pass mode where the output light is
reflected back through the grating pair, thus reducing the separation between the gratings
and producing a round rather the an elliptical beam at the output The input pulse for such a
system can be generated in several ways. An intense laser pulse can be propagated through
an optical fiber where a nonlinear process known as self phase modulation will generate
additional bandwidth. The normal group velocity dispersion in the fiber will disperse those
additional frequencies in time to generate the linear chirp. As shown in Fig. 5, such a
scheme can produce pulses as short as 10 fs.
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The disadvantage of using a fiber to both generate bandwidth and stretch die pulse
is that the grating compressor does not have a completely linear dispersion. The group time
delay of a grating pair in double pass mode to second order is*>:

(1)

A M

a cos 8

J

ca*cos 8 '

a cos*8

where Xo is the central wavelength of the pulse, c is the speed of light, L is the grating
separation, m is the diffraction order, a is the line spacing, and 6 is the diffracted angle.
The nonlinear components of the dispersion prevent pulses with wide bandwidths and large
temporal durations from being compressed to the shortest possible pulse. Figure 6 shows
a theoretical calculation of how different values of the duration of the input pulse duration
degrade the output pulse width from the ideal situation (1). A better system uses a grating
pair with a telescope in between the gratings to stretch the pulse,? as shown in Fig. 7. The
arrangement has the opposite sign of dispersion from the standard grating pair and can be
adjusted to exactly compensate the final grating compression pair. Figure 8 shows a 90 fs
dye laser pulse that has been expanded to 100 ps using a grating pair and telescope. Figure
9 shows that same pulse recombined to 90 fs along with the input pulse. This shows that
lOOOx expansion and compression is possible.** Although this may seem like a trivial
exercise it has important implications for pulse amplification.

PULSE AMPLIFICATION
Methods for amplifying short pulses using solid-state lasers will now be discussed.
Solid-state lasers are compact and reliable amplifier systems. The methods described in
previous sections provide short pulses but with low energy. They must be amplified
before they can be used. The first stage of a solid-state amplification system is a
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regenerative amplifier shown in Fig. 10. A pulse of typically a few hundred picoseconds is
injected into a Q-switehed laser cavity by reflecting of a Brewster polarizer. A fast Pockels
cell (an electrically controlled birefringent crystal) is biased to the A/4 voltage giving the
cavity a total optical polarization rotation of one wave inside the laser cavity. This traps the
pulse inside of the cavity. The pulse is allowed to rattle around in the cavity until it reaches
the saturation energy (about 50 to 100 round trips). The Pockels cell is then switched to
the A/2 voltage giving the cavity a total rotation of 1.5 waves and the pulse is switched out
of the cavity when it next encounters the Brewster polarizer. Additional single, double, or
quadruple pass amplification stages can be added to get more energy as shown in Fig. 11.
The number of passes through these amplifier stages can be greatly reduced because the
pulse out of the regenerative amplifier is close to the saturation fluence of the gain medium
(-5 J/cm2). Thus, additional passes do not extract additional energy.
Solid-state media have a difficult time amplifying short pulses efficiently because of
their high saturation fluence. Because of nonlinear interactions, extremely intense light
beams cannot be propagated through matter. If a laser beam becomes too intense, it will
start to self focus and break up into filaments which will destroy the spatial profile of the
beam. Further, increases in the intensity will damage the material. A good rule of thumb is
that the integral inequality must hold:

2TC f An
2K
f _. . .
,
— I — d z = - — n , I(z)dz < 5

(2)

where n is the index of refraction, An is the change in the index of refraction due to the light
intensity I(z), n 2 is the nonlinear component of the index of refraction, and the integral is
over the length of the material at all points in the dimension transverse to the propagation
direction. For most laser gain medium (dyes, gases, and solids) this limits the maximum
intensity to about 10 GW/cm2. Dividing the saturation fluence by this number gives
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shortest pulse that can be amplified with maximum extraction efficiency. For solid-state
materials, this means that they work best with nanosecond pulses. Figure 12 shows the
energy extraction verses pulse length for the large GDL laser at the University of
Rochester. Dyes and gases have lower saturation fluences (1 mJ/cm2) and can, therefore,
amplify shorter pulses. Howe/cr, they require extremely large apertures to extract large
energies.
This is where the expansion-compression technique listed above comes into play.
A short (~1 ps) high bandwidth pulse can be generated at low energy and stretched with a
grating pair and telescope to produce a pulse of about 1 ns. The pulse is amplified to
saturation at low intensity and then recompressed to a short pulse. A schematic of the
concept is illustrated in Fig. 13.
This technique has been implemented in two different solid-state media. The first
system was done with Nd based materials and is shown in Fig. 11. The final output pulse
duration was always 1 ps independent of the pulse energy. The system operated at
1 mJ/pulse at 5 Hz, 100 mJ/pulse at 0.10 Hz, and 0.60 J/pulse at 0.02 Hz. The initial
mode-locked laser that drove the entire system used a cw pumped Nd:YLF rod as the gain
medium to ensure stable operation. Since this material has a relativity small gain
bandwidth, the output pulse was passed through an optical fiber to increase its spectral
width. Subsequent amplifiers used Nd doped phosphate glass because of its large gain
bandwidth. The output energy stability and spatial profile of this system is quite good as
illustrated in Figs. 14 and 15.9
The pulse duration of this system was limited by the bandwidth of the Nd:Glass.
To obtain shorter pulse widths, a gain material that support; a wider bandwidth was
needed. Alexandrite is such a material. It is a tunable solid-state laser material that operates
in the wavelength range 700-810 nm. The entire system is shown in Fig. 16. Instead of
using a mode-locked solid-state laser to inject the amplifier chain, a short pulse dye laser is
used because of its increased bandwidth. The pulse is expanded with a grating and
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telescope and then injected to the regenerative amplifier shown in Fig. 17. The output
pulse has energies of up to 3.5 mJ in 200 fs on a routine basis. Additional improvements
have hopes of extending this system to about 10 mJ at 100 fs with an output pulse centered
at750nm.1<>

SOLID-STATE LASER SYSTEMS-FUTURE PROGRESS
Progress in optical materials research offer hope of improving the efficiency and
power output of solid-state laser systems. Generally, solid-state lasers are inefficient with
wall plug efficiencies of less than 1%. Their repetition rate is limited by the ability to
remove heat from lasing medium. The heat removal problem is compounded because
crystalline materials which have good thermal properties tend to have narrow bandwidths
and large bandwidth materials like glass tend to have poor thermal properties.
The thermal properties of the solid-state laser materials are being addressed by
novel pump excitation geometries. The active mirror shown in Fig. 18 and the slab laser
shown in Fig. 19 increase the effective surface area for heat extraction. H They also allow
optical propagation parallel to the thermal gradients thus reducing beam distortion.
Currently such systems are supplying 1 ns, 4 J/pulse at 2 Hz in Nd:Glass, and 0.20 ns,
0.20 J/pulse at 100 Hz in Nd:YAG. Additional improvements can be made by eliminating
the fiashlamp pumping of the solid-state materials. Flashlamps are rather inefficient and
they illuminate the gain medium with a broad spectral range and only a small portion of
such a pump spectrum can be converted into laser output energy. An efficient narrow band
pump would significantly improve the system.
Semiconductor lasers are just such a pump source. They can convert 40% of the
input electrical energy into narrow band laser light. By suitable adjustment of material,
doping the output wavelength can be tailored to any particular host in the 680-900 nm
regime. These diodes are now available in high power 2-d arrays that have peak powers of
200 W with of intensities 2.50 kW/cm 2 in 10-200 \is at a 10-100 Hz repetition rate.
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Lasers pumped by diodes have achieved 25% conversion efficiency of pump energy and
about 7% wall plug efficiency.^ Conservative estimates of the performance of diode
pumped systems would be 12 J, 1 ns pulses at 6 Hz in Nd:Glass and 0.50 ns, 1J pulses at
300 Hz in Nd:YAG. Using expansion and compression techniques listed above these high
energy systems could also produce short pulses.

CONCLUSION
High energy short pulse laser systems can be constructed with solid-state medium
by using expansion and compression techniques. The high gain and energy storage
capabilities of the materials can be exploited by using long pulses to efficient extract the
energy and compression to produce short pulses. Several advances in materials are being
made with the introduction of high energy storage materials like GSGG and broad
bandwidth materials like titanium sapphire.
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MAGNETIC SWITCHING
H. C. Kirbie
Lawrence Livermore National Laboratory

ABSTRACT
Magnetic switching is a pulse compression technique that uses a
saturabie inductor (reactor) to pass pulses of energy between two
capacitors. A high degree of pulse compression can be achieved in a
network when several of these simple, magnetically switched circuits are
connected in series. Individual inductors are designed to saturate in
cascade as a pulse moves along the network. The technique is particularly
useful when a single-pulse network must be very reliable or when a
multi-pulse network must operate at a high pulse repetition frequency
(PRF). Today, magnetic switches trigger spark gaps, sharpen the risetimes
of high energy pulses, power large lasers, and drive high PRF linear
induction accelerators. This paper will describe the technique of magnetic
pulse compression using simple networks and design equations. A brief
review of modern magnetic materials and of their role in magnetic switch
design will be presented.

INTRODUCTION
The use of magnetic switches to generate pulses was first summarized
by Melville

in 1951. In his paper, he describes several techniques for

forming very narrow-duration pulses with capacitively stored energy. The
basic pulse compression network consists of equal-valued capacitors bridged
by saturable reactors. When each reactor saturates, its inductance becomes

*Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract W-7405-ENG-48.
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very small and effectively connects pairs of capacitors together as would a
low-inductance switch. This simple network is known as a Melville or
series line.
Magnetically switched networks have a number of advantages over
conventional methods of pulse generation:
•

The networks are long-lived, since the magnetic switches do not
erode like gas-discharge switches.

•

The switches do not have a discharge recovery time that limits
the PRF of the network.

•

Since the network is composed of capacitors connected to
Inductors, it is mechanically rugged and very reliable.

Magnetically switched networks have inherent disadvantages, too:
•

The magnetic switches must be remagnetized between pulses, which
requires an auxiliary circuit and some length of time for the
circuit to work.

•

The magnetic material inside the switches absorbs a fraction of
the pulse, which reduces the network's efficiency and can lead to
excessive core temperature.

•

The nonlinear behavior of the network is very difficult to model,
thus making design performance hard to predict. As a result,
expensive prototypes are typically built and developed before
production models are fabricated.

•

The output pulse from a magnetic compressor is delayed by a time
interval that is voltage dependent. A higher charge voltage will
produce an output pulse sooner than will a lower charge voltage.

Consequently, a poorly regulated charge voltage would cause the output
pulse to jitter 1n time, which could be unacceptable in some
applications.
- 220 -

Despite the disadvantages, the use of magnetically switched networks
has increased over the past few years. The increase is due, in part, to
the development of low-loss amorphous magnetic alloys (Metglas) that have a
high saturation flux density and a low hysteretic loss. These new alloys
make it easier to build compact, low impedance compressors and to operate
them at a high PRF. Compressors with modern magnetic materials have
enabled designers to increase the average power capabilities of pulsed
lasers and accelerators.
The most important factors to consider when designing a magnetic
switching network are .the energy transfer time between capacitors, the
saturation time of each switch, and the amount of pulse energy each switch
absorbs. These factors will be examined in the following sections
beginning with the voltage and current equations for energy transfer
between two capacitors. Additional details will be presented about the
switch saturation process and the loss behavior of amorphous alloys.

BASIC PRINCIPLES OF MAGNETIC SWITCHING
The basic magnetic pulse compression network is the Melville line
shown in Fig. 1. Once C Q is charged, a closing switch, $,, connects
C Q to Cj through L Q . The voltage on C Q falls in step with the
rising voltage on C ^

The magnetic switch L1 also experiences the

rising voltage on C1 and is designed to saturate at the moment the
voltage peaks. When L1 saturates, the voltage on C Q is zero and the
inductance of L1 becomes much smaller than that of U .

Therefore, the

energy stored in C, charges C« faster than C, was charged from C«.
The process is repeated when L 2 saturates as the voltage peaks on C2The compression is carried to the nth stage, where a final magnetic switch
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(a)
Power
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I
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= C 2 = C 3 =Cn
i-i saturates

y< T1

L

2 saturates

/

—t*

Voltage on C o

Voltage on C,

X

Voltage on Cj

Fig. 1. (a) An n stage Melville line with equal value capacitors, (b) The
capacitor voltages on Co, Cj, and Cz(L n ) connects the last capacitor (C n ) to a load. The load pulse can
also be shaped by replacing C n with a pulse forming network of equal
capacitance.
The magnetic flux density in Li rises from a remanent value of -B r ,
shown in Fig. 2(a), and increases proportionally with the integral of V c .
If the switch is properly designed, the flux density of preaches saturation
(+B

.) just as the voltage on C 1 peaks. Meanwhile, the core dynamics of L ]

in B-K space is shown in Fig. 2(b). The flux density increases from -B r
to saturation as C 1 is charged. After the pulse has passed, the current
in L 1 (proportional to H) has returned to zero, which leaves the core
magnetized in the +B f orientation. This condition does not favor the
next pulse because the core material would immediately saturate, so a
method must be employed to return the flux density to -B f . An auxiliary
circuit 1s commonly used to supply either a pulse or a steady dc current to
- 222 -

uration

-B

Fig. 2

sat

Ml

(a) Magnetic flux density in L] reaching saturation in time T.
(b) B-H trajectory of L] showing the path followed by the pulse,
the path followed by a dc reset, and the total flux swing of AB

reset the core. The shaded area of the B-H loop shown in Fig. 2(b)
represents energy density deposited into the core volume as heat. This
lost energy.taken from the pulse reduces the peak voltage delivered to the
next capacitor. The heat that remains in the core of L1 can become a
severe problem if the PRF of the network is faster than the cooling rate of
the core.
Each voltage waveform sketched in Fig. 1 is a raised cosine that
occurs when one capacitor charges another through a fixed inductance.
Every capacitor in the Melville line is charged with a raised cosine wave
shape because the line consists of coupled C-L-C circuits. The voltage and
current in each section of the line can be described by a set of simple
equations if circuit resistance and neighboring networks are ignored.
Figure 3(a) models a single section of a Melville line as a simple,
lossless Cj-L-C2 circuit with Cj initially charged to V Q .
Figure 3(b) is a sketch of the voltage and current waveforms once the
switch is closed, and applies in the special case of C, • C~. The
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following equations describe the general behavior of the circuit 1n
Fig. 3(a) and can be reduced to the special case of equal capacitances:

V«-v0

1-

V

!1
C 1 + C 2 (1 - COS wt)

2(t)-VO

c1+c2

(1 - cos wt)

(1)

(2)
(3)

sin ut

(4)

I .

The equations below which are obtained when Eqs. (1), (2), and (3) are
evaluated at t » */u - T describe the circuit state after energy has
been transferred from C1 to C»:
v

i<T>-vo

(5)

V 2 (T)

(6)

I(T) - 0

.

(7)
(b)

(a)

t= o
Ci

c2

Initial conditions:
T
CD

Special case:
1
LC
Fig. 3

(a) A lossless C-L-C circuit and Its Initial conditions, (b) A
sketch of the voltage and current (dashed) waveforms for the
circuit In (a) when Ci « C2.
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These equations also simplify when the case of equal capacitance is
applied. Equations (1) fchrough (7) will approximate the behavior of each
section in a Melville line so long as the sections function independently.
The independence is achieved by designing the unsaturated inductance of the
next magnetic switch to be much larger than the saturated inductance of the
previous magnetic switch.

FLUX SWING AND CHARGE TIME
If the Melville line can be modeled as independent C-L-C sections,
then the equations that apply to the nth section will also describe any
other section. Yet the independence of the nth section is only valid until
it must give its energy to the n+1 section. Consequently, each section
that shares a common capacitor also shares a relationship for ideal energy
transfer. The generalized network of Fig. 4 features the nth stage of a
pulse compression line and will be used to show that all adjacent sections
must satisfy a single condition; the charge time of C roust equal the
saturation time of L . Since the same magnetic switch can have both

-n +1

-zsh—/

Assume the special case of

Fig. 4

A generalized section of a lossless Melville line with equal
capacitances.
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saturated and unsaturated values, we use a superscript (s) to denote the
saturated state and a superscript (u) to denote the unsaturated state. The
saturation time of L J~ must be selected to coincide with the charge time of
C n , which is dictated by the saturated value of L^f ?• The charge time (T )
of C is given"by Eq. (8) so long as L^

» L ^ j and the capacitor values

are equal:

V

,(S)

£

Tn - * V LL^,'
n-1 ?'
2

(8)

The saturation time of L* uj is the time it takes an applied
voltage to move the flux density from -B to +B. a * 1n the core of
L . The flux density of the nth core 1s

V" • 4

/ v"" •

where N is the number of conducting turns around the core and A is
the magnetic cross section of the core. 1<

V R of Eq. (9) is the voltage

on the nth capacitor as it Is charged from C n _j. The shape of V n 1s
the raised cosine described In Eq. (2) when the capacitors are equal.
Substituting for V n in Eq. (9) yields Eq. (10), which describes the L R
flux density for a raised cosine voltage when the integral is evaluated
over the charge time of C n :
B (t>

n

0
f
" 2NA J

(1

" cos

wt> dt

The ideal design condition Is shown In Eq. (11) and occurs when the full
flux swing of the material (AB) equals the change in flux due to the
applied voltage:
Bn(T)-AB

(11)

-2NA
nn
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The charge time of C can be restated in terms of an ideally constructed
magnetic switch by rearranging Eq. (11):
T - —"r*-"n
VQ

•

(12)

Equations (12) and (8) state two definitions for the charging time (T n )
of capacitor C . Equation (8) is the natural, independent charging of
C n from C n _j. Equation (12) 1s the desired charge time of C R which
would saturate L n at the voltage peak of C n . The two time statements
are equivalent when each stage Is properly designed. Since the capacitors
are equal, it 1s only the values of L n - 1 and L n that can be adjusted to
equate the two conditions for T R .

SWITCH SCALING AND STAGE GAIN
The relationship between L2*l and the physical properties of L n is found
by equating the charge time of C , Eq. (8), to the saturation time of L " ,
Eq. (12):
2AB A N

Vn

/ /x C

" u " * If Ln-1 2

C13)

or
L

n-1

(14)

C,

n

The result expressed by Eq. (14) only defines the flux swing, core area,
and number of turns L n requires. The volume of L n is still undefined
but can be derived if a switch geometry is assumed. In most cases, the
switch cores are toroidal, and the dimensions and properties of a
toroidal switch are illustrated In Fig. 5. If the saturated value of
L * is expressed in terms of the core volume,
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Fig. 5

Sketch of a simple magnetic core covered with N turns of wire.
The core has a cross section area of A and an average magnetic
path length of I.

(s)

(15)

Vol
then the ratio of the saturated stage inductances,

Vol
n

2
(16)
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can be written as a function of the pulse energy, nth core volume, and a
few constants:
V

4

i

(17)

Equation (17) has value as a design tool because it is equal to the square
of the stage gain. The gain is simply the ratio of adjacent capacitor
charging tines, illustrated in Fig. 6, and depends on the saturated
inductance of each stage. Therefore, the desired stage gain.
Gain*

(18)

W

can be used to estimate the volume of the nth core by combining Eqs. (17)
and (18):
Gain 2 -

Ai

Vol n
energy
\

or

(19)

/?

2
Gain (energy)

(20)

Voln4 B

* n

V
•

J

0

Ratio of capacitor charging
times Is the gain

Gain

n+l
n+1
c B = c,

n+1
Fig.

6

The voltage waveforms shown above i l l u s t r a t e the charging time of
Cn and C n + i- The ratio of the charging times is the
compression gain.
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Equation 14 relates a value for Lj|_f to the construction details of Ln
with switch volume as the missing element. A larger or smaller volume
affects the saturated value of L n [Eq. (15)] and dictates the amount of
pulse compression achieved by both stages [Eqs. (19),(20)]. The gain could
also apply to the entire pulse compressor, which would result in a huge
magnetic material volume that can be equally shared between n stages.

MAGNETIC MATERIALS
The nonlinear behavior of magnetic materials enables magnetic pulse
compressors to work but also complicates their design. The design requires
specific material properties, listed in Table 1, that must be extracted
from a very nonlinear data set.

Table 1. Magnetic material properties required for network design.
Saturation flux density

B sa t

Remanent flux density

Br

Flux density swing

AB = |Bsat - B r |

Saturated permeability
Unsaturated permeability
(averaged over the pulse)
Energy lost to the core
(per unit of volume)

Loss
vol

The table lists the key parameters for the equations of the previous
section. The parameters are general and apply to the three popular choices
of core material: nickel steel, fenite, and amorphous alloy. Values for
B

sat' B r*

and

AB for

s ec f1c

P *

materials are easily obtained from the

manufacturers. The saturated permeability (]/ sJ ) is also easy to
identify, as shown in Fig. 7. All three materials will have a / s >
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that approaches unity when the applied magnetic field Intensity Is high
enough.2
The remaining valuss for yr

and energy lost to the core volume

are very Important design parameters, and they vary widely with applied
dB/dt. The quantities are obtained experimentally by applying a step
voltage to a test reactor and then measuring the voltage and current
responses until saturation. The experiment Is repeated for several dB/dt
34
rates by selecting an appropriate step voltage level. C.H. Smith • of
Allied Corporation has published much data for amorphous alloys. Selected
data from Ref. 3 1s shown In Fig. 8 for a test reactor core constructed
from a continuous ribbon of Metglas 26O5CO wrapped Into a toroid. One
should note that the energy lost to the core material per unit of core
volume (J/m3) varies dramatically with applied dB/dt and material
thickness. The material is also preconditioned by annealing, which removes
mechanical stresses in the ribbon, and by a coat of insulation that
minimizes eddy currents within the core. In addition, the dB/dt axis of
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1.0
dB/dt (T/us)
Fig. 8

10.0

Losses as a function of dB/dt for several thickness ribbons of
METGLAS Alloy 2605CO (data from Ref. 3 ) .

Fig. 8 can also represent the saturation time of the test reactor by
dividing the material's flux swing (AB) by the applied dB/dt.
A designer, faced with the selection of a magnetic material, would
benefit from Smith's data for a few amorphous alloys but must turn to other
resources for information about ferrite or nickel steel. Since the
information is obtained experimentally for any material, the designer must
evaluate and compare the differences between published test conditions and
analysis methods. Even after a material and data set has been obtained,
the application of the information 1s indirect. The problem 1s complicated
further because step-voltage excitation of a core does not yield exactly
the same results as a raised-cosine voltage.4 These difficulties have
encouraged those Interested in building a pulse compressor to first
construct a prototype for development. The same difficulties have also
encouraged others to search for an accurate computational model for core
materials. 5 ' 6
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DESIGN NOTES
This brief section will offer a few suggestions to those interested in
designing a magnetic pulse compressor. First, careful definition of the
behavior of the selected magnetic core material is important for two
reasons:
1.

The energy loss to the L n magnetic switch will reduce the peak
voltage on the C R+ j capacitor. The L n+ j switch must therefore be
designed to expect the loss in charge voltage.

2. The unsaturated permeability (p t u ) ) must be Identified so that
adjacent magnetic switches will satisfy a guideline of 20 L^f} - l/j'.
This guideline assures the Independence of each compression stage.
Second, it Is generally wise to apply the special case of equal
capacitances in a design. This 1s especially true 1f the network must
operate at a high PRF since reflections caused by mismatched capacitors
make the core reset problem more difficult if the time between pulses is
very short. It is best to begin the design at the output section and work
backwards toward the power supply. The output switch 1s usually among the
most critical determinants of network performance because it absorbs the
greatest amount of pulse energy and must be mechanically compact for low
inductance operation.

SUMMARY
The general design of magnetic pulse compressors is also described,
albeit with a different emphasis, in other references.6*7

The

literature also provides examples of how pulse compression devices are used
without reviewing basic principles of operation at length. These examples
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-

8

9

include networks that drive lasers and accelerators, and a few
devices that produce single pulses

or operate at a high PRF. *

Generally, magnetic pulse compressors reliably generate short, high
power pulses and can operate at a high PRF. Networks can be designed with
very simple equations, but required magnetic material data are often
difficult to quantify accurately. In addition, magnetic core materials
absorb a fraction of the pulse energy, which reduces network efficiency and
heats cores at high PRFs.
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PART II:

Workshop on a Switched-Power
Electron Gun

INTRODUCTION
R. B. Palmer*
Physics Department
Brookhaven National Laboratory
Upton, NY 11973
and
Stanford Linear Accelerator Center
Stanford University
Stanford, CA 94305
The search for very high gradient acceleration has been driven to a large extent by the
high energy physics community, for the construction of higher energy accelerators. But
the needs of this community are more complex than just high gradient: the accelerator
must carry relatively high currents, very small emittances, high efficiency is needed and
the system must be relatively cheap. These requirements are not easily met with the
high gradient mechanisms we now know. There are however other needs for high gradient
that are less demanding and are thus more appropriate at this stage. For instance high
brightness electron guns.
For a short bunch, the space charge limited current that can be drawn off a cathode
is proportional to the surface field; for long bunches, it is proportional to the field to the
1.5 th power. Since the ultimate brightness of a source is proportional to this current
density, there is an obvious motive for using the highest possible field. Since space charge
forces decrease as the particles become relativistic, it follows that the very high gradient
is only required for a short distance—up to a voltage of the order of 3 MV. Current rf
guns employ accelerating fields of about 100 MeV/m. It is thus of interest to ask if, using
the switched power acceleration mechanism,1 one could increase this field by an order of
magnitude: to 1 GV/m. Since the accelerating fields are always a little less than the gap
field, one will have to design for a gap field of about 1.5 GV/m. For 3 MV this implies a
gap of 2 mm. To maintain the field during passage of the electrons and avoid excessive
magnetic fields, the pulse will have to be longer than about 5 psec. But in order to avoid
breakdown it should nevertheless be as short as possible. 10 psec might be reasonable.
Since the intent here is to explore the technology for such a gun, it is reasonable not
to require a high repetition rate. Something of the order of 1 Hz would be sufficient. As
will be seen this makes the demonstration a lot easier. It must be remembered however
that for a real FEL or other application, rates of a few hundred Hz would be desirable.
Thus for this workshop it will be interesting to attempt designs of switched power
accelerators with the following specification:
'This research supported by the U.S. Dept. of Energy under contract DE-AC02-76CH00016.
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Accelerating gradient
Gap field
Gap
Voltage
Pulse length about
Repetition rate

1.0 GV/m
1.5 GV/m
2 mm
3MV
10 psec
lHz

References
1. W. Willis, "Switched Power Linac,"Proc. Workshop on Laser Acceleration of Particles, Malibu, CA, AIP Conf. Proc. 130 (1985) p. 421.
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SUMMARY OF CONCLUSIONS
OF THE VACUUM PHOTODIODE WORKING GROUP
U'. Willis. CERN
This report presents the "design of a 30 MV gun". In considering the design of the vacuum
photodiode switched to drive the accelerating field in the gun, we have paid attention to the work of the
groups on high • voltage pulsing and on the design of the laser. We have found that we can trade off
reduced laser power at the cost of a higher charging voltage for our one stage accelerator. We have
presented the various parameter sets to the two groups and attempted to measure their enthusiasm for
each set, and we have chosen the set that seems to provide an equal level of difficulty on both sides.
These parameters are given in the Table. It uses a disk structure with smaller radius than in our first
design, in order to keep the laser power at a convenient level, which can be generated without a high
power amplifier.

The resulting charging voltage of 500 KV, required to give the specified 3 MV, does

not seem to present any unusual difficulties. We note that the parameters of the high voltage pulse are
quite compatible with the pulser built by the Yale group for their high resolution streamer chamber.
The logic that leads to the parameter list can be understood in the following way. We adopt the
calculations of Stumer and assume that we can scale the ratio of the charging voltage to the potential of a
produced pulse. For the case of single laser pulse, he finds VpU|Se/VCharge * >4. (his calculations were
done for a VCharge • 50 KV). The rise time t r ; s e is found to be 6 picoseconds in the case studied by
Stumer. Since it should be less at a higher voltage, we should be safe to take xrise - 6 picoseconds. With
the gap between our disks g - 2 mm. we have a transformer ratio Vjnner/VOuter - [2 (V2R/trise c +
g) 1 / 2 ] - 15. We are given V j n n e r - 3 MV and we can choose the radius of the disk to satisfy these
conditions, R - 110 mm. The electrode geometry is shown in Fig. 1. We assume that at the charging
voltage of 500 KV which gives a surface field of .6 GV per metre, our textured surface will give a
quantum efficiency of 10~2. In that case the laser power required is 2.5 mJ/cm2 « 4.6 mJ. Since
electrical power switched is approximately 0.5J, the power control ratio is of order 10 2 . Our
extrapolation of the curve of Warren et al. (The Vacuum High Voltage Conference 1953) gives the result
that the .8 mm gap in the photodiode may break down after 3.5 ns. These data are for a technical surface
without conditioning. We would like the rise time of the high voltage pulse to be less than 2 ns to avoid
breakdown. If the laser pulse arrives as it is supposed to, the high voltage is largely discharged at that
time and breakdown is avoided. Sometimes the laser pulse will fail, and we do not know the consequences
of the breakdown which can then be expected if the pulse lasts for more than 3.5 ns. It may be desirable
to have the high voltage pulse reflected out before the breakdown occurs. Whether this is actually
necessary depends on experimental studies.

Note that this structure is small enough to hold the high voltage for the time necessary for four
laser pulses synchronized with the reflected electrical pulses (700 ps).

If used in this mode the device

described would give a Vj n n e r of 5 to 6 MV for a laser energy of 10 mJ, still within the range which could
-
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be obtained relatively easily. We can consider this train of four pulses as a possible upgrade which
would allow to approximately double the accelerating field, with a correspondingly beneficial effect on
the brightness of the gun.
The charging pulse is a short enough rise time so that one might worry about the field at the
accelerating gap due to the charging transient. No'.e, however, that if the charging line is symmetric
with respect to disks, modes with field perpendicular to the gap are not excited and the prepulse at the
centre should be quite small.
I note that the program of vacuum photodiode tests at Brookhaven since the Workshop in which
this summary was presented has progressed in the development of surfaces textured by heat treatment
with high energy UV laser pulses to give improved quantum efficiency. This work, presented by T.
Srinivasan-Rao, J. Fischer, and T. Tsang at the Lake Arrowhead Conference has shown quantum
efficiencies greater than 10' 3 at surface fields of order 10 7 MV/m. This encourages us to believe that
the performance assumed here may be close to realistic. We look forward to further results from that
program and those from Orsay and CERN to discover the photoyield and the high voltage holding capability
in the * 1 GV/m range.

The simulations using MASK should be continued to find the optimized

parameters before the design is frozen.

My conclusion is that the 3 MV gun which has been specified could be built with a low power (less
than 10 mJ) laser. It should be possible to confirm the parameters of this design within the next year or
so.

Table

Outer Radius

120 mm

Inner Radius

1 mm

Cap

2 mm

Photocathode cap.

20 pF

Pulse Length

10 ps

Charging voltage

500 kV

Stored energy

0.5 J

EFF

20 %

15

Radial Enhancement
Field in Gap

1.5 GV/m
200 KA/cm2

Current Density

-
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SOLID STATE SWITCHING SUMMARY
ERIC T. LINCKE
DEPARTMENT OF PHYSICS AND ASTRONOMY
UNIVERSITY OF ROCHESTER
ROCHESTER, NY 14627
presented at the
Switched Power Workshop
Oct. 16-21, 1988
Shelter Island, New York

The summary for the solid state switching group is presented as a proposed accelerator
structure using solid state switches to accelerate 8nC of electrons to 3MV across a single
2mm gap 10 times/sec. It is presumed that the electrons have already been generated. The
task of this group was to design a structure that can handle these parameters, estimate
the power supply requirements, and determine what laser is necessary for such a design.
Currently, as mentioned in the Solid State Switching paper, the highest holdoff voltage attained for semiconductors is around 300kV/cm, which would mean for a 2mm gap
the maximum voltage that could be held off would be 60kV. It is instructive however to
estimate what the ultimate holdoff voltage might be. If it is presumed that voltage breakdown is a statistical avalanche phenomena, the ultimate voltage breakdown occurs when
an electron in bulk Silicon can acquire enough energy in one mean free path to create an
electron-hole pair. Figure 1 shows a plot of electron velocity versus electric field in silicon.
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Below a field of lOkV/cm the electron velocity increases linearly with the field. Above this
point however the velocity does not increase due to scattering off lattice atoms. The knee
of this curve yields an estimate of the mean free path for an electron in silicon. From

~rnv2 = eEd,

(1)

and using v = IQ7cm/sec, and E = lOkV/cm, the mean free path for electrons in silicon
is d = 30nm. Assuming the energy required to make an electron-hole pair is 3eV, then the
field at which avalanche breakdown would occur is E = 3eV/30nm = lMV/cm. The field
strengh needed at the center of accelerator device is 15MV/cm, so a structure with a gain
of 15 is required. Using a electrical pulse ristime of lOps, and equation 2 for the gain of
the device yields a device with a 14cm radius.

v

->

2

2R

v9 = y T^f

en

(2)

The size of such a device is reasonable, but the field strength across the switch is at
least 5 times what has currently been demonstrated. A more reasonable value for the field
strength at the switch would be 200kV/cm. To achieve 15MV/cm at the center with this
field strength at the switch requires a device with a gain of 75. Using a pulse width of
lOps, and eqn. 2 yields a structure with a radius of 350cm. It is not clear that tolerances
on a device this size could be maintained. In addition, a lOps pulse has a spacial extent
of 3mm. Distortion and attenuation will clearly be a problem for a pulse that travels a
distance of 1000 times its own pulse width.
A possible way around this is to use a tapered radial line shown in figure 2. In this
configuration a much larger switch could be used, and the field strength applied to the
switch can be lower. The equation describing the gain in a radial line does not apply to a
tapered radial line, however an estimate of gain can be made using conservation of energy
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Figure 1: Electron velocity in silicon.
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Figure 2: Schematic of a tapered radial transmission line.
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in the line. The energy at the center of the device must equal the energy at the edge after
it has been switched into the device, so

ieVii?? = \*V7El

(3)

where V"i, V2 is the physical volume of the electrical energy near the switch, and at the
center of the structure resp., and E\,Ei is the field strength of the pulse near the switch,
and at the center of the structure resp.. The volume of the pulse is V = 2irrgl, where r is
the radius, g is the plane spacing at r, and 1 is spacial length of the electrical pulse. From
eqn. (3) the volume of the pulse just near switch is,

^-^fl-

(4)

Also, in order to minimize reflections in such a tapered device the change in the gap Ag
should be at least on the order of a 1/10 the change in radius Ar, or g = ^ j . The volume of
the lOps pulse at the center of the structure is V2 = 27r(0.3cm)(0.2cm)(0.3cm) = 0.11cm3.
Given a field at the switch of 200kV/cm and a field at the center of 15MV/cm, and the
constraint on r and g at the switch, it follows that the radius of such a device must be
about 60cm, and the gap at the switch about 6cm. Such a device would require a 600kV
pulser that could drive a capacitance of a several hundred pF, operate at lOHz, and would
probably require a very fast risetime (< 100ns) to avoid voltage breakdown at the switch.
The laser requirements for the tapered radial accelerator can be estimated as follows.
The total laser energy required is

ET = ExnV,

(5)

where E\ = 1.17eFis the energy/photon for a Nd:YLF laser, n is the number of carriers/unit volume created by the laser, and V is the total volume of the illuminated switch
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(this is assuming one electron-hole pair per photon). The carrier density is given by

where g is the plate spacing, A is the cross-sectional area of the switch, fi is the total
(electron + hole) mobility of the semiconductor, and R is the ON resistance of the switch.
In order to achieve good coupling of the energy into the device when it is switched, the
ON resistance should be about the same as the input impedance of the radial transmission
line at its outside edge. The impedance of a radial line is given by

(7)
Using a silicon switch which has a total mobility fi = 1830cm2 /Vs, and using a device with
a 60cm radius and a 6 cm gap at the switch, the total energy/pulse required to switch the
structure is 3mJ/pulse. It has been found with the small 6cm radius device described in
Solid State Switching that due to the inefficiency of bringing the light from the laser to the
switch through mirrors, lenses, etc. the actual energy/pulse for the laser must be several
times the amount calculated in order to attain efficient switching. This means the 60cm
device will probably require a laser capable of producing 10-15mJ, lOps pulses at lOHz.
The laser requirements can already be met with current technology, and except for
the fast risetime requirements on the high voltage pulser (which is the subject of study
of a separate sub-group at this workshop) a power supply should also be possible for
this accelerator design. In conclusion, at the limits of current technology a single stage
accelerator with the specifications prescribed should be feasible.
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Report of the Gun Working Group

R. Sheffield (chair), S. Aronson, J. Claus, H. Kirk, F. Villa, J. Wurtele

We assume as starting parameters:
Emaz = 1.5GV/m
spot size = lmm
gap width = 2mm
exit aperture = 2mm
We first notice the the assumed field of 1.5 GV/m implies an available charge at
the metal surface of 14nC/mm 2 , thus the maximum available charge at the surface
is llnC. Also of interest is that the transit time of the electron bunch across the
gap is 8 ps, therefore it is important to contol the jitter of the laser pulses to within
1 ps.
We now wish to estimate the expected transverse emittances which the switch
power gun will achieve. Taking the starting parameters, we have considered two
cases: high peak current ( 8 nC/pulse) and a more modest peak current ( 0.1
nC/pulse). In evaluating the two cases, we adopt the BNL RF gun as a model and
apply "reasonable" conjectures as to the nature of scaling to the switched power
gun case.
We are concerned with three components which contribute to the overall beam
emittance: 1) thermal emittance at the cathode; 2) RF dynamics and 3) space
charge.
The assumed scaling relationships are:
1) thermal emittance
a) c oc (hu - 4>w)
b) e oc rcathode
2) R F dynamics
a ) £ OC Tapcrature

3) space charge
a) e oc 1/r
b) e<xQ
c) e oc 1/Emax
It is interesting to note the the high peak current case (8 nC) does not deliver the
peak brilliance. This occurs for the more modest case of 0.1 nC.
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Comparison of Gun Parameters
Radiu*
mm

Length
psec

Field
MV/m

Peak Cur.
Amp*

BNL RF-gun
(HC)

3.0

5.0

100

200

14

Brilliance
A/m*
2 x 10"

SP-gun
(8nc)

0.5

0.1

1500

80000

40

1 x 10"

SP-gun
( 0.1 nc)

0.5

0.1

1500

1000

1

2 x 10"
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Emittance
•x mm — mrad

SWITCHED POWER WORKSHOP
POWER SUPPLY WORKING GROUP

H. Haseroth, D. Hopkins, H. Ikezi, H. Kirbie, E. Lincke, and M. Wilson
SUMMARY
The power supply working group was assigned the problem of pulse
charging the 3-MeV gun. The gun is a radial line structure that has two
charging configurations: a single ring charged to 500 kV or nine rings
charged from 100 to 200 kV. In either configuration, the pulsed source
must rapidly charge the structure's ringu) before breakdown can begin.
The issues encountered in charging the structure can be divided into
two categories. First, the charging system must be well matched to the
gun structure. Proper impedance matching will avoid reflections and
limit the fault current 1f the ring should spark. Second, several
systems can achieve the wide range of charge voltages necessary. Some
are better suited to high voltages, while others are better at low
voltages.
The following paragraphs will address the impedance matching issues
and review three choices for pulse generators. A system for each type of
source is described along with a very rough cost estimate.

GUN STRUCTURE MATCHING
The gun structure with the most stringent load requirements is the
single-ring configuration charged to 500 kV. The structure appears as a
15.6-pF capacitive load when charged uniformly. However, the structure

*Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract No. W-7405-Eng.-48.
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appears as a pair of transmission lines when viewed from any single
point. Table 1 lists the load parameters of the single ring structure,
and Fig. 1 illustrates a transmission line model of the ring structure
when viewed from a single point.
It is easy to imagine charging the ring with a set of flexible cables
that contact the ring at equally spaced intervals. Yet each charge point
launches waves traveling in opposite directions; these waves interfere
with other waves from adjacent charging points. The result is a charged
ring with some overriding mode structure that can lead to locally high
electric fields.
Table 1. Dimensions and load parameters for the single ring structure.

Mechanical
Disk spacing
Disk radius
Average ring circumference
Ring width

2 mm
30 cm
1.88 m
0.3 mm
6

Ring area
Ring spacing to cathode disk

565 x 10
1.6 mm

Electrical
Charge voltage (peak)
Charge voltage rise time
Ring capacitance to cathode disk
Ring capacitance to anode disk
Total capacitance3
Total stored energy

500 kV
2 ns
3.13 pF
12.5 pF
15.6 pF
1.96 J

2

m

a Total capacitance calculation neglects fringe fields and ring thickness.
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Charged

Q

503 fi

503 Q

, Anode disk
0 3

mm

0.4 m m jf //cathode disk I
-30 cm-

Drive point
impedance 201 £1
Figure 1. (a) Cross section of the gun structure showing a 0.3 mm ring
suspended between two 60 cm diameter disks, (b) Schematic illustration of
the ring's impedance as seen from a single point. The ring appears as a
dual-strip transmission line extending in two directions.
A better charging scheme would avoid potential differences around the
ring by making the gun structure part of a coaxial transmission line as
shown in Fig. 2. The transmission line is 30 or 40 Q and is terminated
to avoid reflections. The capacitance of the ring is in parallel with
the resistance of the terminator. The transmission line becomes a
rugged, integral part of the gun structure, vacuum system, and laser
trigger optics. The short transit time provided by the line serves to

30-40- a terminator

Vacuum

3-MeV
Gun structure
30-40- n transmission line

Figure 2. An outgrageously oversimplified sketch of an oil-filled
transmission line joining the gun structure
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prevent adverse gun behavior from impacting the source. Now the problems
center on generating a charging pulse at the input of the transmission
line.

SELECTION OF A PULSE GENERATOR

The pulse generator must produce the desired peak charge voltage in a
pulse that rises in 2 ns and that has a duration of approximately 6 ns.
The pulse generator must also be well synchronized with the laser pulse
that triggers the gun structure. A variety of pulsed network configuration applies, and each favors a range of charge voltage. Figure 3
illustrates the general pulse generator and lists three networks that

/
DC
power
supply

HV
step-up
method

/— Optical trigger
(1 and 2)

Pulse
generator

Gun

30-40-n
line

Electrical trigger

Generator
type

Voltage
range

1.

Oil-filled
Blumlein

-500 kV

Laser-triggered
spark gap

2.

Charged
line

-200 kV

Photoconductivs
switch

3.

Nonlinear
compressor

-100 kV

Saturating magnetic
or dielectric devices

Switching

Figure 3. Block diagram of the pulsed system with a list of three possible
generators.
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could pulse the transmission line at three voltage levels. For example,
the single ring charged to 500 kV is best serviced by an oil-filled
Blumlein generator initiated by a laser-triggered spark gap. The high
voltage step-up block in Fig. 3 identifies a method to charge the
generator. This can be accomplished by several common methods, such as a
Marx bank or a thyratron-switched, high voltage transformer. A schematic
diagram of each generator style is shown in Fig. 4 with connections to
the voltage step-up block and gun transmission line.

COST ESTIMATES
Table 2 below lists rough costs of designing and fabricating any one
of the three systems identified in Figs. 3 and 4. The costs do not
include gun design and fabrication efforts, facilities preparation,
computer time, travel, or consultants.
Table 2. Cost estimates for a pulsed source.
[MAN-MONTHS]

LABOR CATEGORIES
Physics staff
Engineering
Design
Tech Support
Administration

12
15
10
24

TOTAL LABOR

66 M-Mo
[K$]

COST SUMMARY

660
106
75

Total labor (10k$/M-Mo)
Fabrication (8M-M0 8 22 day/mo J} $75/hr)
Supplies
Equipment:
Power Supply
Optics
Diagnostics

25
25
_5Q_

TOTAL COSTS

941 k$
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1. Oil-filled Blumleln
To gun

30-40- Q
line

Laser
Trigger

2. Charged line

Laser

,
"* •

30-40-n
200kV

30-40- a
100 kV

6 ns
TO
gun
(no terminator)

30-40-Q
Terminator

Trigger

3. Nonlinear pulse compressor
0.05%

Regulated
power
supply

I
Nonlinear
pulse
compressor

*
Step-up
i

k

30-40-i2 / /
100 kV 71

''TO
gun

Trigger

Figure 4. Block diagrams of three possible generator styles.
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CONCLUSIONS
We have found that the method of pulse generation is less of a
problem than interfacing the generator to the ring structure. The
interface must combine the issues of ring suspension, vacuum, optics and
proper pulse termination into a single compact structure. Once the gun
structure is connected to a transmission line, a variety of pulse
generators can provide the required pulse shape and amplitude.
The pulse generators reviewed are categorized by voltage as shown in
Fig. 3. The high and mid-voltage generators both use laser-triggered
switches to produce a pulse.

The laser-triggering schemes are

attractive because they can be well synchronized with the photocathode
illumination. The low voltage generator uses saturating magnetics or
dielectrics as a pulse compression method. This scheme is also
attractive because the network is reliable, requires little maintenance,
and will operate at a high pulse repetition frequency.

REFERENCE
1. H. Ikezi, "Compression of a Single Electromagnetic Pulse in a
Spatially Modulated Nonlinear Dielectric," 3. A D D ! . Phvs. 64 (6),
(1988), p. 3273
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Laser Working Group
I. J. Bigio and N. A. Kumit, Los Alamos National Laboratory
W. R. Donaldson, Laboratory for Laser Energetics, Univ. of Rochester
K.Geissler, CERN
T. Srinivasan-Rao, Brookhaven National Laboratory

Summary
The laser working group considered several options to deliver synchronized laser pulses of
the required energy to the photocathode and laser triggered switches. These requirements
actually decreased during the course of the workshop, and the values finally settled upon (<10 |xJ
in 100 fs at -250 nm for the photocathode and -20 mJ in 2 ps near either 250 nm or 1 jam for the
switches) were considered to be well within the state of the art. Some development work may be
required, however, to provide a system that has the desirable characteristics of stability, ease of
use and low maintenance.
The baseline concept, which is similar to a number of existing systems,1 "3 utilizes doubled
Nd:YAG-pumped dye oscillator/amplifiers to produce an upconverted picosecond pulse that can
be amplifed to tens of mJ in a KrF excimer laser. A fraction of the dye oscillator output is also
compressed by means of a fiber-grating compressor4 and further amplified in a dye amplifier
before being upconverted to produce the synchronized pulse for the photocathode.
As shown in Fig. 1, the proposed system would consist of a cw mode-locked Nd.YAG
laser that is frequency-doubled and used to synchronously pump a dye oscillator to produce a
train of-2 ps pulses at 648 nm. A portion of the mode-locked Nd:YAG laser output is also used
to injection control a Q-switched and cavity-dumped regenerative Nd:YAG amplifier to produce
~60 mJ at 1.06 |im in a pulse of -100 ps duration.5 A single pulse from the dye oscillator is
amplified in sequential dye amplifiers pumped by the 532 nm frequency-doubled output of this
Nd: YAG regenerative amplifier. This dye laser pulse, of approximately 1 mJ energy, is doubled
and mixed with a portion of the unconverted 100-ps 1.06-jim pulse to produce -50 |iJ in 2 ps at
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CW MODE-LOCKED YAG

SYNCH-PUMPED DYE

INJECTION-LOCKED YAG
REGENERATIVE AMP
(Q-Sw and Cavity Dump)

JY

1.06

mJ
648 nm, 2 ps PULSE TRAIN

532 n m |
-30 mJ

1 mJ

-HDYE AMP
50 nJ IIIIM- FIBER/GRATING

COMPRESSOR

10 m
1.06
100 ps,
-30 mJ

I 20 nJ,
I100-150 fs

AMP|

18 mJ

DELAY [—»| DYE AMP

324 nm
ijjriOO ^ J , 100 fS

324 nm
200 jiJ, 2 ps
20 mJ

DELAY |

•[SUM 248 nm
10 |iJ, 100 fs

10 mJ

KrF AMP

248 nm *
20 mJ, 2 ps

Fig. 1. Block diagram of laser system for generating 10 fjj in 100 fs by sum frequency mixing of
a doubled dye with the Nd: YAG pump and similar synchronized source for KrF amplification to
20 mJ in 2 ps. Indicated energies are estimates of amounts needed for producing desired sum
frequency outputs.
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248 nm; this pulse is then spatially filtered and amplified through one or two passes of a KrF
gain medium to yield -20 mJ (or more, depending on the KrF aperture) of output energy. The
synchronized 100 fs pulse is produced by splitting off a small fraction of the output of the first
dye amplifier, chirping it in a fiber, and compressing it with a grating pair. This pulse is then
amplified in another dye amplifier (pumped by part of the same 532 nm pulse), doubled, and
mixed with the remainder of the unconverted 1.06 u,m pulse to produce on the order of 10 uJ in
100 fs. The conversion efficiency of this step is low because phase matching across the full
pulse bandwidth requires very thin crystals, and innovative methods may be needed even to
reach this degree of conversion. If necessary, a small KrF amplifier (or possibly a subapertu^
of the main amplifier) can be used to deliver the required 10 |£J or, in fact, substantially more.
The bandwidth of KrF is sufficient to support pulses considerably less than 100 fs in duration.
The infrared option for solid-state switches can be fulfilled by replacing the NdrYAG
regenerative amplifier with a Ndrglass regenerative amplifier that is injection controlled by a
fiber-grating-compressed pulse from the mode-locked oscillator. This also removes the need for
a KrF amplifier, but imposes severe limitations on the ultimate repetition-rate achievable.
Although the system described above has the advantage of largely duplicating existing
technology, it should be noted that it does have certain shortcomings. Stability and maintenance
of the dye laser systems will require considerable ongoing technical support. The mixing
process, particularly for the shorter pulse, will require rather thin crystals and may be less
efficient than estimated. This could entail the need for a larger pump laser than indicated. A
significant limitation to the efficiency of the sum-frequency process is the long duration (and
hence high fluence) of the NdrYAG pulse as compared to the short pulse, and substantial
improvement may be possible by compressing the 1.06 urn pump pulse. Fortunately, much less
energy will suffice for the 100 fs mixed output if it is amplified in KrF, and less than 50 \xi can
be utilized for the 2 ps input to the KrF amplifier. The input to the amplifier does affect the
overall gain required, however, and this relates to another problem typical of excimer amplifiers:
their high gain leads to the presence of significant amplified spontaneous emission (ASE) that
precedes the short pulse one wishes to amplify. In a single amplification stage, most of the ASE
can be filtered out because of its high divergence. In a second amplification stage (whether
through the same or a separate amplifier), the small amount of ASE that passes through the
spatial filter will see unsaturated gain, whereas the short pulse will be amplified into saturation.
The contrast ratio between the prepulse and the main pulse is therefore degraded, and achieving
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ASE energy of less than 5% of the main pulse appears difficult1'2 unless additional electrooptic
or nonlinear optical techniques are utilized. This amount of energy in a long prepulse will almost
certainly be unacceptable for the switch, and additional work on improving the contrast ratio
appears necessary for this application. The 100 fs pulse will need sufficiently low gain that a
single pass in a small, gently-pumped gain medium should suffice, and ASE should not be a
problem. If the main amplifier is used, the pulse can be injected on the leading edge of the pump
pulse so that little ASE precedes it, but there may be significant post-pulse ASE.
Another option, which avoids some of these difficulties but presents some uncenainties of
its own, follows from some of the results discussed by W. R. Donaldson at this workshop.
This alternative would replace the dye amplifiers, and possibly the KrF amplifier as well, with
alexandrite solid-state amplifiers. One possible configuration starts with a dye laser, pumped as
before by the doubled output of a cw mode-locked Nd:YAG laser, and operated as a collidingpulse laser7 to produce pulses of-100 fs duration near 750 nm. These pulses are temporally
expanded to -1 ns by a dispersive grating pair, and a single pulse is regeneratively amplified to
~4 mj in an alexandrite amplifier. A fraction of this pulse is compressed back to its original
pulse length, and dien tripled to give -10 \iS in 100 fs near 250 nm. The remainder of the pulse
is spectrally filtered to reduce its bandwidth, amplified to -100 mJ in an additional alexandrite
amplifier, compressed to ~2 ps by another grating pair and tripled to yield the required 10 mJ. If
the desired energy outputs and conversion efficiencies can be reached, this would provide a
relatively reliable, low maintenance system. However, this high an output has not as yet been
demonstrated in a short alexandrite pulse.8 It would be possible to boost the energy, if
necessary, by using a KrF amplifier to amplify the tripled output. Since relatively high drive
energies would be available, a single pass would be sufficient, and ASE should not be a major
problem. For solid-state switches, the high-power alexandrite amplifier would be replaced by a
regenerative Nd:glass amplifier injection-controlled by a compressed pulse from the cw modelocked laser.
An even more attractive alternative (in the case of the uv option, unless the alexandrite laser
can be used for solid-state switching) would be to also replace the mode-locked Nd:YAG laser
and sync-pumped dye laser with a mode-locked alexandrite laser. Alexandrite has sufficient
bandwidth to support the short pulses required but has apparently only been mode-locked down
to 8 ps,9 and this was achieved in a somewhat unstable fashion by passive mode-locking using
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an intracavity dye saturable absorber. Short pulses appear to be difficult to obtain without the
use of a saturable absorber because of the low gain and high saturation fluence of alexandrite,
and active mode locking alone has produced -100 ps pulses, whereas active/passive mode
locking has yielded ~60 ps.10 Nevertheless, the desired pulse widths may be achievable by, for
example, mode locking and fiber/grating techniques, combined with injection control of a
regenerative amplifier. Such a system would provide a completely solid-state, low-maintenance
approach for generating the short pulses.
All of the alternatives discussed above require on the order of $300 K in capital equipment,
and probably at least double that amount in manpower. The first system entails the least
development, but is more maintenance intensive. A choice may depend on availability of some
of the equipment as well as more detailed assessments of the practicality of the other approaches.
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SUMMARY
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1. Summary
The basic concept is illustrated in Fig. 1. A pulse of high voltage is applied to the
ring cathode between two disks in vacuum. Before breakdown occurs, a pulse of laser
light is brought onto the cathode (it must arrive simultaneously all around the ring). A
burst of electrons is emitted and crosses over to one of the disks, and in so doing induces
an electromagnetic pulse in the gap between the plates. This puke, being circular, is
focussed as it travels to the center, and increases in voltage by a factor G where:
/

no

G = 2J-^(1.1)
v
V rc + g
'
where R is the radius of the disc, r the rise time of the pulse, c the velocity of light and
g the gap width.
Variations on this original scheme depend on the method of generating the initial
radial pulse, which could be by :
a)
b)
c)
d)

A laser switched vacuum photodiode (as originally proposed by Willis)
A laser switched solid state diode
A laser switched high pressure gas discharge gap
A high voltage pulse generation by Fourier synthesis from many different rf waves.

These are discussed in the reports from the working groups. In all but the last, the
critical questions appear to be:
a) Providing a short enough pulse of the initial high voltage to avoid breakdown of
the switch before the laser pulse.
b) Providing sufficient laser power at the required pulse length and frequency.
Because of the importance of two of these issues, separate working groups were set up
to discuss them.
Finally, a working group also looked at the gun performance that such an accelerating
gradient might make possible.
'This research supported by the U.S. Dept. of Energy under contract DE-AC02-76CH00016.
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Fig. 1: A Switched Power Electron Gun.
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2. Vacuum Photodiode Switch
For illustration I will give a little more detail of the photodiode case:
The parameters given by the vacuum photodiode working group (see below) were:
Outer radius
Gap between plates
Charge voltage
Charging rise time
Cathode anode gap
Initial
field
Cathode Capacity
Stored energy

120
2
500
2
0.8
0.625
20
2.5

mm
mm
kV
nsec
mm
GV/m
pF
J

Cathode area
Current density
Quantum efficiency
Laser wavelength
Laser energy
Laser pulse length

1.8
200
.5
250
4.6
2

cm2
kA/cm 2
%
nm
mJ
psec

Initial pulse
T rise time
Radial gain G
Pulse length
Pulse energy
Final voltage

200
6
15
10
0.5
3

kV
psec
psec
J
MV

It is easy to observe that the avoidance of breakdown in the initial gap may be a
problem: .625 GV/m is a very high gradient to hold, even for a time as short as 2 nsec.
Extrapolation from Warren et al.'s paper 1 suggests that it may be possible for normal
copper surfaces, but may not be so for a low work function surface. As noted in the group
report, this problem can be reduced, but at the price of a greater required laser pulse
energy.
The required quantum efficiency, although easily obtained with sensitive materials
such as Cesium Antimonide, is yet to be demonstrated with rugged materials such as
Samarium. The work at BNL (see report) does however suggest that it may be obtainable
at such high fields if the surface is made bumpy. Again less quantum efficiency would
simply require more laser power. The current density of 200 kA/cm 2 , though high, is only
an extrapolation of a factor of two from observations at BNL.
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3. Other Switches
Laser switched solid state diodes would seem to be more convenient than the vacuum
diodes, and because the electrons do not have to travel across the gap, they could be faster
and more efficient. However in the working group, the examples required significantly
more laser energy. This was a consequence primarily of the relatively low fields that it
was assumed that such diodes can hold off. This may not be a real problem. The vacuum
group assumed a 2 nsec charging time, and it is not known what fields a solid state diode
would hold for such a short pulse. More work is needed before the relative merits of this
switch is known.
The high pressure gas switch would seem to have the advantage that there can be
cm-rent amplification in the breakdown, and thus less laser energy could be required to
close the switch. In the groups example however this did not seem in practice to be the
case. The problem here is the low initial ionization quantum efficiency, even with UV
light. Ways may be found around this problem. There are also questions as to whether
a gas switch can be fast enough. And there is the practical problem of maintaining the
high gas pressure. Again more work is needed.
The idea of using many rf sources to Fourier synthesize the required short pulse is
interesting, but there seem many problems.

4. Gun performance
If one specifies a certain required bunch charge and asks how a higher accelerating
gradient will reduce the emittance, it is relatively hard to give a quantitative answer.
However there is a strict scaling that is possible:
If E is the accelerating gradient, and

then:

All dimensions
All times (e.g pulse length)
The final voltage
The current
Any magnetic fields

scale ;i s

Current density
Charge
All angles (inc divergence)
Beam diameter
Emittance
Brightness (current/emit 2 )

scales as E2
scales as 1/E
is
constant
scales as 1/E
scales as 1/E
scales as E2

scale .as
scale ias
is
is

1/E
1/E
constant
constant
1/E

If, for instance one scaled from the BNL rf gun design, then
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Voltage
Gradient
Cathode rad
Pulse len
Charge
Current
Current den.
Emittance
Brightness

BNL
3

(MV)
(MV/m)
(mm)
(psec)

(nC)
(A)

(-Ay)
(mm mrad)

(A)

Switched Power

3

100

1000

3
5
1
200
700
14

.3
.5
.1
200

2 10

70000

1.4
12

2 10 14

These emittances and brightnesses are not by any means at the theoretical limit. With
the much higher current densities already demonstrated from photocathodes, much higher
brightness should be possible, at least for very short pulses.
Finally one may also note the following. Given 3 MV for 10 psec across the two plates
on the axis, one could use this voltage across a smaller gap. Providing the capacity of this
gap is not too large, almost the full voltage will still be present across this smaller gap.
The only real limit would be breakdown or surface heating and resultant damage. Kroll
and others2 have shown that damage may not occur with single pulses even at fields as
high as 10 GV/m. With such a gradient yet higher brightness would be possible; but, it
may be noted that to keep the scaling one would require very short bunches.

5. Charging supply
The charging supply should provide about 2.5 Joules at 500kV, with a rise time of less
than 2 nsec. This could be provided with a laser switched high pressure gas gap Blumlein.
Indeed a line with almost exactly these specifications already exists at Yale—and no doubt
at many other places. Such a supply will operate well at 1 Hz as specified, but would
not be suitable for higher frequencies. For that one might consider the use of non linear
dielectric pulse-forming networks.
Two other problems were considered. Firstly the feed must be such that the ring
cathode is charged uniformly—the rise time being not very long compared to the ring
dimensions. Secondly one must worry what will happen if the laser fails to pulse the
switch; will the subsequent breakdown cause damage and thus require that the pulse be
removed by some other method before breakdown can occur?
The cost of such a supply, taking into account the possible problems, was estimated
to be of the order of 1 M l
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6. Laser requirements
In all cases one or a few short pulses are required. The pulses being of the order of
2 psec. There seem many different ways of generating such pulses at low power, using
some form of mode locked oscillator followed by pulse compression.
The requirement for the final amplifier varies with the type of switch employed. The
solid state switch appears to require more pulse energy than the other two, but this is
compensated by the fact that the others (vacuum and gas switches) require ultra violet—
for instance 250 nm. This is significant since in the UV case, frequency multiplication
is required with final amplification in an excimer (e.g. Krypton Flouride) amplifier. In
either case there seemed no serious difficulties in meeting the requirements, at least at
1 Hz. For a higher frequency system more thought and possible development would be
required.
It was estimated that the cost of the laser system, starting from nothing, might be of
the order of 1 M$. At BNL however many of the required components already exist, so
the incremental cost would be less.

7. Conclusion
It is clear that the construction of a switched power gun is still some years away, and
it will not be easy. But the promise of the very high brightness that might be obtained
is a strong inducement to persevere. One notes too that such a device would provide a
facility for the study of physics in very high (multi GV/m) electric fields.
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APPENDIX A

PROGRAM
Switched Power Workshop
October 16-21, 19SS
Shelter Island, New York
Sunday, October 16
Registration and Reception
2:00-11:00
Monday, October 17, 1988
Breakfast
8:00-9:00
Introductions
Welcome
9:00-9:15
Overview
9:15-10:15
Solid State Switching
10:15-11:15
Photodiode Switching
11:15-12:15
Lunch
12:30-1:30
Gas Switching
2:00^3:00
3:00-4:30
Field-Enhanced Photodiode
Dinner
6:30
Tuesday, October 18, 1988
8:00-9:00
Breakfast
9:00-10:00
Conversion to Fields
10:00-11:00
Radial Transmission Lines
11:00-12:00
Gas Switch Structures
Lunch
12:30-1:30
2:00-5:00
Working Group Sessions
Dinner
6:30
Wednesday, October 19. 1988
8:00-9:00
Breakfast
Applications
RF Gun Design
9:00-10:00
10:00-10:30
High Gradient Quadrupole
10:30-11:30
RF Power Sources
Lunch
12:30-1:30
Field Trip: Hargrave Vineyard
1:30-4:30
Dinner
6:00-7:00
Working Group Sessions
7:00-9:00
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Thursday. October 20. 1988
S:00-9:00
Breakfast
9:00-10:00
Femtosecond Lasers
10:00-11:00
Laser Systems
11:00-12:00
Magnetic Pulse Sharpening
12:30-1:30
Lunch
2:00-5:00
Working Group Sessions
6:30
Dinner
Friday. October 21. 1988
8:00-9:00
Breakfast
9:00-11:00
Working Group Sessions
11:00-12:00
Summary
12:30-1:30
Lunch
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