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Abstract

A new method of modulating an electron beam is pro-
posed to obtain electron bunches of 50-asto 20-fs duration.
Current from 0.01 to 10 A from one spike having a curva-
tureradius of 1 micron correspondsto a maximal intensity
of total electric field of 70 to 180 MV/cm. Obtaining asin-
gle bunch or asequence of buncheswith arepetition rate up
to 1330 THz was considered. Using multi-spiked cathodes
permits to obtain bunches with current up to 10 KA.

INTRODUCTION

Obtaining short bunchesof particlesand el ectromagnetic
radiation in recent years has called forth great interest [1 -
8]. Thisisdueto the possihilities of using themin scientific
investigations of fast processes in physics, chemistry and
biology. Moreover, obtaining a train of short bunches of
electrons permits to generate tunable coherent UV and X-
ray radiation, transposing to a higher frequency in compact
radiators with periodic field structures.

Below thereis described amethod [9] of obtaining elec-
tron bunches from a metallic spike upon simultaneous ac-
tiononit of two electric fields: aquasi-static and avariable
laser field. Analytical calculationsand numerical modeling
indicate that it is possible to obtain electron bunches of at-
tosecond and femtosecond duration (10 =7 — 10~ 14s) with
small spread in electron velocities when using lasers hav-
ing wavelengthsin therange 1 — 10 pm. Using quasi-static
voltage permitsto increase the average forward velocity of
abunch to transport it for large distancesto aregion where
the quasi-static and laser electric fields are small and do
not affect the object being investigated. Moreover, the rel-
ative spread of electron velocities in a bunch decreases by
more than one order of magnitude, which sharply decreases
lengthening of the bunch when transporting.

Forming the envelope of alaser pulse permits to obtain
a single bunch or along sequence of them. Using single-
spike and multi-spike cathodes of various configurations,
one can obtain currentsin the 10 mA - 10 kA range.

Model calculationswere performed on transporting elec-
tron bunches to distances permitting their use for the gen-
eration of ultra-short pulses of radiation in compact radia-
tors with periodic field structures. The influence of space
charge on bunch dynamics has been evaluated [10].

* papadich@sci.|ebedev.ru

03 Linear Colliders, Lepton Accelerators and New Acceleration Techniques

2812

FIELD EMISSION OF ELECTRONS
FROM A SPIKE IN A COMBINED
QUASI-STATIC AND LASER FIELD

The phenomenon of field emission of electrons (auto-
electron emission or tunneling) discovered by R.W.Wood
[11] and first calculated on the basis of quantum mechan-
ics by L.W.Nordheim and R.H.Fowler [12], was further in-
vestigated by many authors and widely applied. To cal-
culate electron current density (A/em?) as a function of
strength of electric field E (V/cm) on the surface of ametal-
lic cathode with potential barrier height w (V), we used the
Fowler-Nordheim formula:
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Inthefield strengthrange 3-107—2-10% V/cm the density
of current from the cathode follows the Fowler- Nordheim
law quite well and in the case of a copper cathode for the
given field strength rangeis1 — 7 - 1084 /cm?.

The formula was obtained for static field but can be ap-
plied for variable fields as well if the time of electron tun-
neling is much less than a half period of a periodic electric
field [13]. Tunneling time depends on the potential bar-
rier height w of the cathode material (ew - work function,
eV) and the strength of electric field E on the cathode sur-
face. Sincethe gradient of potential barrier isusually much
higher than the field strength used for field emission, the
width of triangular potential barrier for external field E can
be evaluated as d ~ w/E. Emission current will be modu-
lated if aconstant (quasi-static) and avariableelectricfields
aresimultaneously created at the cathode surface. Thetran-
sit time of an electron through the potential barrier metal-
vacuumist; = d/vp = w/(E,vr), wherevp isthe Fermi
velocity (of electron in metal) and F,, is the total strength
of field normal to the cathode surface. The current density
will critically depend on the algebraic sum of quasi-static
and variable electric fields. The emission current has a
maximum when the fields are added and a minimum when
the wave field is subtracted from the quasi-static field.

Fig. 1isa schematic representation of a device for ob-
taining bunches of femtosecond and attosecond length. A
cathode having a spike with a curvature radius p . is at the
focus of alaser. A quasi-static voltage V; is applied to the
cathode. This creates at the spike a high-intensity electric
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field Ey, ~ Vy/pc , where Ey,, is the field perpendicular
to the cathode surface (the distance between the cathode
and the anode here is considered to be much greater than
the curvature radius p.). Thus, there simultaneously act a
quasi-static electric field and an electromagnetic wave field
on the cathode surface exposed to vacuum.

Figure 1: Schematic drawing of the device: 1 - cathode,
2 - EM-wave focus, k - wave-vector, E and H - electric
and magnetic vectors of the wave, respectively, 3 - electron
beam, 4 - focus surface where E = 0.

The schematic drawing of a multi-spike cathode is
shown in Fig. 2. The spikes (or blades) are placed with
a period egual to laser wavelength A in the direction of
laser wave propagation in order to synchronize all elec-
tron bunches. It is necessary to use wave-guided or surface
wave to ensure equal field strength on all spikes.

Figure 2: Schematic drawing of the multi-spike cathode: 1
- cathode, 2 - EM-wave, k - wave-vector, E and H - electric
and magnetic vectors of the wave, respectively.

For modulation of beam current it is necessary to use
p-polarization with vector of electric field in the plane of
incidence to have anormal component of laser electric field
at the apex of spikes.

For normal incidence on a metal surface (for both po-
larizations), a wave is in large part reflected and the sign
of the reflected wave is opposite to the sign of the incident
one. Asaresult, the field amplitude at the vacuum cathode
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surface is negligibly small and is directed tangentialy to
the surface. Therefore, the waveis directed at a small dlip-
page angle § ¢, the angle of incidencebeing 7/2 — §¢. The
normal components of both incident and reflected wavesiif
d¢ does not exceed Brewster angle have the same sign and
are summed. So one can gain in acting amplitude of the
field compared to the amplitude of the incident wave.

The resultant amplitude modulation of thetotal field per-
pendicular to the cathode surface is used to obtain auto-
electron emission with deep modulation of beam current.
The bunch length is less than a wave period. One can have
a single bunch or a sequence of bunches going with laser
wave frequency.

To obtain contrast modulation of beam current, one has
to decrease the radius of curvature of cathode spikes p . to
adimension less than a half or a quarter of the wavelength
A and place the spikes with a period A in the direction of
wave propagationto get all micron-sizebunchesfromasin-
gle spike to be in phase. The length of the bunch 7, can
be decreased by decreasing the diameter of the cathode to
A/10. However, for high duty factors, modulation contrast
(ratio of maximal to minimal current) decreases. The spike
radius of curvature, therefore, must be determined from the
condition

0.05) < p. < 0.45) )
Thebunchlengthis
o = T/(47) + 2pc/c. (3)

When using a single spike cathode, the spike is placed at
the center of the focus of EM-wave. The requirements to
the slippage angle remain. It is equal to the angle between
the axis (or symmetry plane) of the focus and the plane
tangent to the top of the spike.

The advantage of the proposed method is that modu-
lation of the electron beam occurs at the electromagnetic
wave frequency, which permits using an EM-wave in a
wide range of frequencies, including lasers with quantum
energy less than the work function of the cathode material.
Theuse of an IR, optical and UV range permitsto increase
the modulation frequency to 3-1000 THz and perhaps more
and decrease the length of the electron bunches to lengths
intheranger, = 30 — —0.01 fsand less.

When p. < A/10 — A\/5 the field of the wave for the
spike is quasi-static, the acting field strength on the cath-
ode surface is increased locally [14] and the laser power
can be decreased. Naturaly, the actual value of electric
field strength on the cathode surface should be used in cal-
culations with the Fowler-Nordheim formula. The number
of electron bunches in the train is equal to the number of
periods of wave oscillations with the same amplitudein the
EM-pulse and can be changed by varying the parameters of
the pulse.

Fig. 3 shows the time dependence of the normal compo-
nent of the total electric field on the cathode surface when
using a neodymium laser and quasi-static voltage on the
cathode. Fig. 4 shows the pulses of electron current for
fields of Fig. 2.
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Figure 3: Time dependence of the norma component of
the total electric field on the cathode surface; A = 1 um,
pe=0.1pm, Ey=3-107, E, = 1.5 - 108 V/cm
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Figure 4: Pulses of electron current for fields of Fig. 3.

The length of an electron bunch near the cathode de-
pends mainly on the ratio of amplitude of variable field to
the value of quasi-static field, £,/ Ey. The dependence on
maximal value of total field and work function of cathode
material actsto alesser degree. The length of an electron
bunch 7, asafunction of £, /E, for copper cathode (ew ~
4.3¢eV)isshowninFig. 5.
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Figure 5: Length of electron bunch 7, as a function of
E,/E, for copper cathode (ew ~ 4.3 eV).
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CONCLUSION

It was shown that it is possible to generate electron
bunches of T/2 — T/8 duration. This means that one can
obtain bunch lengths from 100 as to 20 fs when using laser
waves of fourth harmonic of neodymiunlaser to CO laser.

It isimpossible to use these electron bunches inside the
laser focus or near it because of strong laser electric field.
Methods tfor transporting and focusing such bunches are
discussed in the second paper to this conference [10].
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