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Abstract

A novel technique of symmetric type quasi-linear electron pulse duration
modulation is proposed. The salient feature from the conventional photoe-
lectron gun is the introduction of the alternating electric field resonator. The
electric field that results is synchronously controlled to generate the desired
quasi-linear differential energy modulation on the electron pulse passing
through. The effect resulted directly is that the leading electrons undergo nega-
tive energy modulation and decelerate, while the rear ones positive energy
modulation and accelerate, which eventually leads to electron-pulse-duration
modulation. The technical details are demonstrated.
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1. Introduction

Electron-optical methods based on ultrafast manipulation of ultra-short electron
pulse have become firmly established as the most advanced in the area of
time-resolved events recording and investigation [1]-[12]. Illuminating a photo-
cathode by an optical signal, one can gain an exact transformation of temporal
modulation of light power density within the incident optical signal into spatial
modulation of charge density within the electron packet. With the criteria of
how the photoelectron bunch that generated can be further used, the following
two types of techniques can be distinguished. One is related with the problem of
measuring the intensity-time profile of incident optical radiation, in which the
photoelectron pulse produced is considered as a carrier of information on the

incident light pulse structure, and all subsequent transformations of the bunch
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within the system are aimed at preserving and then revealing that information
upon the screen. Streak tube is typical of this kind of applications [5] [11]. In the
other, however, the photoelectron packet from photoemission is not considered
as the information carrier of incident optical radiation but as a probing tool for
subsequent applications. Thus the main purpose is to gain an electron pulse with
controllable duration. Ultrafast electron diffraction (UED) is the application
representative [8]. Whether for streak camera or for UED, the time-resolved
performance is characteristic of its applications and attracting more attention al-
most ever since their discovery. Currently there still remains a big technological
challenge in improving time-resolved performance of both UED and streak cam-
era. For the former, temporal broadening of electron pulse induced by both space
charge effect and its initial energy spread prevents obtaining high-brightness elec-
tron pulses with sub-100 fs durations, limiting the range of phenomena that can
be studied with this technique.

In this contribution, we propose the method of symmetric type quasi-linear
electron pulse duration modulation. The salient feature is the introduction of an
alternating electric field resonator into the conventional photoelectron gun. The
electric field that results is synchronously controlled to provide the desired qua-
si-linear differential energy modulation on the electron pulse. With the result
that the leading electrons undergo negative energy modulation and decelerate,
while the rear ones positive energy modulation and accelerate, the initial energy
modulation eventually leads to electron-pulse-duration modulation. The tech-

nical details are demonstrated.

2. Operational Principle of Compression Technique

2.1. Differential Energy Modulation with Alternating Electric Field

The proposed electron-pulse-duration modulation technique is illustrated in
Figure 1. The salient feature is the introduction of the “alternating electric field
resonator”, which provides the appropriate alternating electric field to impose
differential energy modulation on electrons among the pulse. The front and the
end mesh wall act as the anode and the energy modulation electrode, respective-
ly. The system has cylindrical axially symmetric structure. The transition-type
photocathode and the anode mesh form electron pulse accelerating region of axial
length d, upon which the voltage Uis applied. The differential energy modulation
on the electron pulse is achieved in energy modulation region of axial length d,
between the two mesh electrodes, while the electron-pulse-duration modulation is
finished in the field-free drifting region of axial length L between energy mod-
ulation electrode and target plane. The energy modulation region and field-free
drifting region altogether constitute the electron pulse modulation region. An
axial uniform magnetic field B is incorporated to confine electrons pulse radi-
cally throughout the whole system.

During the transition process of electron pulse in the electron-optical system,

the two factors that contribute much to its pulse broadening are well known as
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the initial energy spread of photoelectron from photocathode and the inherent
space charge effect. As for the latter, the electrons in leading part are subject to
an overall accelerating force, while the rear ones decelerating force. The joint in-
fluence from both is the transition time dispersion between electrons of different
part in the electron pulse, which is the essence of electron pulse broadening. In
regards of the electron pulse broadening from space charge effect, the analytic or
relatively simple calculating program is not yet available. But it has been proved,
both theoretical and experimentally, that this kind of broadening possesses the
characteristics of pulse center symmetry in comparison with the case without
space charge effect, ie., the leading part and the rear almost have equal broa-
dening magnitude [5]. It is just based on the mentioned feature that, mainly for
concise technical descriptions of the proposed method, the temporal broadening
from space charge effect is neglected in the following discussion on condition of
introducing no any ambiguity on details understanding.

In the electron-optical system of Figure 1, paraxial approximation could be

applied for electron motion equation and the axial motion can be described as

d*z ,
?—77¢ (2), (1)

in which, origin of coordinate axis Z, also the system symmetric axis, is fixed at
center of photocathode and points along the motion direction of electron pulse,
z indicates the electron position at £, ¢(z) the potential at position of z and
n=e/m, the ratio of electron charge to mass. Expression (1) steps further as

following

dz ?

: dz
[Ej =2n[¢(2) - $(0)] + (E] . . (2)

Considering the square electron pulse just emitted from photocathode, with

initial energy spread of Ag, and initial pulse duration of 7,, the initial axial
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Figure 1. Schematic diagram of the electron-pulse-duration modulation technique using
alternating electric field. 1-transition-type photocathode; 2-electron pulse; 3-resonator for
alternating electric field; 4-anode mesh (front wall of the resonator); 5-voltage
modulation mesh (end wall of the resonator); 6-trigger signal generator, 7-target plane.
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length /, and the axial velocity difference Av, between the electrons in the most
leading and the most rear can be given respectively as

2A¢g, N nuz;
m 2d,

e

2A
AVO = _80 +M . (4)
me dl

So the electron initial axial energy of the two portions mentioned is approx-

; (3)

10_0

imated as¢,,, =0 and &, = 0.5m,Av; . Using the same settings as that in prac-
tical engineering, 4 is of micrometer scale and can be neglected for electron
transition time in photocathode-anode region since it is much smaller than the
distance of d, in millimeter scale. Using expression (2), the time for the electron

with initial axial energy to fly through the photocathode-to-anode acceleration

() = m,d, { |2, +eU) _\/2_7,} ) 5)
eU m, m,

so the electron pulse duration at the anode mesh is
= tl (glast) - tl (‘("‘ﬂrst) . (6)

region turns out to be

Apparently, the following relation is established

r>1,, (7)

which indicates the inevitable temporal broadening of electron pulse during the
photocathode-to-anode acceleration region, just like that in streak camera or
UED.

The alternating voltage of energy modulation electrode relative to anode in
the resonator can be assumed to take the general form of
Uu,6=-U

nax SIN27t/T, + @) . For simplicity the initial phase ¢, is chose to
be 0, without any hurt on the method detail understanding. The overall transi-
tion time for electron with initial axial energy &, to fly through the system in

Figure 1 can be obtained as

te)=t(g)+t,(g), (8)
t,(e)=t(&)+4(g), 9)
£(e) = m,d, He +eU+elU, [1(e)]}  |2(e +eU) (10)
U eU, (1,()) m, m, ’
meL2
H(&)= \/2{51. TeU+eU (e} (1)

in which #(g), t,(5) and #(s;) are the transition time of electrons respec-
tively in acceleration region, energy modulation region and field-free drifting
region. Obviously 7, (g;) is the transition time in electron pulse modulation re-
gion. Considering two electrons with initial axial energy relation of ¢ <¢,, with

the following conditions on energy-modulation voltage met,
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|U(51)|,|U(52)|>51,32, (12)
U(g)>0, (13)
U(e,)<0, (14)

the following relation is always established
tm (glu.vt ) < tm (g‘/ir.vt ) > (15)

which means that the compensation for electron pulse broadening emerges.
Figure 2 also shows that, besides the confinement condition mentioned above,
the modulation voltage should be limited into the range between the negative
and the positive half alternating voltage maximum to achieve the quasi-linear
modulation (forsin(x) ~ x within this interval). Another indispensable condi-
tion for symmetric modulation is that transition time of the central electrons
through the acceleration region should coincide with the zero point of the alter-

nating voltage used. So the following two relations should be met.

tmid = (k+%)Tm’ (16)

tl(gﬁm)z(k+%)Tm. (17)

Here k=0,1,2,---. The parameter k is called “alternating voltage nodes”,
which defines the corresponding time interval for differential energy modulation.

Combining (16) with (17), one can obtain the restriction on k.
6t1 (gﬁrst ) - Stmid
12 |:tmid - tl (8ﬁrst ):I

(18)
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Figure 2. Alternating voltage nodes of (a) U, (¢) = -U,,,, sin(27¢/T,,) , and (b)
U,(t)=U,, sin(271/T,) .
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2.2. Electron-Pulse-Duration Modulation

The template is used to format your paper and style the text. All margins, column
widths, line spaces, and text fonts are prescribed; please do not alter them. You
may note peculiarities. For example, the head margin in this template measures
proportionately more than is U, (¢)=U,,, sin(27/T,). This measurement and
others are deliberate, using specifications that anticipate your paper as one part
of the entire journals, and not as an independent document. Please do not revise
any of the current designations.

To quantitatively define the modulation effect, the transition time for elec-

trons to travel through the pulse modulation region, in the case of no energy

m(L+d,)
(&) = e, +el) ()

With quasi-linear energy modulation, the changes of transition time for elec-

modulation, is given

trons in the most leading and the most rear portions can be got as the following,

respectively

At(gﬁrst) = t() (8ﬁrsl) - tm (gﬁrsl)

[ m(L+d, )? _ md, e s, teU+eU, (4,,)] (26)
Z(Sﬁrst + eU) eUm (tmin ) me ’

_ 2(gﬁrst + eU) _ meL2
m, 2[£ﬁm +eU+eU, (t,.)]

At(glast ) = tO (glast ) - tm (glast )

— me (L + d2 )2 _ med2 Z[glast + eU + eUm (tmax )] (27)
2e,, +eU) eU,(t,.) m, '
2 teU) | m, [
m, 2[g,, +eU+eU (t,.)]

So the overall modulation magnitude of electron pulse duration

At =At(g,,, ) - At(gﬁm) . (28)
Using the practical parameter setting of d, << L, expressions (27) and (28)
reduce to
LU (¢ . 1
Al(gﬁrst) = M PR (29)
2U 2nU
LU (¢t . 1
Ai(e,,) _LUn) | 1 (30)
2U 2nU

With U, (fye )==U,, (tmn) of the prerequisite for symmetric type modula-

At:LUm(tmax) 1 . (31)
U 29U

tion, expression (28) gives
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3. An Example Illustration

An example of a cylindrically symmetric photoelectron gun system is presented
here to verify the method. The geometric parameters as illustrated in Figure 1
and others of the initial electron pulse are as follows:U =30kV, d, =3mm,
d,=1lmm, L=10mm, 7,=150fs, Ag,=0.2eV, 5, =0.5mm . And the ex-
pected compressive modulation magnitude on electron pulse duration is 200 fs
at least.

With these settings, the parameters of the electron pulse in acceleration region can
=5.8107x10"s , ¢ =5.8407x10"s and ¢, =5.8207x10"s .
Using relations determined by expressions (16), (17) and (18) for the case of
U, (t)=-U,sin(27t/T,), k<31 can be got and the related parameters, e.g.,
T, can be achieved for different alternating voltage nodes scope & ranging from

be got as ¢

min

0to 31. The case of k=31 only is used in the following simulation.

The modulation voltages on both the most leading and the most rear electrons
thus is U, (f,,,)=0.50U,, and U, (t,,)=-0.50U,,, respectively. With ex-
pression (29), solving the inequality of Ar>200fs gives U, =120V .The
compression effect on electron pulse duration is shown in Figure 3. It shows
that the initial electron pulse at photocathode is broadened quickly to ~
7=300fs in photocathode-anode acceleration region, exactly about 0.1 mm in
the vicinity of photocathode, and then undergoes electron-pulse-duration com-
pressive compensation throughout all the modulation region, which is just resulted
from the differential energy modulation in electron energy modulation region next
to acceleration region. The final electron pulse duration at the target plane is ~

7' =100fs and the overall compressive modulation value is about 200 fs.

4. Conclusion

We have shown that the proposed technique can provide symmetric type

300
T,= 150 fs, a‘}=3 mm, d'z:I mm

L=10mm, U=30kV, U =120V
ey

-

W

=
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Electron pulse duration [fs
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.qalll 1 | I 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 M4

Axial transition distance /fmm

Figure 3. Modulating effect of the alternating electric field on electron pulse duration.
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quasi-linear compensation for electron pulse broadening. This is accomplished
by introducing an alternating electric field resonator, which renders the desired
quasi-linear differential energy modulation on the electron pulse, with both the
leading electrons undergoing negative energy modulation to decelerate and the
rear ones positive energy modulation to accelerate. The technical details are

demonstrated and the example gives the further illustration.
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