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of Defense Technology, Changsha 410073, Hunan, People’s Republic of China
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Design and analysis of a new compensating element for improving the electron pulse front and
compressing the pulse duration in a femtosecond photoelectron gun are described. The
compensating element is a small metallic cylindrical cavity in which an external voltage is applied
in such a way that a special electric field forms and interacts with the electron pulse. This electric
field reduces the distances between the faster and slower electrons inside the cavity and efficiently
compensates for electron pulse broadening caused by the photoelectron energy spread and space
charge effects. Poisson’s equation and the equation of motion are solved to obtain the electron
trajectories. Results highlight the important design parameters of the new compensating element and
show its feasibility in compressing electron pulses in the femtosecond regime. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1387254#

I. INTRODUCTION

Motivated by the need to improve the temporal resolu-
tion of streak cameras1–15 and time resolved electron
diffraction,16–34 the development of photoelectron guns ca-
pable of delivering picosecond and subpicosecond electron
pulses has been investigated extensively. However, the tech-
nology for generating electron pulses with pulse widths of
;100 fs, electron energies of 10–50 keV with electron en-
ergy spread in the few eV range, and 103 to 104 electrons per
pulse are still under development. The main obstacles are
photoelectron energy spread and space charge effects that
cause significant electron pulse broadening.

In Ref. 35, relativistic electron pulses 50 fs in duration,
2.6 MeV electron energy, with (2 – 4.6)3108 electrons per
pulse were obtained experimentally using an electron pulse
compression technology based on introducing a large energy
spread followed by a magnetic prism. However, for applica-
tions in streak cameras and electron diffraction, the electron
energy is far below the relativistic regime and has a few eV
or less energy spread. This makes magnetic electron pulse
compression, as applied to a relativistic electron pulse with
energy spread in the keV range, unfeasible. A method of
temporal dispersion compression was also suggested for the
nonrelativistic case to produce 50 fs electron pulses, but to
our knowledge, has not been experimentally
implemented.9,10 The effects of electron energy spread on
electron pulse broadening can be reduced, to some extent, in
the photocathode-to-mesh region by choosing a photocath-
ode with a suitable work function, close to the laser photon
energy, and applying a relatively high acceleration electric

field in the vicinity of the photocathode.2,4,14On the contrary,
space charge effects causing electron pulse broadening are
more difficult to remove. Electron pulse broadening is often
larger in the electron drift region than in the photocathode-
to-mesh region.3,5,36–38For a photoactivated electron gun ac-
tivated by a femtosecond laser pulse, the electron pulse
broadens into the picosecond range in a short time as it
propagates towards the anode and in the postanode drift re-
gion. For the photoelectron gun configuration shown in Fig.
1~a! we have developed a simple fluid model to investigate
the electron pulse broadening caused by photoelectron en-
ergy spread and space charge effects in the photocathode-to-
anode region and in the postanode drift region.39 Pulse
broadening due to the initial photoelectron energy spread oc-
curs mainly in the photocathode-to-anode region and is esti-
mated to be;150 fs for an initial photoelectron energy
spreadDE050.2 eV, d53 mm, andV0530 kV, whered is
the photocathode-to-anode mesh spacing andV0 is voltage
applied to the photocathode with the anode grounded, as
shown in Fig. 1~a!. However, pulse broadening due to space
charge effects becomes severe in the postanode drift region,
when the electron density is high, because of the large drift
time in that region. Pulse broadening due to space charge
effects in the postanode drift region can be expressed as39

Dtsp5
e1/2m1/2L2N

4&pV0
3/2«0r b

2
, ~1!

where2e andm are the charge and mass of an electron,V0

is the voltage applied between the cathode and the anode
~mesh!, r b is the radius of the electron beam,L is the length
of the drift region,N is the number of the electrons contained
in the electron pulse, and«0 is the vacuum permittivity.Dtsp

is calculated to be 350 fs forL540 cm, N51000, r b
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50.45 mm, andV0530 kV. Additional electron pulse broad-
ening occurs due to the energy spread of the photoelectrons
at the surface of the photocathode. For a laser pulse oft0

550 fs in duration and electron pulse broadeningDte

'150 fs due to initial photoelectron energy spread, the elec-
tron pulse width will beDtp5t01Dte1Dtsp'550 fs, as-
suming a square pulse shape to allow for obtaining an ana-
lytical solution. Therefore to construct an electron gun
capable of delivering 1000 electrons per pulse over a 40 cm
drift distance, with a pulse width less than 200 fs, it is nec-
essary to develop an efficient compensating device for com-
pressing an electron pulse broadened by space charge effects
and the initial photoelectron energy spread. This compensat-
ing device can also be applied to achieve shorter electron
pulses, if the drift distance is reduced.

In general, an electron traveling exactly along the center
axis will spend less time than an electron traveling
off-axially.9 Electron beam divergence in theE-field free
drift region is mainly caused by the electron space charge
effects and energy spread. The electron pulse front resembles
the shape shown in Fig. 1~b!. In this case, the space charge
effects of the inner electrons in the electron pulse increase
the radial components of velocities of the edge electrons and
lead to divergence of the electron beam. Similarly, an elec-

tron traveling along the center of the pulse front is faster
along the axial direction than other electrons because it is
accelerated by the space charge of the electrons following it.
Consequently, for edge electrons the axial components of
velocities are lower than for electrons at or near the center
that are drifting only along the axial direction. Therefore if
an axially directed acceleration electric field that increases
off-axially, or an axially directed decelerating electric field
that decreases off-axially, is generated in the drift region, the
axial distances between the center electron and the edge elec-
trons will be decreased. Thus the electron pulse front can be
improved and the temporal dispersion of the electron gun can
be reduced. The purpose of this article is to introduce a new
electron dispersion-compensating element for application in
femtosecond photoelectron guns. Our results show that this
compensating element is efficient in compressing a femto-
second electron pulse.

The remainder of the present article is as follows. In Sec.
II the configuration of the compensating element and the
basic formulation are given. In Sec. III the equation of mo-
tion is solved to obtain the trajectories of the electrons in an
electron pulse front and the results are given showing the
compression of the electron pulse.

II. CONFIGURATION AND MODEL OF THE
COMPENSATING ELEMENT

The basic configuration of the compensating element is
shown in Fig. 2. The element is a metallic cylindrical cavity
with a length l and a radiusR. On one side of the cavity
there is a pinhole through which the electron pulse can pass
along the axial directionẑ, and on the opposite side there is
a fine mesh that is electrically insulated from the other sides

FIG. 1. ~a! The configuration of a photoelectron gun with magnetic lens.~b!
A typical electron pulse front due to electron beam divergence caused by
space charge effects and the initial electron energy spread.

FIG. 2. The configuration of the compensating cavity for a femtosecond
electron gun.
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of the cavity by an insulation material or vacuum. The thick-
ness of the insulation material or vacuum gap should be
much smaller than the lengthl of the cavity. In addition, the
radius of the pinholer 0 is assumed to be much smaller than
that of the cavity. The cavity is grounded except for the
mesh, which has an applied potential off52f0,0. Just
after this fine mesh there is another fine mesh that is
grounded and used to form a relatively uniform acceleration
electric field for electrons exiting from the compensating
cavity. This grounded mesh gives a relatively uniform accel-
eration to the electrons after the compensating element and
shields the electric field produced by the fine mesh at a po-
tential f52f0,0, allowing the electron pulse to subse-
quently drift in an electric field free region. We discuss the
interaction of the electron pulse with the electric field inside
the cavity.

The potential distributionf within the cavity can be de-
scribed by Poisson’s equation in the cylindrical coordinates
(r ,u,z), which is written as

1

r

]

]r S r
]f

]r D1
]2f

]z2 50, ~2!

where]/]u50 because of the azimuthal symmetry. The fine
mesh atf52f0,0 is treated as a solid metallic sheet, and
the effects of the isolation material and the pinhole whose
radiusr 0 is much smaller than the radiusR of the cavity are
ignored. Solving Eq.~2! using the boundary conditions of
f(r 5R)5f(z50)50 andf(z5 l )52f0,0, one can ob-
tain the potential distributionf, which is written as

f52 (
n51

`
2f0

anJ1~an!

sinhS anz

R D
sinhS anl

R D J0S anr

R D , ~3!

and the components of the electric field in the cavity are
expressed as

Er52
]f

]r
52 (

n51

`
2f0

RJ1~an!

sinhS anz

R D
sinhS anl

R D J1S anr

R D ~4!

and

Ez52
]f

]z
5 (

n51

`
2f0

RJ1~an!

coshS anz

R D
sinhS anl

R D J0S anr

R D , ~5!

whereEr is the radial component of the electric field,Ez is
the axial component of the electric field,an is thenth root of
the zero-order Bessel functionJ0(x), satisfyingJ0(an)50,
andJ1(x) is the first-order Bessel function.

It can be seen that the axial electric fieldEz.0, thus all
the electrons that experience this field will be decelerated.
The axial componentEz of the electric field decreases with
increasingr due to the property of the Bessel functionJ0(x)
and thus this field can be a compensating field. In this case,
the center electrons in the electron pulse will be decelerated

more than the edge electrons, which can improve the pulse
front and compress the electron pulse. The compensating el-
ement described in Fig. 2 should be immersed in a relatively
strong axial guide magnetic fieldB to compensate for the
divergence due toEr . The parameters off0 , l , andR can be
adjusted in order to achieve the desired compensation. Equa-
tions ~4! and~5! are evaluated numerically to obtain the dis-
tribution of the electric field in the cavity. For the sake of
convenience, dimensionless variables are used in the calcu-
lations. These normalization variables areE052f0 /R and
r c5mc/eB, wherec is the speed of light in vacuum andB is
the constant axial magnetic field applied in the compensating
cavity.

Figure 3 shows the axial electric fieldEz as a function of
the distancer from the center of the cylindrical cavity for
R/r c50.05 andl /r c50.65 in the cases ofz/r c50.58, 0.60,
and 0.62. We can see from Fig. 3 thatEz decreases with the
increase ofr and increases withz under the condition thatz
is not too close tol . Detailed calculations~results not shown
in Fig. 3! indicate that the dependence ofEz on r will change
when z is very close tol due to J1(an) appearing in the
denominators of Eqs.~4! and ~5!. It is shown later that this
will not affect the performance of the cavity in improving the
electron pulse front and compressing the pulse width of the
photoelectron gun because this region is too small to alter the
compressing function of the cavity. Figure 4 shows the radial
electric fieldEr as a function ofr for R/r c50.05 andl /r c

50.65 in the cases ofz/r c50.58, 0.60, and 0.62. As can be
seen from Fig. 4, the absolute valueuEr u of the radial electric
field first increases with bothr and z, but then decreases
with r asr becomes very close toR. The divergence effects
of Er on the electron pulse can be efficiently compensated
for by the axial magnetic fieldB. In addition, one can also
observe that the center electron of the electron pulse front
will lose more kinetic energy than the edge electrons because
the absolute valueufu of the potential decreases asr in-
creases according to Eq.~3!.

An efficient way to investigate the physics of the com-
pensating element is to depict the trajectories of the electrons

FIG. 3. The axial electric fieldEz in the compensating cavity as a function
of r for R/r c50.05 andl /r c50.65 in the cases ofz/r c50.58, 0.60, and
0.62.
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contained in the electron pulse front when the pulse passes
through the element. We next formulate a model by which
the electron trajectories of the electron pulse front can be
obtained. It is appropriate to assume that the lengthl of the
compensating cavity is short enough to neglect the self-space
charge effects of the electron beam.39 In this case, the motion
of the electrons will be only in the externally applied con-
stant magnetic fieldB and the electric fieldE5Er r̂ 1Ezẑ in
the compensating cavity, which is given by Eqs.~4! and~5!.
The components of the equation of motion for an electron
are written as

dv r

dt
5

vu
2

r
2

e

m
@Er1vuB#, ~6!

dvu

dt
5

eBv r

m
2

v rvu

r
, ~7!

and

dvz

dt
52

eEz

m
, ~8!

where 2e and m are electron charge and mass,v5v r r̂

1vuû1vzẑ is the electron velocity in cylindrical coordi-
nates, andEr and Ez are given by Eqs.~4! and ~5!. Other
useful relations are

dr

dt
5v r , ~9!

du

dt
5

vu

r
, ~10!

and

dz

dt
5vz . ~11!

Equations~6!–~11! can be used to investigate the motion
of the electrons in the compensating cavity. There are no
analytical solutions to Eqs.~6!–~11!, and numerical solutions
are necessary to obtain the electron trajectories.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section we numerically solve Eqs.~6!–~11! to
further explore the physics of the compensating element de-
scribed in Fig. 2. We assume that the electron pulse is azi-
muthally symmetric. Therefore all the edge electrons in the
electron front have the same velocity and trajectory. We only
consider two kinds of electrons contained in the electron
pulse front, i.e., the center electron and the edge electrons. It
is convenient to use dimensionless variables to treat these
equations. As shown in Fig. 1~b!, in addition tor c5mc/eB
andE052f0 /R, the physical quantities involved in the fol-
lowing numerical results are the radiusr b of the electron
beam or the radial positionr 5r b of the edge electrons in the
electron pulse front, the radial positionr 5r cen50 of the
center electron, the axial positionz5z1 and axial velocity
vz5vz1 of the center electron, the axial positionz5z2 and
axial velocity vz5vz2 of the edge electrons, the axial dis-
tance Dz5z12z2 and the axial velocity differenceDvz

5vz12vz2 between the center electron and the edge elec-
trons, the average initial drift velocityv0 of the electrons at
the entrance of the compensating cavity, the average initial
kinetic energy«5mv0

2/2 of the electrons, the initial electron
energy spreadD« of the electron pulse at the entrance of the
cavity, and the cyclotron frequencyvc5eB/m of the elec-
trons in the magnetic fieldB.

In addition, at the entrance of the compensating cavity,
the center electron is initially at (r ,z)5(r cen,z1)5(0,z10)
with z10.0, and the edge electrons are initially at (r ,z)
5(r b ,z2)5(r b ,z20)5(r b,0). Therefore the axial distance
between the center electron and the edge electrons is initially
Dz5Dz05z10. The radiusr 0 of the pinhole at the entrance
of the compensating cavity is assumed to be larger than the
initial beam radiusr b . At the axial positionz5 l , the elec-
tron reaches the end of the compensating cavity. In order to
show the effects of electron energy spread on the electron
pulse front, we will investigate the case in which the initial
kinetic energy difference between the center electron and the
edge electrons at the entrance of the compensating cavity is
equal to the energy spreadD«. Moreover, the initial velocity
v0 of the electrons at the entrance of the compensating cavity
takes the form ofv05v0@sin(u0)r̂1cos(u0)ẑ#, whereu0 is the
velocity divergence angle. The center electron is assumed to
have u05u0150, but for the edge electronsu05u02.0,
whereu01 andu02 refer to the velocity divergence angles of
center electron and edge electrons, respectively. It is worth
noting that our model does not include the details of the
shape of the electron pulse front and the initial axial distance
Dz0 between the center electron and the edge electrons de-
pends on the electron dynamics before the entrance of the
compensating cavity.

Figure 5 shows the radial positionr of the edge electrons
in the electron pulse front as a function of the axial position
z for r b /r c50.0075, z2050, v0 /c51/3, R/r c50.05, l /r c

50.65, andE0 /cB51.1 in the cases ofu0250 and u02

50.016. It can be seen from Fig. 5 that the beam radiusr b

varies from 0.0075r c to about 0.0164r c in the case ofu02

50.016 when the electron pulse passes through the compen-
sating element. However, the beam radiusr b changes from

FIG. 4. The radial electric fieldEr in the compensating cavity as a function
r for R/r c50.05 andl /r c50.65 in the cases ofz/r c50.58, 0.60, and 0.62.
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0.0075r c to about 0.0085r c in the case ofu0250. Therefore
the variation of the beam radius is mainly due to the initial
electron velocity divergence represented by the value ofu02.
The effect of the radial electric fieldEr on the beam diver-
gence is small in the case of a constant axial applied mag-
netic field B. The value ofEr is very small nearr 50 ac-
cording to Fig. 4, and therefore its divergence effect is
negligible.

Figure 6 shows the axial velocitiesvz of the center elec-
tron and edge electrons in the electron pulse front as a func-
tion of z for r b /r c50.0075, z10/r c50.000 40,z2050, u01

50, u0250.016, v0 /c51/3, D«/«50.000 036, R/r c

50.05, l /r c50.65, andE0 /cB51.1. Figure 6 indicates that
the axial velocities of the center electron and edge electrons
are decreased as the electron pulse reaches the end of the

compensating cavity. In addition, as shown in Fig. 6, the
axial velocity of the edge electrons is slightly lower than that
of the center electron at the entrance of the compensating
cavity. However, the edge electrons catch up with the center
electron because their axial velocity is brought slightly larger
than that of the center electron near the exit of the compen-
sating cavity. Thus the compensating electric field in the cav-
ity causes pulse compression. The compensating effect can
be also clearly seen from Fig. 7, where we have plotted the
axial velocity differenceDvz5vz12vz2 between the center
electron and the edge electrons in the electron pulse front as
a function ofz for the same parameters used in Fig. 6. At the
entrance of the cavity, the velocity of the center electron is
larger than the velocity of the edge electrons,Dvz5vz1

2vz2.0. However, forz/r c.0.53, Dvz,0 and the edge
electrons will become faster than the center electron after the
interaction of the electron pulse with the compensating elec-
tric field in the cavity. It is interesting to note that the mag-
nitude ofDvz first increases and then decreases withz in the
region 0.53,z/r c,0.65. This occurs because the fieldEz

depends onr such that it decelerates the center electron more
than the edge electrons over most of the cavity length, how-
ever, near the end of the compensating cavity this depen-
dence ofEz on r is reversed. For 0.53,z/r c,0.65, Dvz

,0 indicating that the compensating function of the cavity is
still maintained in spite of the variation ofDvz near the end
of the compensating cavity.

The improvement in the electron front and compression
of the electron pulse can be observed in Fig. 8, where we
have plotted the axial distanceDz5z12z2 between the cen-
ter electron and the edge electrons in the electron pulse front
as a function of timet for r b /r c50.0075, u0150, u02

50.016, v0 /c51/3, D«/«50.000 036, R/r c50.05, l /r c

50.65, andE0 /cB51.1 in the cases of different initial axial
distances ofDz0 /r c50.000 45, 0.000 40, and 0.000 35. As
can be seen from Fig. 8, the axial distance between the center
electron and the edge electrons first increases with timet due
to initial energy spread and beam divergence, but then de-

FIG. 5. The radial positionr of the edge electrons in the electron pulse front
as a function of axial positionz for r b /r c50.0075, z2050, v0 /c51/3,
R/r c50.05, l /r c50.65, andE0 /cB51.1 in the cases ofu0250 and u02

50.016.

FIG. 6. The axial velocitiesvz of the center electron and edge electrons in
the electron pulse front as a function ofz for r b /r c50.0075, z10 /r c

50.000 40, z2050, u0150, u0250.016, v0 /c51/3, D«/«50.000 036,
R/r c50.05, l /r c50.65, andE0 /cB51.1.

FIG. 7. The axial velocity differenceDvz5vz12vz2 between the center
electron and edge electrons in the electron pulse front as a function ofz for
r b /r c50.0075, z10 /r c50.000 40,z2050, u0150, u0250.016, v0 /c51/3,
D«/«50.0000 36,R/r c50.05, l /r c50.65, andE0 /cB51.1.
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creases abruptly with timet due to the strong compensating
electric field experienced by the electron pulse in the cavity.
This is easily understood using the data shown in Figs. 6 and
7, where the curves indicate the change of sign of the axial
velocity differenceDvz between the center electron and the
edge electrons. As shown in Fig. 8, the value ofDz in the
case ofDz0 /r c50.000 35 can even become negative as the
time t increases, which means that the edge electrons have
completely caught up with the center electron, and conse-
quently the electron pulse duration is compressed.

The design of the compensating cavity can be based on
the numerical results obtained above. However, a long com-
pensating device should be avoided because a long electron
beam drift distance will result in a considerable electron
pulse broadening due to space charge effects. A compensat-
ing cavity of less than 6 cm in length is suitable for a 200 fs
electron gun with 103 electrons per pulse because in this case
the space charge pulse broadeningDtsp in the 6-cm cavity is
less than 10 fs for a beam radius ofr b50.45 mm and the
average electron drift kinetic energy at the cavity entrance of
«530 keV according to Eq.~1!. In addition, the radius of the
compensating cavity should also be as small as possible in
order to focus the distribution of the electric field to meet the
compensating requirements inside the cavity. The results
shown in Figs. 5–8 indicate that the appropriate design pa-
rameters of the compensating cavity can bel 55.6 cm, R
50.4 cm, f0514 kV, andB5200 G. These design param-
eters apply for a photoelectron gun with an electron energy
of 30 keV, a space charge-caused electron energy spread of
less than 1.1 eV, an electron beam radius;0.6 mm at the
compensating cavity, and 103 electrons per pulse. In the ex-
ample we gave earlier, a 50 fs photoelectron pulse at the
photocathode broadened by its energy spread and space
charge effects over a 40 cm drift distance toDtp'550 fs.39

For these design parameters, the electron pulse front can be
improved considerably and the electron pulse duration can
be reduced by as much asDz0 /v0'350 fs according to Fig.

8. In this case, the electron pulse duration may reach a value
of 200 fs (55502350 fs) under the condition that the shape
of the electron pulse front, with a value ofDz0 due to space
charge effects, is the major factor that affects the electron
pulse duration. The gap length between the mesh with poten-
tial f0514 kV and the end of the 5.6 cm cavity can be a few
mm, enough to hold-off breakdown in vacuum. The model
ignores this distance, which is valid when the length of the
cavity is much larger than the width of the insolation gap.

This new compensating element can be used to extend
the temporal resolution of streak cameras and time-resolved
electron diffraction. Depending on the design parameters and
the shape of the electron pulse, for a femtosecond electron
gun with an electron energy of 30 keV and 103 electrons per
pulse, the electron pulse duration can be reduced by 350 fs
when using a single compensating cavity with a radius of 0.4
cm and 5.6 cm in length.
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