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Electron pulse broadening due to space charge effects in a photoelectron
gun for electron diffraction and streak camera systems
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The electron pulse broadening and energy spread, caused by space charge effects, in a photoelectron
gun are studied analytically using a fluid model. The model is applicable in both the
photocathode-to-mesh region and the postanode electron drift region. It is found that space charge
effects in the photocathode-to-mesh region are generally unimportant even for subpicosecond
pulses. However, because of the long drift distance, electron pulse broadening due to space charge
effects in the drift region is usually significant and could be much larger than the initial electron
pulse duration for a subpicosecond electron pulse. Space charge effects can also lead to a
considerable electron energy spread in the drift region. Temporal broadening is calculated for an
initial electron pulse as short as 50 fs with different electron densities, final electron energies, and
drift distances. The results can be used to design electron guns producing subpicosecond pulses for
streak cameras as well as for time resolved electron diffraction20@2 American Institute of
Physics. [DOI: 10.1063/1.1419209

I. INTRODUCTION lution of a streak camera by reducing the effect of the pho-
toelectron energy spread on electron pulse broadening in the
Picosecond and subpicosecond electron guns have wigshotocathode-to-mesh region. However, for femtosecond
applications in streak camefas®and in time resolved elec- photoelectron pulses, maintaining the electron pulse duration
tron diffraction’®~3*In recent years, the generation of elec- in the femtosecond range as the electron pulse propagates
tron pulses with pulse widths of a few hundred femtosecondshrough the drift region is difficult. Data have shown that
or less has also become of much interest because of the Wtectron pulse broadening is often larger in the electron drift
trafast temporal resolution requirement for investigatingregion than in the photocathode-to-mesh regid®everal
various reaction$!° Electron pulses of 50 fs, 2.6 MeV en- factors can cause electron pulse broadening in the drift
ergy with (2—4.6)<10° electrons per pulse have been re-region?1%22'These include energy spread of the electron
ported in Ref. 35. In this fully relativistic electron beam case,distribution near the surface of the photocathode, trajectory
the 50 fs electron pulses were produced by pulse compresgfifferences due to focusing elements in the drift region, and
sion using a magnetic prism. However, for applications inspace charge effects. We show that space charge is the most
streak cameras and electron diffraction, the electron energy i§ominant cause for pulse broadening. A femtosecond elec-
in the nonrelativistic regime, which makes magnetic electroron pulse with about 3-10* electrons, 10-50 keV energy,
pulse compression, as applied to the relativistic case, unfea=1 ev energy spread;-10"3rad beam divergence, and a
sible. Also, the electron pulse needs to be produced from Beam diameter of several hundred micrometers is suitable for
photocathode. A method of temporal dispersion compressiogtreak camera and electron diffraction applications. In this
to produce 50 fs electron pulses was suggested for the nogase, the electron density is large enough to cause significant
relativistic case, but has not been experimentallyspace charge effects.
implemented*® The main mechanisms of electron pulse "~ Ejectron pulse broadening due to the initial energy
broadening in streak cameras and time resolved electron difpread of the photoelectrons and trajectory differences in the
fraction systems are photoelectron energy spread and SPaffusing lenses was analyzed in Refs. 4, 5, and 14. Space
charge effects. _ . charge effects on the electron energy spread have been esti-
For several types of photocathodes, including metals, théyated on the basis of a time-independent model in which the
electrons are produced from the surface of the photocathodgia| variations of variables are neglecfédThe space-
with almost the same duration as that of the activating |ase£harge-limited current density has also been studied as a
pulse. It has been shown that increasing the electric field iy nction of electron flow duration using a generalization of
the vicinity of the photocathode improves the temporal resosp,o Langmuir—Child equation derived from the fluid equa-

tion in the time-independent cadeln Refs. 3 and 38, the
dElectronic mail: helsayed@odu.edu space charge effects were investigated using a numerical so-
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lution of the equations of motion for electrons. However,
detailed analytical results based on a fully time-dependent
model of the space charge effects on the electron pulse o)
broadening and electron energy spread are not available.
In this paper, we develop a time-dependent fluid model
of electron pulse broadening and electron energy spread due
to space charge effects in a photoelectron gun. The analytical
results we describe clarify the limitations imposed on the
duration of ultrafast electron pulses by space charge effects,
and can be used for developing femtosecond photoelectron d
guns. The paper is organized as follows: In Sec. Il, the basic « »
formulation of the fluid model describing the space charge

effects in a photoelectron gun is given. In Sec. Ill, the Spac%IG. 2. (a) The time-dependent model describing the expanding electron

charge effects on the electron pulse broadening and electrofise due to space charge effects. The electron demsifshin the electron

energy spread are analyzed, and conclusions are stated dilise is spatially uniform but temporally nonuniform. The spatial lerigth

Sec. IV. =I, of the electron pulse at time=t, is shorter than=1, att=t,, where
t,>t,. (b) The positions of electrons contained in the electron pulse at

Electron pulse ( [ )

First Electron (Zz)

II. BASIC FORMULATION

Consider a photoelectron gun consisting of a photocath-
ode with a potential oV.=—V,<0, a grounded mesh, a =l, att=t,, wheret,>t,. Therefore, the electron pulse can
grounded pinhole for selecting the electrons, and an electrope considered as a cylinder containing all electrons and tem-
beam drift region with a magnetic lens, as shown in Fig. 1. Aporally expanding in length because of space charge effects
laser beam with pulse duratiory is incident perpendicular along the axial direction. For the sake of simplicity, we fur-
to the photocathode and photo-emits the electrons. The elegher assume that the laser pulse also has a square shape.
tron pulse starts from the photocathode surface with an elec- The one-dimensional fluid model describing the electron
tron energy spread afEy, and the motion of the electrons pulse includes the equation of motion
is assumed to be one dimensiorfalong thez direction),
which means that all the physical quantities are assumed uni- mnd_v - —enE 1)
form across the beam cross section. The electron pulse dura- dt
tion is much shorter than the transit _time o_f the electronsme particle conservation equation in a pulse
across the photocathode-to-mesh region. It is also appropri-
ate to assume that the electron densityithin the electron
pulse is spatially uniform but temporally nonuniform for f
very short electron pulses, i.@.js only a function of time. A ) )
schematic illustration of the temporal expansion of the elec@nd the Poisson equation
tron pulse and the initial position of the electrons in the pulse ;24  en
are shown in Fig. 2. As shown in Fig(&, the electron pulse 92 e ()
is assumed to be of square shape, and the spatial léngth 0
=1, of the electron pulse at the tinte=t, is shorter than for zy=<z=<1z,. The electric field is expressed as

22
n dz=nl=N/A=constant, (2)
Z1
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) A. Space charge effects in the photocathode-to-mesh

E=—- E (4)  region

Based on the above-described assumptions, we employ
the result, Eq.(8), obtained from the cold fluid model to
investigate the space charge effects on the electron pulse in

Here,—e, m, andv are the charge, mass, and velocity of the
electrons, respectively1=n(t) represents the electron den-
sity n th_e pulse_ as_descrlbed preVIousEl;represents_ th_e the photocathode-to-mesh region, as shown in Fidp).2
electric field, which is the sum of the external electric field ; :
T "~ Solving Eq.(8), one obtains

and the beam self-electric field produced by the collective
space charge effects;is the potential distributiorg, andz; |= %w,2)e| ot2+Avgt+ly, 9
are the positions of the first and last electrons in the electron
pulse, as illustrated in Fig.(B); |=z,—z, is the spatial WhereAugis the velocity difference between the first and the
length of the electron pulsdy is the number of electrons last electrons in the electron pulsetat0, and
contained in the electron pulsA;is the cross section of the
electron beam; and is the vacuum permittivity. Ave=Avo+

In Eq. (1), the pressure term in the fluid equation and the md
effects of Coulomb collisions between the electrons due tQui : -

ith Avy= V2AEy/m being the velocity spread of the elec-

electron random thermal motion have been ignored becaua vo 0 d y SP

eVOTO

(10

. fons at the photocathode surface. We note that the initial
they are too small to affect the electron pulse duration an

, nergies of the electrons at the photocathode surface vary
energy spread. The collective electron space charge effe

. . ) P %m0 to AE,. Here, Eq.(10) can be obtained by solving
alre mclut(jjed in Eq(l)dS|20e the elelctn(l: field is related trc]) the the equation of motion. In deriving EG10), we have as-
electron density and the external voltage via E¢§). The . sumed that the initial electron pulse duration is equal to that

effects of the initial electron energy spread are included "ot the laser pulse, and the first electron in the electron pulse

the :;litial pondil'tions. ” b bined , has been accelerated by the electric fiele¢ —V,/d, as
quations(1), (3), and(4) can be combined to give shown in Fig. 2b). In addition, the electron pulse will reach

d (dv d (dzz e?n the mesh at=t4 with velocity

—\at)= 32\ a2~ =m" (5)

dz\dt) oaz\dt gom _ \/F\/o ”
and integrating Eq(5) from z=z, to z=z, yields Vd m -’

d_2|_ e’n | 6 Therefore, the duration of the electron pulse near the mesh

dt?>  mey ©®  can be expressed as
whgrgl =2,—2, is the spatial length of the electron pulse. !n I(t~ty) %wgé o2+ Avgtygtlo
deriving Eq.(6), one should note that the electron density — At,= = P, (12
n=n(t) is independent of within the pulse contained in Vd \/ €Vo
Zl< Z<22. m

Equation(6) indicates that space charge effects lead to, _—

L . Substituting
variations of the spatial length of the electron pulse. In
addition, Eq.(6) also describes space charge effects on elec- 2md2
tron pulse broadening. One can obtain the particle conserva- g~ oV (13
tion equation, which is written as 0

nolo=nl=constant 7) and Eq.(10) into Eq.(12), one obtains
under the condition that the diameter of the electron beam is B toidoti  Avemd
a constant according to E@2). Here np=n(t=0) andl, = 29\/0“L eV, +7o. (14
=I(t=0) are the initial density and spatial length of the m
electron pulse, and in this case the first electron iz=at,
and the last electron is at=0. Thus, Eq(6) becomes Here, we have assumed thit,<t,=+2md?/eV,, and that

d2l  e’ngl,

— _ 2 _ eVO

a2~ meg = wyd o= constant, (8) |0:m7-§+ AvgTo (15)

where

is generally much smaller thakv gty and w’d ot3/2.

12 In Eq. (14), the first term is space charge broadening, the
second term is broadening due to the initial electron energy
spread, and the third term is the initial laser pulse duration

is the initial electron plasma frequency of the electron pulser,. It should be noticed that the laser and electron pulses are

Equation(8) can be used to investigate the space chargassumed to be of square shapes, and the contribution of each
effects on the pulse broadening in both the photocathode-tdemporal dispersion mechanism is linearly added to the elec-
mesh region and electron drift region. tron pulse duration in Eq.14).

e’ng

m80

wpe
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It can be seen from Eq§10) and(14) that electron pulse in deriving Eq.(20). The temporal broadening of the electron
broadening due to the initial electron energy spread in th@ulse due to space charge effects in the drift region can be

photocathode-to-mesh region is then expressed as written as
¢ _Avomd 16 Ato— ethz 21
e eV, (16 S 2msqu m rp’ @D

which is identical to the results obtained in Refs. 2 and 14.wherev is the velocity of the electron pulse at tirhén the
We will focus our attention on the space charge effectsdrift region, N is the number of electrons in the electron

From Eq. (14), electron pulse broadening due to spacepulse, and, is the electron beam radius. At the end of the

charge effects in the photocathode-to-mesh region can hgrift region, Atgy is

expressed as

el/2m1/2L2N
LT an e @
sp 2eV, 2P d=tp
0 The normalized electron pulse broadening due to space
m charge is
where, w,q=[e*ng/me]2 andny are the electron plasma At 1
frequency and electron density near the mesh, respectively, 7= Atspz Ew‘z’tz’ (23
andl, is the distance between the first and last electrons in P
the electron pulse near the mesh, ilg=s1(t=tgy). In addi-  where
tion, the electron density can be approximately calculated 2 112
from .= en
P mSO
I Ne/AT, N

n

(19 is the electron plasma frequency for electron densjtgnd

At, is the electron pulse duration at timte The electron
where| is the electron beam curren is the number of energy spread E, due to space charge effects is expressed
electrons contained in the electron pulse, apdepresents as
the radius of the electron beam. Using E&8), one can

“evgm ri evgm 1y vgm raAt,’

obtain A Esp: €(dmax— Pmin) (24
where ¢na and @i, are the maximum and minimum poten-
eZNtZ el/2rn1/2dZN ial ithi h | | ivelv. Iti iced th
At d (19 tials within the electron pulse, respectively. It is noticed that

Pmax @and ¢ min can be determined using EQ0). When the

electron pulse reaches the center of the drift redmn-z,
It can be seen from Eq19) that electron pulse broad- _| o, 0=<z<L), Eq. (24) becomes

ening due to space charge effects increases with the

photocathode-to-mesh gap distantéut decreases with the 1 5, eZNvAtp eZNAtp [2eV
increase of beam radius, and voltageV, applied between AESF’:§meI = m '’ (25
the photocathode and mesh. Lae@and smallV, are not

favorable for producing femtosecond electron pulses.

s — 2: .
P 2mequgT 1y vim VE%r2

8807T|'§ 8807Tr§

wherel =z,—z; is the spatial length of the electron pulse. In

addition to space charge effects, the electron pulse duration

At, is also dependent on the laser pulse duration, the energy

spread of the photoelectrons, and particle trajectory as deter-
The above-mentioned analysis of the photocathode-tomined by the specific photoelectron gun design. Equation

mesh region can be generalized to make it applicable in th&5) shows that the electron energy spread due to space

postanode electron drift region of an electron gun. Considecharge effects can become severe when the drift length and

an electron pulse traveling in the drift region with length the electron density of the pulse are large.

that includes a magnetic field along thdirection, as shown

in Fig. 1. The magne.t|c field is assumed t_o be stron_g eqougnl_ RESULTS AND DISCUSSIONS

to constrain the motion of the electrons in the radial direc-

tion. Following the same treatment, one can also solve the In this section, the numerical evaluation of the formulas

basic equations and obtain the potential distribution in thelerived in Sec. Il is described to further explore space charge

B. Space charge effects in the electron drift region

drift region, which takes the form of effects on the electron pulse broadening and electron energy
enZ [ en 2(zy—z,—d)z,— (2p—2,)? spreaq ina phc_)toellectrqn gun. We separate space charg_e ef-
= I P 7 fects into contributions in the photocathode-to-mesh region
2e0 | 2e0 L and in the electron beam drift region. The limitations on the
enzf temporal resolution of a photoelectron gun due to space
+ 5 for z;<z<z,. (20 charge effects are described.
€o

The effect of the initial electron energy spread on elec-
It is mentioned that in the drift region the boundary condi-tron pulse broadening was previously described in Refs. 2, 5
tions of $(z=0)=0 and ¢(z=L)=0 have been employed and 14, and the results are consistent with Edf). For
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N (electrons) FIG. 5. Temporal broadenint, in the electron beam drift region vs the

lengthL of the drift region forr,=0.45 mm andv,=30KkV in the cases of
FIG. 3. Temporal broadening in the photocathode-to-mesh refjignvs N=1000 and 5000.
the numbeN of electrons contained in the electron pulseder 3 mm and
V,=30KkV in the cases of,=0.2, 0.3, 0.4, and 0.5 mm.

on the accelerating voltagé, applied between the photo-

. , . L cathode and the mesh fde=3 mm andr,=0.2 mm for the
example, the time dispersiakt, caused by the initial elec- cases ofN=10000 20000 30000. and 40000 in the
trog en_ergykspread 150 fs for AE,=0.2eV,d=3 mm, photocathode-to-mesh region. As can be seen from Fig. 4,
an _\I_/ﬁ_SIO V. lse broadening d ha the time dispersiontg, decreases with increasing, but
in th ehe ectror? gu se roah ening _ue(:jto SF’;‘C(?; € increases witiN. For the parameters used in Fig. 4, the value
In the p Ot‘?cat ode-to-mes region 1s describe y 85. of Atg, in the photocathode-to-mesh region becomes impor-
ano!(lg). Figure 3 showsltg, in the photocatho_de-to_—mesh tant only whenN>20000 andV,<10kV for a photoelec-
r(Tg|on verslus ]'Ehg_numbeﬂ O]; ele_ctrorlls c_ontﬁmed n th]? tron pulse of~100 fs in duration. Figure 4 also indicates that
ee_ctron puise 1o _d3 mm andVo=30 V’I |n|t e ca?es ot space charge effects are reduced when the electric field
rp=0.2, 0'3'_ 0.4, an 0'5, mm. One can ciearly See from Fi9ithin the photocathode-to-mesh region is increased.

3 that Atg, increases withN and .Wlth the electron beam The electron pulse broadenings, due to space charge
ra;dAlusrp. In addlltllorlw, resmrj]lts of Fflg. 3hrevegl that thedvalue effects in the electron beam drift region is expressed by Egs.
Of Atgpis generally 1ess t. an 10 fs whe¥r=20 000 an b (21) and(22). Figure 5 showatg, versus the length of the
=0.2mm. In th_ls case, with the parameters employgd in Figy if region for r,=0.45 mm andV,=30KV in the cases of

3, Atgp can be |gnor_ed for a photoelectron gun designed forN:lOOO and 5000 electrons in the electron beam drift re-
more than 100 fs. Figure 4 illustrates the dependencet gf gion. Electron pulse broadening in the drift regialits,,

increases linearly with the number of electrons in the pulse,
250 N, and as the square of the drift distante ,According to
! Figs. 3 and 4, electron pulse broadening due to space charge
l effects in the photocathode-to-mesh region can be neglected

200 9 | —— N=10000 for d=3 mm. However, space charge effects in the drift re-
‘|\ """"" N = 20000 gion broaden the electron pulse by 350 fs fe£ 40 cm and
1504 W _ ::28383 N=1000, as indicated in Fig. 5. We can compare our results
£ it with those of the experiment reported in Ref. 32 because the
& parameters employed in Fig. 5 resemble those used in that
< 100 experiment. In Ref. 32, the initial electron energy spread on

the surface of the photocathodeA&,=0.5eV and the laser
pulse duration isty=60fs; therefore, the time dispersion

50 1 due to AE, is At,~238fs. By ignoring trajectory differ-
ences that affect the electron pulse broadening, the final elec-
0 tron pulse duration iAt,= 7o+ Ate+ Aty ~648fs, which
0 60 includes Atg~350fs. This is basically in agreement with

the experimental resulkt,~540fs of Ref. 10. Limitations

of our model include the fact that the laser and electron
FIG. 4. Temporal broadening in the photocathode-to-mesh refjignas a pulses are, agsumed 'tO have a temporal square shape and the
function of voltageV, between the photocathode and meshder3 mm e_lectron_ distribution in the electron pulse is treated as spa-
andr,=0.2 mm in the cases dfi=10 000, 20 000, 30 000, and 40 000. tially uniform.

Vo (kV)
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space charge effects can also lead to a considerable energy
spread in the electron pulse in the drift region.

The design of a photoelectron gun with an electron pulse
duration of 100 fs or less containing *010* electrons per
pulse requires an efficient compression technology to remove
space charge effects, and the total length of the electron gun
should be kept as short as possible. In general, the electron
pulse compression device would make the faster electrons
slow down and slower electrons accelerate. Before consider-
ing a compression device, one should first estimate space
charge effects on the electron pulse broadening and electron
energy spread. Therefore, the above-mentioned model can be
used to design subpicosecond photoelectron guns for streak

0.0 T . . .
0 2000 4000 6000 8000 10000 cameras and time resolved electron diffraction.
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