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Abstract

Analytical and numerical investigations of the trajectories
of probing beam electrons in a two dimensional wake-field,
generated in a plasma by a dense bunch of relativistic elec-
trons with Gaussian longitudinal and transverse distribu-
tions of density have been carried out. Based on the cal-
culations of probing beam deviations, the diagnostic in-
struments are developed for the parameters of experiments
conducted at NSC KIPT. The diagnostic instruments in-
clude an electron gun generating a10keV electron beam
with a current of10µA and2mm in diameter, which passes
through the chamber of interaction and falls on the collec-
tor of 10mm diameter. The collector (screen) is placed in
front of the first plate of a microchannel amplifier which
consists of three microchannel plates ( MCP ) with sizes
between20 and30mm. The3kV voltage was applied to
each plate. The total amplification of MCP amplifier is104

to 105 depending on the number of particles incident on the
first plate. As a result of probing beam deviations due to the
excited wake-field, the electrons fall on the first plate of the
amplifier and are registered by its anode located behind the
third plate. The calculated probing beam deviations and the
amplification attained with the MCP amplifier permit one
to detect and investigate the electrical wake-fields excited
by a sequence of relativistic bunches ( number of particles
in a bunch is2 · 109, energy is14MeV ) in a plasma of
1011 − 1013cm−3 density . The intensity of the fields reg-
istered by this technique is no less than2kV/cm.

1. INTRODUCTION

Measurements of HF-electric oscillations in a plasma is
the currently central problem. So, high-intensity HF-fields
are excited in a plasma during penetration of intense laser
pulses and relativistic electron bunches. Such fields can be
used for acceleration of charged particles [1]. For success-
ful experimental realization of charged particle accelera-
tion in a plasma it is nessary to elaborate simple and reli-
able methods of electric-field measurements in the plasma.
This paper proposes such a method that is based on us-
ing a probing electron beam and microchannels plates [2].
This diagnostics is alternative to the well-known method-
ical procedure of plasma wake-field investigation using a
streak-camera [3]. By way of example we consider the
proposed method for measurements of wake-fields excited
by a sequence of relativistic electron bunches.

2. SPATIAL STRUCTURE OF PLASMA
WAKE-FIELDS

Let us determine the spatial distribution of wake-fields in
a plasma excited by a relativistic electron bunch. We shall
consider the bunch with Gaussian longitudinal and trans-
verse profiles:

~j0 = jme(−t21/t2b−r2/σ2
r)~z. (1)

where~j0 is the current density of the bunch,jm = I0/πσ2
r

is the maximum current density,I0 is the peak current,
t1 = t − z/c, tb is the bunch duration,σr is the trans-
verse size of the bunch,~z is the unit vector along the bunch
motion,z, V are the longitudinal and radial coordinates,c
is the light velocity in vacuum. We neglect the difference
between bunch and light velocities, this is quite justified in
the case of ultra-relativistic limit consideration.

The axial bunch of current density (1) excites in a
plasma the electromagnetic field whose components are de-
scribed by the expressions:

Ez = − 4I0

σ2
rωp

Π‖(η)Z‖(τ) (2)

Er = − 4I0

σ2
rωp

Π⊥(η)Z⊥(τ) − 4I0

σ2
rωp

Π⊥(η)e(−τ2/τ2
b ).

(3)

Hϕ =
4I0

σ2
rωp

Π⊥(η)e(−τ2/τ2
b ). (4)

Hereτ = ωp(t − z/c), η = ωpr/c, ωp is the plasma
frequency,

Π‖(η) = K0(η)

η∫

0

I0(η0)e(−η2
0/η2

b )η0dη0 +

I0(η)

∞∫

η

K0(η0)e(−η2
0/η2

b )η0dη0,

Π⊥(η) = −∂Π‖/∂η

Z‖(τ) =

τ∫

−∞
e(−τ2

0/τ2
b ) cos(τ − τ0)dτ0,

Z⊥(τ) =

τ∫

−∞
e(−τ2

0/τ2
b ) sin(τ − τ0)dτ0,

τb = ωptb, ηb = ωpσr/c.
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At large distances behind the bunch(z−τ) >> σ2
z , σz =

cτb being the longitudinal bunch size, the wake-field has the
form of a harmonic wave with electric field components

Ez = −4
√

πτbI0

σ2
rωp

e−τ2
b /4Π‖(η) cos τ (5)

Er = −4
√

πτbI0

σ2
rωp

e−τ2
b /4Π⊥(η) sin τ (6)

As it follows from expressions (2)- (6) the longitudinal
component of electric fieldEz is described by the function
Π‖(η), and the transverse componentsEr andHϕ are de-
termined by the functionΠ⊥(η).

3. PROBING ELECTRON BEAM DYNAMICS IN
WAKE-FIELDS

In the proposed method, a nonrelativistic probing electron
beam is injected perpendicularly to the direction of rel-
ativistic bunch motion (longitudinal axis z) at a distance
from the axis (impact parameter). The electric wake-field
intensity is determined by the value of beam particles de-
flection for the given lengthL (base). For simplicity we
neglect the transverse size of the probing beam, assuming
it infinitely thin. As the probing beam injection continu-
ously occurs in the periodic HF-field with components (5),
(6), then in the plane being perpendicular tox = L the thin
probing beam depicts closed curve.

The probing beam particle dynamics in the axial wake-
field (5- 6) is described by a set of equations of motion that
take the following forms in the Cartesian coordinate system

Ux
dUx

dX
= −ε

X

η
Π⊥(η) sin τ,

Ux
dUy

dX
= −ε

Y

η
Π⊥(η) sin τ,

Ux
dUz

dX
= −εΠ‖(η) cos τ,

dτ

dX
=

1
β0Ux

(1 − β0Uz),

dY

dX
=

Uy

Ux
,

(7)

where ~U = ~V /V0 is the dimensionless velocity,V0 is
the initial velocity of the probing beam,(X,Y, Z) =
(ωp/c)(x, y, z) are the dimensionless Cartesian coordi-

nates,β0 = V0/c , ε =
4
√

πI0τb

β2
0η2

bIA
e−τ2

b /4 is the dimension-

less wake-field amplitude,IA = mc3/e = 17kA is the
Alfven current.

The set of equations (7) was solved by numerical meth-
ods for the following parameters of the plasma, relativistic
electron bunch and probing beam: plasma densitynp =
2 · 1011cm−3,
plasma frequencyωp = 2.5 · 1010s−1,
transverse size of a bunchσr = 7 · 10−2cm,

longitudinal size of a bunchσz = 7 · 10−1cm,
bunch currentI0 = 12A, 24A, 36A,
corresponding wake-field amplitudeε = 19.5, 39, 58.5.

Simulation was performed for 100 particles uniformly
distributed in input phases relative to the wake wave2π >
τ0 > 0, τ0 is the initial phase value.

If the bunch current increases or the number of bunches
grows, then the maximum displacement of probing elec-
trons becomes greater. So, for a single bunch of36A or for
3 bunches with a12A current in each bunch the displace-
ment increases up to2.1cm.

4. EXPERIMENTAL FACILITIES

For intensity measurements of the wake-field excited in a
plasma by short bunches of relativistic electrons we have
elaborated diagnostic facilities based on the displacement
of a10keV probing electron beam current between10 and
50µA, and2mm diameter, which was produced in a three-
electrode electron gun. This beam passed across the in-
teraction chamber perpendicularly to the axis of relativistic
bunch motion. The choice of probing beam energy was dic-
tated by the fact that the time of flight of the probing elec-
tron over the wake-field excitation zone (∼ 1cm) should be
commensurable with a half of the excited wave period ( for
np = 1011cm−3 T/2 ∼ 150ps). The scattering of probing
electrons in the plasma due to elastic collisions is not es-
sential. Indeed, the collisional length of probing electrons
with the chosen energy is greater than the interaction region

le = Veνe = 100cm, whereν−1
e =

2.5 · 104

Λ/10
T

3/2
e

Znp
is the

collision frequency,Ve is the electron velocity,Te ' 3eV
is the plasma temperature,np = 1012cm−3 is the plasma
density,Λ is the Coulomb logarithm,Ze is the plasma ion
charge.

According to the calculations presented above, we have
constructed the facilities for measuring the excited wake-
field intensity. At about3kV/cm the probing beam of
10kV should be displaced by0.1cm in the interaction re-
gion. With the base lengthL = 11cm to the registration
place the probing electrons are displaced by1cm. This ge-
ometric configuration was modelled by using two deflect-
ing plates fed by pulse voltage.

As a registration system for deflected probing beam an
MCP amplifier [2] was used. It consists of three rect-
angular plates, each of20 ∗ 30mm size and1mm thick-
ness, with holes of15µm in diameter and a structure step
of 17.4µm. A voltage of3kV was applied to the current-
carrying planes of the plates. Behind the third plate a col-
lector was placed.

The signal from the collector was sent to the oscillograph
through the emitter follower. The rate of amplification was
104 to 106 depending on the number of electrons incoming
to each hole of the first plate. The amplifier has an indi-
vidual vacuum pump, because the pressure in the amplifier
chamber should be lower than10−6torr.

Before the first plate of the amplifier there was a cop-
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per circular collector of10mm diameter that registered
the probing beam current. Being deflected by the excited
wake-field the probing electrons get to the first plate, and
after amplification the current is registered by the main col-
lector. With the availability of a sectional collector the
magnitude of probing beam displacement can be measured,
and hence, the intensity of the excited wake-field can be
evaluated.

5. CONCLUSIONS

The plasma wake-field diagnostics consisting of a probing
electron beam and microchannel plates for current registra-
tion is proposed. For the same experimental arrangement
the topography of excited wake-field has been obtained and
evaluated. The trajectories of probing electrons in this field
have been studied. Experimental facilities have been elab-
orated that allow one to measure the wake-field intensity
of severalkV per cm, excited by a relativistic bunch of
15MeV, 12A, by using the probing beam of10keV en-
ergy and10 to 50µA current.
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