
Abstract. A scheme of the system for pumping active gas
media by electron beams injected into a gas volume located in
a multipole magnetic éeld is proposed and engineering
solutions are presented, which were used in the development
and making of this system. The possibility of changing a
resistance to a plasma current initiated by a relativistic
electron beam is promising for the additional control of the
kinetics of processes in the active gas medium with the aim of
increasing the energy input eféciency. The scheme proposed
in the paper allows the combination of the pumping of the gas
medium by an electron beam with pumping by a controllable
discharge initiated by this beam in electric éelds of the beam.
The energy input of electron beams to the gas medium located
in a quadrupole magnetic éeld is analysed by the Monte-
Carlo method. The calculations demonstrate a high eféciency
(90%) of the beam energy transfer to the gas and the
possibility to control the energy-input proéle.

Keywords: excimer gas lasers, electron-beam pumping, multipole
magnetic éeld.

1. Introduction

The development of high-power short-wavelength visible
and UV coherent radiation sources is of great interest both
for fundamental studies in the éeld of laser fusion and high-
density energy physics and many applications [1 ë 3]. The
main efforts of researchers are concentrated on the creation
of electron-beam pumped wide-aperture excimer lasers
[4 ë 9]. However, the diféculties encountered in the gen-
eration of short radiation pulses in active excimer media are
well known. In this connection the projects devoted to the
development of extremely bright hybrid laser systems with a
femtosecond Ti : Al2O3 master oscillator and a énal
ampliécation stage based on an optically pumped excimer
medium (a Xe ëF ampliéer on the blue ë green transition
pumped by the luminescence of Xe2 excited by electron
beams) were recently extensively discussed [10]. Note that

due to the scalability of a gas excimer ampliéer, it is
possible to achieve the exawatt power level without using a
complex and expensive system of chirped pulses, which is
employed in solid-state amplifying stages.

The systems for electron-beam pumping of active
excimer media available at present do not satisfy, in our
opinion, a number of requirements imposed on the optimal
system. Among them is érst of all the necessity to increase
the conversion eféciency of the electron-beam energy to
laser radiation energy and the possibility of a controllable
combination of the advantages of electron-beam pumping
and electric-discharge excitation of the active medium. The
pumping system should also provide the possibility of
controlling the transverse structure of the laser beam.
Therefore, the development of new pumping systems for
active gas media, which would satisfy the above-mentioned
requirements, remains of current interest.

The scheme for injecting n electron beams into a gas
chamber with a multipole (n-fold) magnetic éeld was
considered earlier in [11]. It was shown that, by varying
the gas pressure, magnetic éeld strength, and electron-beam
energy (depending on the chamber dimensions), the regime
can be selected at which the maximum of the beam energy is
utilised in the gas volume.

The studies of the transport of electron beams in gases
[12 ë 14] have shown that it is possible to control the plasma
current induced by a relativistic electron beam in a beam
plasma and that the energy input of the plasma current to
the gas is large (up to 50%). This opens up the possibility to
combine the advantages of the beam pumping and electric-
discharge excitation of the active medium by initiating a
homogeneous volume discharge in intrinsic electric éelds of
the beam.

In this paper, we report the study performed by using a
new scheme for pumping active excimer media by injecting
counterpropagating electron beams in a quadrupole mag-
netic éeld and presents the results of Monte-Carlo
simulations of the energy input of electron beams to the
gas volume.

The system considered below is intended for increasing
the excitation eféciency of the active medium by the two
methods: either by increasing the eféciency of energy
transfer from electron beams to the working mixture by
using a multipole magnetic éeld or by increasing the
eféciency of production of active excimer molecules upon
pumping the gas medium simultaneously by the electron
beam and a discharge excited by this beam. In this case, the
electron-beam-pumped laser operates as a laser on a non-
self-sustained discharge maintained by the electron beam.
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2. Experimental setup

The basic components of the laser system, shown schemati-
cally in Fig. 1, are fabricated at present. Double forming
lines (DFLs) made of standard high-voltage cables are used
as pulsed voltage generators [15]. Cable DFLs in the
experimental setup provide the required mobility. They are
loaded on explosive-emission diodes producing a total
current of � 150 kA at a voltage of � 300 kV. The diodes
arranged in éve sections (four diodes in each of the
sections) provided the control of the beam plasma density.
DFLs were charged through inductances L2 by using a
pulsed voltage generator (PVG). A magnetic-éeld supply
battery can produce magnetic éelds with the induction B �
0.5 T in diodes and the laser chamber.

When the voltage across a DFL achieves the maximum
value, trigatron gap P0 triggered by a pulse from the PVG
comes into action, and as a result a voltage of 300 kV is
applied to all the four gaps P1. The breakdown of these gaps
is provided by the decoupling inductances L3. The operation
of gaps P1 initiates the breakdown of gaps P2 and P3 and,
hence, the operation of DFLs. Each of the four four-
electrode gaps (consisting of P1, P2, and P3) commutes
éve DFLs. Inductances L3 prevent the discharge of DFLs
through other gaps.

Figure 2a illustrates the principal scheme for DFL
charging. The charging of DFLs is described by the
expressions (for C1 � C2)

U1;2 � B
�ÿ
O 2

2 ÿ d1;2
�
cosO1t

ÿÿO 2
1 ÿ d1;2

�
cosO2t�

ÿ
O 2

1 ÿ O 2
2

��
,

where

B �
��

1� 2C1

C0

�ÿ
O 2

1 ÿ O 2
2

��ÿ1
;

d1 �
�C0 � 2C1��C1 � Cp�
C0C1L0�C1 � 2Cp�

; d2 �
Cp�C0 � 2C1�

C0C1L0�C1 � 2Cp�
;

O1 �
h
b� ÿb 2 ÿ g

�1=2i1=2
; O2 �

h
bÿ ÿb 2 ÿ g

�1=2i1=2
;

b � 2C1CpL1 � 2C0C1L0 � C 2
1 L1 � C0CpL1 � C0C1L1

2C0C1L0L1�C1 � 2Cp�
;

g � C0 � 2C1

C0C1L0L1�C1 � 2Cp�
.

Because of the presence of the charging inductance L1,
DFLs are charged to different voltages. The relative voltage
difference across the lines at a time instant t is
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Figure 2b, c show the time dependences of U=U0 (U0 is
the voltage across the PVG) for the DFL capacity C1 �
C2 � 2:5� 10ÿ8 F (solid curve) and C1=C0 � 0:4 (dashed
curve) for L0 � 10 mH (Fig. 2b) and L0 � 4 mH (Fig. 2c).
One can see from these curves that for these values of C and
L, DFLs are charged in fact simultaneously.

3. Calculations of éelds

Figure 3 presents the sectional views of the diode and
chamber. The analytic calculation of a real electric éeld in
the diode is complicated. The éeld strength on the cathode
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Figure 1. Scheme of the PVG, gap, and DFLs.
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Figure 2. Scheme of DFL charging (a) and time dependences of U=U0 (b,
c): C0 is the PVG discharge capacity; L0 is the PVG inductance; C1 and
C2 are DFL capacities; L1 is the charging DFL inductance; Cp is the
parasitic capacity; U0 is the PVG voltage.
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was estimated by using the transformation o �
arccosh(r=K). Two equipotentials, which correspond appro-
ximately to the contours of the cathode and anode, are
shown by the dashed curves in Fig. 3. On the equipotential
corresponding to the cathode the values of the relative éeld
strength E=E0 at several points are given (E0 �
79 kV cmÿ1). The values of E=E0 at points a, b, and c
are equal to 10, 5.4, and 3.1, respectively. It is obvious that,
due to the presence of microscopic apexes on the cathode
surface, the effective éeld exceeds the macroscopic electric
éeld by a factor of k. As a result, éeld electron emission
from the cathode surface changes to explosive emission
already at relatively low electric éelds. The current density
from the cathode is restricted either by emission (for small
E and k) or the spatial charge.

The density of the éeld-emission current from the
cathode at points b and c with respect to the current density
at point a is described by the Fowler ëNordheim formula

j
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,

where e � E=E0 and F is the work function of a metal in
electronvolts.

A magnetic éeld required to restrict the electron current
from points b and c (located at a distance y from the x axis)
by the aperture of the anode foil (2D � 14 mm) is
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.

The estimates of éelds and currents in the diode are
presented in Table 1.

A magnetic éeld is produced in the system by conductors
A and B, whose shape is shown in Fig. 3. By varying current
in the conductors, we can change the magnetic éeld

conéguration. The magnetic éeld with the quadrupole
conéguration increases from its centre to periphery in the
interval of radii from 0 to 70 mm. As r further increases, the
magnetic éeld either gradually decreases in direction 1 or
drastically increases in direction 2 (to the conductor).

4. Simulation of the beam energy
input to the laser chamber

The optimal parameters of the beam, magnetic éeld, and
gas mixture were determined by Monte-Carlo simulations
of the beam energy input to the laser chamber élled with
argon at pressures 1 ë 3 atm in the presence of an external
quadrupole magnetic éeld. For simplicity, the calculation
was performed for a chamber with a quadratic section.

The geometry of simulations is shown in Fig. 4. The
electron beams are injected to the chamber from four sides.
In the chamber corners the conductors are located, which
produce a multipole (in our case, quadrupole, n � 4)
magnetic éeld. The values of the magnetic éeld presented
in Table 2 correspond to the beam injection site. The energy-
input proéles for one fourth of the chamber section (xÿ y)
are shown in Figs 5 ë 9.

The calculated parameters are presented in Table 2. The
energy of `stopped' electrons (with energies lower than
5 keV) imparted to the gas is not indicated.

Figure 5 presents the distribution of the speciéc energy
input to argon calculated at a pressure of 1.5 atm in the
magnetic éeld B0 � 0:05 T (E0 � 300 keV). The general
increase in the beam-energy input to argon in the magnetic
éeld B0 � 0:1 T is approximately 42% compared to the case
when the éeld is absent. As the magnetic éeld is increased,
the energy input to the gas increases, losses on the walls
decrease, and the energy of electrons absorbed in the foil
and reêected from it back to the diode weakly changes.

Figure 6 shows the distribution of the speciéc energy
input to gas over the x and r � axes (see Fig. 4) for P0 �
1.5 atm and E0 � 300 keV. It is obvious that the inhomo-
geneity of the energy input in the direction r � should be
maximal. One can see from Fig. 6 that for the argon
pressure of 1.5 atm and magnetic éeld of � 0:05 T, the
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Figure 3. Sectional views of the diode and chamber.

Table 1. Calculation of éelds and currents in a diode.

Point
e �
E=E0

E?
�

kV cmÿ1
r �
0:5�Dÿ y��mm

B0

�
T j=ja �k � 300�

a 10 0 3.5 0 1

b 5.4 300 2.25 0.36 �2:8ÿ 29� � 10ÿ2

c 3.1 230 0.5 0.64 �1:2ÿ 950� � 10ÿ4
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Figure 4. Simulation geometry.
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diameter of the region of the relatively homogeneous energy
input is � 80 mm, i.e. 60% of the laser aperture.*

Figure 7 shows the distribution of the energy input for
P0 � 3 atm and a magnetic éeld of 0.05 T (E0 � 300 keV).
For these values of pressure and magnetic éeld, the
eféciency of energy transfer from the electron beam to
gas achieves � 70%, which provides the speciéc energy
input (within the aperture of diameter � 60 mm) approx-
imately equal to 0.08 ë 0.1 J cmÿ3.

Figure 8 presents the distributions of the energy input
over the x and r � axes in the magnetic éeld B0 � 0:05 T at
pressures P0 � 2:1 and 3 atm. The inhomogeneity of the
energy input over the chamber section does not exceed 20%
within the aperture of diameter � 60 mm.

Figure 9 shows the radial distributions of the speciéc
energy input for P0 � 1 atm, B0 � 0:1 T, and the electron
energy E0 � 150 and 300 keV. In these calculations, the
magnetic éeld was simulated by four segments, each of them
consisting of 10 ë 30 conductors. Thus, the geometry of

Table 2. Results of numerical calculations.

Gas
P0

�
atm

B0

�
T

E0

�
keV

W0 Wg Ww Wf Wr Wpas

Ar

1.5 0 300 3000 1101 747 364 250 181

1.5 0.05 300 3000 1296 680 376 246 147

1.5 0.1 300 3000 1561 440 333 276 132

2.1 0.05 300 3000 1684 368 376 245 43

3 0.05 300 3000 1990 78 398 198 0

3 0.1 300 3000 2080 42 361 245 0

1 0.1 150 1500 346 0 784 260 0

1 0.1 300 3000 640 1196 344 192 308

1 0.3 250 2500 1156 360 428 260 88

1 0.3 400 4000 1176 1652 296 116 476

No t e : W0 is the energy of an electron beam injected into the chamber
(total energy of injected electrons);Wg is the energy imparted to gas in the
entire chamber volume (ionisation losses); Ww is the energy of a beam
incident on the chamber walls;Wf is the beam energy absorbed in foils of
all the four output windows (the titanium foil thickness is 50 mm);Wr is the
energy of electrons reêected from the foil back to the diode; Wpas is the
energy of a beam propagated to the opposite wall of the chamber; energies
W are presented in relative units.

* It should be taken into account that in the case of a relatively small
amount of probe particles, considerable êuctuations in the calculated
values are possible. In the real case, the distributions of the speciéc energy
input will be smoother.
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Figure 5. Distribution of the speciéc energy input for E0 � 300 keV,
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simulations corresponded to that of the chamber (see
Fig. 3).

The results of simulations show that the beam energy is
quite eféciently transferred to the gas in the system under
study* and the gas mixture volume and the laser resonator
aperture are used completely enough. By varying the
mixture pressure, external magnetic éeld, and electron
energy for the speciéed number of conductors, we can
control the distribution of the energy input in the chamber.

5. Plasma currents

The injection region of an electron beam is a one-
dimensional (linear) magnetic mirror, and the quadrupole
magnetic éeld represents a magnetic trap. This region is
shown schematically in Fig. 10. We will assume that the
transverse velocities of electrons emitted from the cathode
are negligibly small compared to their longitudinal veloc-
ities. The electrons in the beam propagated through a foil
acquire transverse velocities v?. The electrons for which the
ratio of the longitudinal and transverse velocities is

vk
v?

4
�
Bmax ÿ Bmin

Bmin

�1=2
are reêected from the magnetic mirror. It is obvious that for
the speciéed magnetic éeld it is always possible to énd the
position of the cathode and foil at which all the electrons
emitted from the cathode will enter the laser chamber.

The energy of the beam electrons injected into the
chamber with a multipole magnetic éeld is mainly spent
to ionise the gas mixture.

The éeld induced by the increasing beam current and the
éeld of a spatial charge injected into the chamber generate a
plasma current of plasma electrons and beam electrons
multiply scattered and reêected from magnetic walls. By
manipulating the magnetic éeld, we can change the relation
between the beam injected into the chamber (magnetic trap)
and the electron beam escaping from the chamber at the
beam current build-up stage, i.e. change the éeld of a spatial
charge in the working chamber. At the stage of the quasi-
stationary beam current (on the plateau of the current
pulse), the éeld of the spatial charge in the working chamber
can be changed by varying the resistance to the inverse
current (by a magnetic éeld, adding the electronegative gas
to the mixture). This allows the control of the relation
between the electric éeld and gas density (E=r), i.e. the
discharge regime. Therefore, the beam can successfully
initiate a homogeneous volume discharge in intrinsic electric
éelds.*

To obtain lasing, the pump power density should be no
less than 105 W cmÿ3. Such a density can be provided both
by electron-beam and discharge pumping. It is known that
active excimer molecules are produced upon electron-beam
and electric-discharge pumping due to various physicochem-
ical reactions. Each of these pumping methods has its own
advantages and disadvantages [17]. An attractive idea of
combining both these methods in one system in the tradi-
tional approach [18] (a system without a magnetic éeld or
with a homogeneous magnetic éeld) involves a number of
diféculties. At the same time, as was shown above, by using
a multipole magnetic éeld, both pumping methods can be
simultaneously realised in the system proposed here. In this
case, in our opinion, the advantages of both these pumping
methods can be combined.

6. Conclusions

We have proposed a new scheme for pumping active
excimer media by injecting electron beams into a gas
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Figure 9. Distribution of the speciéc energy input for E0 � 150 (a) and
300 keV (b); P0 � 1 atm, B0 � 0:1 T.

*Upon injection of electron beams to a chamber with a multipole mag-
netic éeld, the eféciency of energy transfer from the beam to the working
mixture depends on the degree n of multipolarity of the magnetic éeld B,
the electron energy E0, the working gas pressure P0, and the position
(diameter) of conductors with current. For the chamber diameter of
150 mm, the optimal eféciency is achieved for n � 12, P0 � 2:5ÿ 3 atm,
and E0 � 250 keV. As B increases, the energy transfer eféciency increases,
but for B > 1 T, the increase slows down. According to calculations, the
maximum eféciency is � 0:9.

Plasma and

beam electrons

Electron

beam

Figure 10. Magnetic mirror in the beam-injection region.

* The inêuence of currents induced in a plasma on the emission parameters
of an electron-beam-pumped excimer laser was érst considered in paper
[16].
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volume located in a multipole magnetic éeld and have
presented engineering solutions for the development and
making of this system.

The eféciency and spatial distribution of the energy
input of electron beams injected from four sides to the laser
gas medium located in a quadrupole magnetic éeld have
been studied by Monte-Carlo simulations. The results of
calculations have demonstrated the possibility of controlling
the proéle of the energy input to the gas volume in the
pumping system proposed and a high eféciency of energy
transfer from the electron beam to gas. Experiments
performed earlier [12] also demonstrate the important
advantage of this system allowing the control of the relation
between electron-beam and electric-discharge pumping ini-
tiated in the intrinsic éelds of plasma currents.
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