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A RADIAL ELECTRON BEAM FOR PUMPING LASERS

by Ge Qi, Xu Shanshan, Wang Yuepo and Wang Peigang
(Institute of Electronics, Academia Sinica)

Abstract

This paper investigates the use of the radial relativistic

electron beam for pumping a gas laser. It gives design and

experimental results of a coaxial electron gun for the

production of a radial electron beam. A preliminary discussion

of certain characteristics of this type of beam are given.

Further, this electron beam is used to successfully obtain laser

output in the ultraviolet region.

Preface

When the wavelength of a laser enters ultraviolet, vacuum

ultraviolet and even shorter wavelengths, photon energy h9

becomes increasingly longer. When a solid or liquid is used as

the laser medium, it also becomes more and more non-transparent.

At this time, gas or steam is used more often as the laser

medium. Aside from this, with the rise of conventional discharge,

aerodynamic and chemical heat measures it is difficult to

fulfill the requirements for pumping energy. Therefore, hollow

cathode discharge with high energy electrons (energy greater

than 10eV) and transverse fast discharge are often used. A

high energy (energy greater than 0.3MeV) particle beam (e.g.

electron, proton, ion and other particle beams) is also used

as the pumping measure.

An electron beam is easily realized in a high energy
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particle beam and a high beam flow density is also easily

attained. Electrons are the same as other particles in that

they do not sustain the laser medium's discharge characteris-

tics, for example, the medium's E/p limitation and electric arc

effects etc. When we compare electron pumping and discharge
pumping, not only is the laser energy of a single pulse greater

but the average power of the laser output when working at con-

tinuous pulse is also higher. The rapid development of electron

beam technology has caused electron beam pumping to become a

relatively ideal and reliable method for the present research

of gas lasers.

Vertical, horizontal and radial electron beams are used for

pumping lasers. Among these, the radial electron beam possesses

an electron beam with high utilization ratio, good uniformity

and large absorption of electron energy by the medium [1]. It

cannot only realize small volume, high gas pressure and short

pulse strong pumping but can also realize large volume, quasi-

large gas pressure and long pulse weak pumping [2]. As a result,
it can attain large power and great energy laser output.

Experiment Device

We used a Marx generator with 600kV, 6kA, 40ns (FWHM) as the

power source. It was remade from the power source of a 400kVX ray

high speed camera. Starting from Paschen's Law and the rom

spectrum spark resistance theory [4], we increased the charging

voltage of each level of the Marx generator as well as the gas

pressure of the insulating gas toraise the output from 400kV to

600kV. At this time, the internal resistance of the Marx gener-

ator remains basically unchanged and when compared with the

situation of increased progression, it is still located in a

low resistance state (about 10012). As a result, the impedance

of the electron gun (generally several ten ohm) easily matches
it. The typical voltage and electric current waveform of the

Marx generator are shown in fig. 1.
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(A) (B)

Fig. 1 Output Voltage and Electric Current Waveform of the
Marx Generator. Time Scale is iOns.

(a) Voltage waveform
(b) Electric current waveform

The experiment device is as shown in fig. 2.

Fig. 2 Schematic of Experiment Device

Key: 1. Marx generator
2. Spark gap
3. Resistance voltage divider
4. Power source lead
5. Electron gun lead
6. Integrating ring
7. Electron gun
8. Faraday probe

The high pressure millimicrometer electric pulse of the Marx

generator's output is added to the coaxial electron gun through

leads 4 and 5 and produces a radial electron beam. When

3
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designing leads 4 and 5, we should view them as internal
conductors of the coaxial transmission line. Their character-

istic impedance matches the internal resistance of the Marx

generator. During manufacture, it is necessary to consider the
breakdown characteristics of the high pressure millimicrometer

electric pulse in insulated gas and in a vacuum [4]. The

voltage and total current are separately measured by a resistance

voltage divider and an integrating ring. The electron beam which

goes through the cathode and enters the gas chamber is measured
by the Faraday probe and acid-sensitive allochromatic sheets.

The voltage and electric current waveforms are measured by a

100 MHz domestic made high voltage oscilloscope.

Production of the Radial Electron Beam

The radial electron beam is produced by a coaxial electron

gun. This type of electron gun is composed of a coaxial

cylindrical cathode and anode as shown in fig. 3.

2

Fiq. 3 Schematic of Coaxial Electron Gun

Key: 1. Anode
2. Cathode

Langmuir [51 gave the non-relativistic current formula of the

cylinder diode space charge limit as:

I 1.4--. 7 X 104 K..! ., (1)



In the formula

-- -I -- -0 i2 + 47. - + 0.00 16865 + " ,

5 120 3300

In

1 is the cathode's length (cm); ra is the anode's radius

(cm); r is the cathode's radius (cm); V is the voltage (MV);c
I is the current (A). From this, we obtain the electron gun's

impedance:

Zm - i" 02 (0) (2)
1.47

At high voltage (>0.5 MV)vthis type of cold cathode emission

should take into account two types of corrections:

(1) At this time, after the speed of the electrons is

accelerated between the anode and cathode of the electron gun,

it can be compared to the speed of light. Therefore, we must

consider the correction of the relativistic factors. Reference

[6] gives the voltage correction for formula (1), that is, we

substituted 1.2 0.85 for V 3/2 In this expression,

Yis the relativistic factor.

(2) There are often many microburrs on the surface of this

type of cold cathode. Thus, local field emission is produced

under high field strength. Moreover, during the emission pro-

cess, the resulting burr rapidly explodes, vaporizes and

forms metallic plasma. The current of the electron gun is then

emitted from the virtual cathode surface formed from this

plasma. This plasma is dispersed towards the cathode at a

speed of 2-5 cm/sa. In this way, it is necessary to have a

correction item so that the cathode and anode distance changes

with the time. Yet, this correction item can be overlooked for

the short pulse (several to several tens of millimicroseconds)

which we used.
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Each of the parameters of the electron gun should be

determined according to the power source impedance as well as

the gain coefficient and excitation strength of the pumped

laser. We can determine the length of the activation area, that

is the length of the cathode 1c , from the laser's gain coef-

ficient; we can determine the surface area of the anode from

the current density required for pumping the laser and thus

obtain anode radius ra; we can determine the electron gun's

voltage V from the electron beam energy required to pump the

laser. From a matching principle, that is starting from the

fact that the electron gun's impedance ZD should be the same as

the internal impedance of the Marx generator, the radius of the

cathode r c can be obtained from expression (2). The calculation values and test

results are listed in table 1. The two are quite similar.

Table 1 Comparison of the Calculation Values and Test Results
of the Electron Gun's Impedance

Key: 1. Calculation
2. Test

Based on the above mentioned cathode emission mechanism,

* the cathode material should be selected of a material which has

a high melting point and is hard. We used tantalum and the

* shape was an annular thin knife piece. The anode generally uses

a material with a low atomic number so as to decrease as much

as possible the loss caused by the electron beam being trans-

formed into x-rays. In order for the electrons to easily pass

through the anode tube wall, we used a seamless stainless steel

tube with a wall thickness of 3O-5OA*m. After the electrons were

calculated to have energy greater than l5OkeV, they could pass
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through a stainless steel anode tube wall with a thickness of

50APm. When in 200 kV, we used the probe method to measure the
electron beam flow. Its beam flow density was 2.lA/cm2 (calcul-
ated by electron beam flow received by the probe surface). Its

beam flow waveform is shown in fig. 4. This type of structure

can sustain over 10 atm pressure.

Fig. 4 The Electron Beam Waveform Measured When There is a
Vacuum in the Anode and the Output of the Marx
Generator is 200kV. Time Scale is lOns.

Characteristics of the Electron Beam

We used the probe method to observe and study the beam flow
characteristics of the radial electron beam passing through the

cylindrical anode. The probe was an aluminum rod 0.3cm in

diameter and 0.55cm in length.

When there was atm pressure air inside the anode, the
typical waveform of the beam flow was as shown in fig. 5(a).
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(a) PRM I +*,M2%t (b) * 3JA2t1tpL* 10m.)

Fig. 5 Typical Waveform of the Beam Flow Inside the Anode

Key: (a) When there is 1 atm pressure air
inside the anode

(b) When there is a vacuum inside the
anode (time is lOns)

When the voltage is 510kV, the peak value of the beam flow is
221A/cm . Fig. 6 is a comparison of the waveforms of the beam

flow and voltage.

IOns

Fig. 6 Comparison of the Waveforms of the Beam Flow and Voltage

Key: 1. Electric current
2. Electric potential

The hysteresis of the beam flow is about lOns as compared to

the voltage. The relationship of the peak value of the beam
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flow and the discharge voltage of the Marx generator is shown

in curve 2 of fig. 7.

150

S50 - 2

(3) L , ,L 1

L1 20 22 24 26 25 3
(4) V)

Fig. 7 Relationship of the Peak Value of the Beam Flow and the
Discharge Voltage of the Marx Generator

Key: 1. Line 1 - Vacuum state
2. Line 2 - 1 atm pressure air
3. Beam flow density
4. Discharge voltage

We also observed the beam flow characteristics when there
-4was a vacuum in the anode ( 10-). The typical waveform is as

shown in fig. 5(b). This waveform is obviously different from

the waveform in the air (fig. 5(a)). The relationship of the

peak beam flow and the discharge voltage of the Marx generator

at this time is very different from the air as shown in curve 1

of fig. 7. We estimate that the electric current density of the

anode surface is about 150A/cm2 at this time.

We used acid-sensitive allochromatic shee-s to qualitatively

observe the space distribution of the electron beam along the

axial direction. When observing, an allochromatic sheet with a

width of 0.3cm was placed in the anode. When there was 1 atm

pressure air in the anode, we obtained the blackness mark curve

as shown in fig. 8. The non-uniformity along the axial direction

was t ± 10%. When there is a vacuum in the anode, under
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similar conditions, the acid-sensitive allochromatic sheet will

become much deeper in color. In the same way, this shows that

when there is air in the anode the beam flow is much smaller

than when there is a vacuum.

s0

50 -R 
Ulp43 W VM VIL .

40
4.30

(120

10 12 *14 If it 20
(2)

Fig. 8 Space Distribution of the Electron Beam on the Axial
Direction

Key: 1. Blackness of allochromatic sheet
2. Axial length of electron gun (cm)

Aside from this, when there is a vacuum in the anode, during

each excitation, the change in front of the beam flow waveform

is not large and relatively uniform. This shows that when an

annular thin knife piece is used as the cathode, repeatability

is better.

The above mentioned test results show that the radial

electron beam possesses the following characteristics. Firstly,

the beam flow obtained on the probe was smaller than the

electron gun's beam flow. Secondly, when the anode is filled

with air, the beam flow is smaller than when there is a vacuum

state. These characteristics are similar to the results of

Ramirez [7]. Further, there is a rather large disparityin the

relationship between the beam flow when there is air filled in

and a vacuum state in the anode and the discharge voltage of

the Marx generator (i.e., the energy transmitted into the
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electron gun). These facts show that after the radial electron

beam passes through the cylindrical anode film, the character-

istics of the radial convergence weaken and manifest similar

tendencies in each direction [8]. Thitrefore, we cannot use the

horizontal beam's one-dimensional directional physical model

to explain the characteristics of the radial beam and measure

its parameters. Although reference [8] has done preliminary

discussions in this area, yet we still await further establish-

ment and perfection of a physical model and test method.

We used the probe method to measure the radial electron

beam with a beam flow of lO-16A/cm 2(in 1 atm pressure air).

We used it to pump argon-nitrogen compound gas to obtain the

second positive band ultraviolet laser output of N2; the wave-

length was 3577A and 3805 R[9]. When the beam flow was lower

than lOA/cm 2, there was no laser output.

Conclusion

Use of radial electron beams to pump the Ar-N laser shows
2

that whether obtained in reference [9] or reference [10], the

total efficiency of the laser is always higher than the use of

the horizontal beam as the pumping means as seen in reference

The characteristics and testing of the radial electron

beam still await further research. Physical models-and test

methods await establishment and perfection. The method which

we presently use to measure the radial electron beam can be

used to distinguish whether or not this type of beam has

attained the requirements for pumping lasers.

After further improving the characteristics of the Marx

generator so that it can operate with repeating pulses, we

can obtain high average laser output power. At the same time,



we can realize multi-wavelength operating states [12].

The experiments and discussions carried out on the Marx

generator using high pressure millimicrosecond electric pulse

have certain reference value for expanding research on the use

of the Marx generator in lasers and in other areas.

Finally, we would like to express our gratitude to those

comrades who provided us with test conditions as well as who

held scientific discussions with us.
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