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Theory of Plasma Electron Contribution to the Electron-Beam —Excited Nitrogen Laser*
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We describe a new and experimentally verified model of gas laser excitation by relativ-
istic electron beams. It is shown that in the pressure range 1—50 Torr N2, nearly all

0
the excitation of the 3371-A nitrogen laser is caused by low-energy plasma electrons
(and not by primary or cascade electrons).

Intense relativistic electron beams are current-
ly being used to pump various high-pressure gas
lasers (e.g. , N„H„Xe, and HF), ' ' because
such beams can deposit large amounts of energy
in a gas in & 10 ' sec. Excitation of the gas mol-
ecules can proceed through collisions either with
primary beam electrons, with cascade electrons
produced in primary ionization events, or with
plasma electrons drifting in the electric field
created by the beam propagation process. ' Esti-
mates of laser excitation by primary electrons'
and by cascade electrons' have been made for the
Xe and N, lasers, respectively, but no theory of
the contribution from plasma electrons has been
made. We report here the first detailed model
of laser excitation by plasma electrons created
by a relativistic electron beam. ' Applied to the
case of the N, 3371-A laser, without adjustable
parameters the model yields calculated peak la-
ser powers and pulse widths which agree within
s 30% with the measurements of Patterson. ' As
the radius of the beam drift tube is increased,
the model predicts higher laser power and a dif-
ferent pressure dependence, trends which agree
with experiment" and are not predicted by the
cascade electron model of Ref, 2.

The nitrogen laser represents a good test of
the importance of excitation via plasma electrons,
because such excitation takes place by electron
exchange, which is not very probable for high-
velocity primary electrons. As the primary elec-
tron pulse propagates down the laser tube, the
rapidly changing current produces a longitudinal
electric field E, . The primary electrons also
ionize some gas molecules, producing a few sec-
ondary electrons which then drift in the field E,
and avalanche to produce a plasma of electron
density n, . At the pressures considered here
the number density N, of neutral gas molecules
is relatively high, and the plasma (even during
the avalanche process) is dominated by electron—
neutral-molecule collisions. ' The plasma can
then be regarded as a fluid with an average drift
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velocity m and a distribution function f(c) which
are functions only of F-, /N, (here s is the elec-
tron energy). The net-current model, 4 together
with measurements of the beam radial shape,
velocity, and loss rate in propagation, ' yield n,
and E, /N~ as functions of space and time along
the laser tube.

The volume rate X at which plasma electrons
excite ground-state molecules to an excited state
having cross section o(&) is given by X=n, N~(ov),
where the angular brackets indicate an average
over f(e), and v is the velocity of a plasma elec-
tron of energy &. Alternatively, regarding the
plasma as an electron fluid, the number of elec-
trons passing through an area ~ in time dt is
given by n, m ~dt, and X can be written X=n, zv

x bA dt 5dx/~dxdt =n, w5, where 5 is the prob-
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ability per unit electron path length that an elec-
tron excites a molecule to the state of interest. '
The upper (I) and lower (l) laser levels are the
zero vibrational levels of the C 'II„and B'll
electronic states, respectively. For the upper
level we use experimentally measured data for
(o„v): X„=0.53n, wb„where the coefficient 5,/
N, =( a~ v)/ w has been measured by Legler, ' and
0.53 is a correction factor to remove contribu-
tions from C'II„ levels higher than the zeroth
(see Fig. 1). Since (o, v) is difficult to measure,
we use X, =X„(a,v)/(o„v), where we calculate as
a function of E, /N~ the ratio

(a v) f ai t exp( —6/e~ )d6

(e„v) f,„o„eexp( —e/e, ') de '

&, and e„ are threshold energies, o, and 0„ are
measured excitation cross sections, ' and &„'

gives the calculated Maxwelliari tail of f(e) at
high energies" (see Fig. 1). Since the use of e„'

also reproduces the shape of 5, to about + 15%,
this approximation appears to be as accurate as
other input data to the calculation.

Using these excitation rates the gain on each
rotational line is calculated, including the effects
of spontaneous emission, collisions with ground-
state molecules, and transitions between the C
and B states induced by plasma electrons. '~ %e
assume that the laser light propagates only in
the +s direction, parallel to the electron beam,
and that the region near the anode remains un-
saturated. '" Laser energy extraction from a
volume element is efficient only when the light
intensity is well above the saturation intensity.
%e therefore assume that laser energy is extract-
ed from a volume element only if the total small-
signal gain G (integrated from the anode along
the light path to the volume element) is G ~ G,
=exp(13)." The laser power density on the J'th

I'-branch transition, I'~, is given by equations
which assume that the laser transition is saturat-
ed:

'[(fP. f-~+& &') -a(fP. +-fr+8&)]'
—2N~Q„(v„'+a)(l —g)+1.57g„b(1+D)(1+/) —4.8g, bDexp(-kv/e~)(l —g) —g, T, '(1+g)], (1)

(g„+g,)Nz--(fzX„+f&+,X,) —N~(g„[T„'+a —1.57b(1+D)]+g,[T, ~ —4.8bD exp(-b v/e~)]).

These equations differ from those of earlier
workers" by considering individual rotational
levels and by using a measured (o„v) and mea-
sured molecular collisional deactivation rates,
The physical significance of these equations is
discussed more fully in Ref. 14. Here a=D/7;„
and b =B«/7, „,g„and g, are the rotational de-
generacies of the laser levels, g= (g„—g&)/(g„
+g, ), and N~ is the average population per degen-
erate rotational sublevel. f~ is a function giving
a Boltzmann rotational population distribution,
&,„ is the spontaneous lifetime of the upper laser
level, Y„and &, are upper and lower-level life-
times including collisional quenching, and +po
and h v are the respective relative transition prob-
ability and photon energy of the 3371-A band. D
is a function of n, and the plasma characteristic
energy &„, which gives excitation and de-excita-
tion by plasma electrons. " The factors 1.57 and
4.8 include transitions from other vibrational lev-
els of the C and B states. Summing contributions
from those parts of the laser tube that satisfy
G(&) ~ G„phased in time by the velocity of light,
yields the calculated laser power.

& is a small correction at the peak of the laser
pulse for the n, and &„ of Ref. 7, but may be

more important for other conditions. The results
are also not sensitive to the precise value of G„
except near threshold (at high and low pressures).
Details of the laser pulse shape are sensitive to
the measured primary beam current wave form,
and at high pressures it is important to take ac-
count of primary beam loss; this loss can de-
crease P~ at the end of the laser tube by as much
as a factor of 5 compared to that in the anode re-
gion.

The calculated laser pulse appears on the ini-
tial portion of the primary current pulse, as n,
builds up rapidly and &~ is still high. The cal-
culated and experimental pulse shapes are sim-
ilar, having rise times slightly shorter than the
fall times. The calculated delay between the be-
ginning of the primary beam pulse and the begin-
ning of the laser pulse agrees well with the mea-
surements of Ref. 7. The curves of Fig. 2, which
assume a gas temperature of 300'K, give the
peak laser power I'~ at the drift-tube end. I'J. is
a strong function of the pressure P, with a maxi-
mum occurring at pressure P: below P, E, /N
is roughly constant and n, u decreases slowly,
but n, wN~ increases; above p, E, /N~ decreases,
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NITROGEN PRESSURE p (Torr}

FIG. 2. Comparison of calculated and measured peak
laser power as a function of nitrogen pressure. Filled
circles, measurements of Bef. 7; open circles, calcu-
lations for the conditions of Bef. 7 (ro-—2.5 cm); cross-
es, calculations for the conditions of Bef. 7, except +p
= 5.0 cm. Dashed and solid lines, smooth curves drawn
through the calculated points.

resulting in lower n, so and P~. Pl (P„) agrees
with experiment within - 35%, the value of P
agrees within -25%, and the pressure width of
the laser power curve agrees within -20%. Over
the pressure range from 2. 5 to 25 Torr the aver-
age calculated laser pulse width (full width at
half-maximum) is vz 10 nse——c, agreeing with ex-
periment within -20%. These errors are within
the uncertainties of X„,X, , and the measured
parameters of the beam propagation.

The plasma current and e„vary considerably
as one changes the drift-tube radius r„' so a
check of the importance of plasma-electron ex-
citation is the behavior of the calculated P~ as
the drift-tube radius is changed. For a drift tube
with radius 2ro and unchanged primary beam prop-
agation parameters, it can be seen in Fig. 2 that
both P„and P~(P ) are larger than in the r, case,
and 7~ increases by only 8%. The experiments
of Ref. 3 used a drift tube of radius =—2xo, and
for a particular magnetic guide field both P~(P )
and P itself were larger. Since the beam diam-
eter, current, and drift-tube length in Ref. 3 are
quite different from the conditions of Fig. 2, a
quantitative comparison is not possible. How-
ever, Fig. 2 does show that the model displays
the correct trends as the drift-tube diameter is
changed.

The contribution of cascade electrons was es-
timated'" to be ~ 3% of the plasma-electron con-
tribution, even at 50 Torr. If neglected details
of the lasing process were included in the model
of Ref. 2 (such as the self-terminating laser ac-
tion, existence of excitation to the lower level,
lack of lasing on some rotational lines, and non-

saturating laser intensity over part of the laser
tube), their calculated laser energy would be re
duced by about a factor of 20. We believe the re-
sulting discrepancy would be removed by includ-
ing the neglected process of plasma-electron ex-
citation.

The model does not predict the absence of a
second laser pulse following the primary beam
pulse at the highest pressures (the calculated sec-
ond laser pulse results from a rise in &~ as the
net current falls, and the collisional quenching
of the lower laser level). However, the close
agreement between the model presented here and
the experimental I'I. and T~, withou' the use of
adjustable parameters, confirms the plasma elec-
trons as an important (and perhaps dominant) ex-
citation mechanism for some electron-beam-ex-
cited lasers. It is possible that low-energy plas-
ma electrons also make important contributions
to the high-energy HF chemical laser of Patter-
son and Gerber, ' and to other lasers operating at
sufficiently low pressures that a significant plas-
ma current flows.
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A novel method of automodulating an intense relativistic electron beam has been dem-
onstrated, The modulation is accomplished by passing the electron beam through a se-
ries of cavities that are inserted into a conventional drift tube. Experimental results in-
dicate that the current is modulated at a frequency of 500 MHz at a relative modulation
amplitude exceeding 80%.
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FIG. 1. Schematic of the experiment.

Modulated electron beams have been the sub-
ject of many theoretical and experimental inves-
tigations. Their utility has been suggested or
demonstrated for collective ion acceleration, '~

the production of hot plasmas, '" and the genera-
tion of electromagnetic radiation. " Techniques
for modulating low-power electron beams are
relatively straightforward and are discussed in
the literature. " In these techniques, external
oscillating electric or magnetic fields are used
to modulate the electron beam. The power in
these oscillating fields must be of the same order
of magnitude as the power in the electron beam.
Thus, it is obvious that these techniques will be
difficult to apply to a high-power relativistic elec-
tron beam.

A simple passive technique to modulate an in-
tense relativistic electron beam of power greater
than 10"W is reported in this Letter. Beam-
current modulation at a frequency of 500 MHz
was achieved. The relative amplitude of the mod-
ulation apparently exceeded 80%. The experimen-
tal arrangement (Fig. 1) consisted of a foilless
diode~ emitting an annular electron beam with a
current of -15 kA and a voltage of - 500 kV for
50 nsec duration. The beam radius (at the diode)
was 1.9 cm and its thickness was 0.2 cm. An

8-kG magnetic field confined the electron beam.
The drift chamber consisted of a 1.2-m-long,
4.7-cm-i. d. stainless-steel tube. Four gaps feed-
ing four coaxial cavities were inserted in the
drift tube at various axial positions, as shown in
Fig. 1. The length of each cavity was 15 cm and
its outer diameter was 18 em. The base pres-
sure in the drift chamber and cavities was ~ 10
Torr of air.

Several diagnostics were used to anaIyze the
electron beam. Two magnetic probes, which
measured the azimuthal component of the self
magnetic field of the beam, were used to deter-
mine the rate of change of the beam current.
These probes were located on either end of the
multiple cavity structure. In addition, a Faraday
cup was used to monitor beam current. Alumi-
num foils of different thickness were placed in

front of the Faraday cup in order to estimate the
mean electron kinetic energy from the attenua-
tion of the measured beam current. Stray induc-
tance in the Faraday cup (of the order of 10 "H)
limited the frequency response of the probe to
-100 MHz. In order to observe the current modu-
lation directly, a small fast Faraday eup was
used in which only a small portion of the beam
was detected. The frequency response of this
probe was greater than 1 GHz.

Figure 2 shows the beam voltage and Faraday-
cup and fast —Faraday-cup signals. From the fast
Faraday-cup signaI one can see the current modu-
lation of the electron beam. This probe samples
parts of the beam passing through four holes lo-
cated at different azimuthaI and radial positions.
The fast Faraday cup was connected through an
-20-m-long HGV-58 cable to a traveling-wave


