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Cd Recombination Laser in a Plasma Generated by an Electron Beam

J. J. ROCCA, H. L. MANCINI, aANpD B. WERNSMAN

Abstract—Laser action was obtained in the 1.40, 1.43, and 1.65 xm
lines of Cdl following electron-ion recombination in a plasma gener-
ated by an electron beam. Lasing does not occur during the excitation
pulse due to the electron impact population of the laser lower levels.
In this plasma, supercooling of the electrons is achieved under station-
ary conditions, and efficient CW recombination laser action might also
be possible on lines in which the lower level is not significantly popu-
lated by electron collisions. Seven new infrared laser lines in CdII are
also reported.

HE negative glow region of an electron-beam-created

plasma, in which a large number of energetic beam
electrons coexist with supercooled secondary electrons
under stationary conditions, is shown to be an attractive
medium to excite electron-ion recombination laser tran-
sitions.

We have obtained pulsed laser action in the 1.40, 1.43,
and 1.65 pum recombination lines of CdI. In addition,
seven new laser lines were observed in CdII in the 1.1-
2.0 pum spectral region. It might also be possible to use
electron beam pumping to obtain laser action at shorter
wavelengths by electron-ion recombination in more
highly ionized species.

The negative glow region of an electron-beam-created
plasma has a unique electron energy distribution that pre-
sents advantages for the excitation of this type of laser
transition as discussed hereafter. In the ideal recombina-
tion regime, the upper laser levels get populated at the
rate of recombination of the immediately higher ionized
specie N“*Y*_In the dense and cold plasmas of interest
for a recombination laser medium, three body electron-
ion recombination, which favors the population of the
higher levels, dominates over radiative recombination,
and consequently, the pumping rate P is

P = @ fo+1)+’ nel [Te]~9.f2

where the coefficient «; depends on the degree of ioniza-
tion i [1] and ne is the electron density.

Thus, to achieve strong pumping of the laser upper lev-
els, we need both a large density of energetic electrons to
achieve a sufficiently high plasma density through intense
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ionization and a low electron temperature Te. These are
contradictory requirements for an ordinary steady-state
discharge. However, both conditions coexist in an elec-
tron-beam-created plasma.

The use of a supercooled plasma generated by an elec-
tron beam to excite recombination laser transitions was
first proposed by Gudzenko et al. [2]. As compared to
other discharges having a thermalized distribution of elec-
trons, the beam-sustained plasmas have a larger density
of energetic electrons that can efficiently ionize. At the
same time, supercooled electrons that readily recombine
constitute the dominant group in the distribution. We have
measured the electron energy of the group of cool elec-
trons in a steady-state electron beam plasma obtaining
values between 0.07 and 0.11 eV [3].

The low energy of these electrons results from the peak
at zero energy of the differential cross section for the pro-
duction of secondary electrons in ionizing collisions [4]
and from the fact that there is essentially no electric field
in the negative glow region of the electron-beam-created
plasma. Consequently, the secondary electrons can only
gain energy from superelastic collisions, elastic collisions
with energetic electrons, and recombination processes.
The large number of elastic electron-atom collisions keeps
the electron temperature at an extremely low value. As a
result, these plasmas are recombination dominated [5].
Since it is possible to deposit more than half of the elec-
tron beam energy into the creation of ions [6], rapid re-
combination of these ions can provide an efficient laser
excitation mechanism.

To obtain the results reported here, we have used an
experimental setup similar to the one previously em-
ployed to obtain laser action by charge transfer in He-
metal vapor mixtures [6]. Pulsed excitation was used to
demonstrate laser action in the 1.40, 1.43, and 1.65 pym
recombination transitions of Cdl in an electron-beam-gen-
erated plasma. Electron beam pulses (10-100 us) of en-
ergy between 1 and 5 keV and current up to 5 A were
produced using a glow discharge electron gun having an
aluminum cathode of novel design. The electron beam was
confined by an axial magnetic field (1.5-3.5 kG) to allow
efficient deposition of its energy in an He-Cd mixture
contained in a 1 m long plasma tube. The Cd vapor was
produced by heating a reservoir to a temperature of
420°C. The wall of the stainless steel plasma tube was
kept 100°C above the reservoir temperature to avoid metal
vapor condensation. Average plasma tube pressures be-
tween 2 and 4 torr were used.

When the device was provided with two internally
mounted highly reflecting mirrors in the 1.0-1.5 um spec-
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Fig. 1. Laser output (lower trace)

and electron beam discharge current

(upper trace) as a function of time. Increasing current is in a downward
direction. The Cd reservoir temperature was 420°C and the magnetic
field was 1.6 kG. The plasma tube average pressure was 4 torr.
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1.43 um laser output (lower trace) as a function of time for differ-

ent clectron beam discharge currents (upper trace). Increasing current
is in a downward direction. The other parameters are as in caption of

Fig. 1.

tral range, laser action was observed as illustrated by Fig.
1. The upper oscilloscope trace corresponds to the current
pulse and the lower trace to the laser output as observed
with a Ge photodiode. Lasing from the Cdl 1.40 pm (6p
*PY — 6s°S)) and 1.43 um (6p *PY — 65 38)) recombi-
nation lines occurs in the afterglow of the electron beam
pulse with a delay of several tens of microseconds with
respect to the termination of the electron beam pulse.

The delay increases as the intensity of the electron beam
pulse increases. Fig. 2 shows that increasing the electron
beam current pulse from 2 to 4 A increases the delay from
44 to 70 us. The variation of the peak intensity of the 1.43
pm laser pulse as a function of electron beam current is
illustrated in Fig. 3. The increase of the time delay of the
onset of the laser pulse and the saturation of the peak in-
tensity with increasing current are due to superelastic
electron de-excitation of the laser upper level.

Figs. 2 and 3 show that increasing the electron beam
current above 3 A does not significantly increase the in-
tensity of the laser pulse and results only in an increased
delay. This occurs because after the termination of the

electron beam pulse the electron density has to fall below
a certain critical value for a significant population inver-
sion to be established. A similar delay was previously ob-
served in recombination lasers in spark discharges [7], and
a criterion was developed to calculate the critical electron
density above which inversions are reduced by electron
collisions [8]. Electron de-excitation limits the laser en-
ergy density that can be extracted from the CdI recombi-
nation lines to a low value (< 107° J/cm®). No attempt
was made to optimize the laser cavity to obtain the max-
imum possible laser power. Nevertheless, at shorter
wavelengths, significant electron de-excitation occurs only
at higher plasma densities [8]; consequently, the excita-
tion technique demonstrated here could prove useful to
efficiently pump lasers generating considerably higher en-
ergy outputs.

However, an excessive electron density is not the only
reason for the delay shown in Fig. 2. By reducing the
excitation current, it is not possible to avoid a delay.
Electron impact excitation of the lower laser levels is
judged to be the reason for which laser action is not ob-
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Fig. 3. 1.43 um peak laser power output as a function of electron beam
discharge current. Electron beam pulse width: 30 ps. Cd reservoir tem-
perature: 420°C. Magnetic field: 2.1 kG. The plasma tube average pres-

sure was 4 torr.
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Fig. 4. Time dependence of the 1.65 pm laser output (lower trace). The
upper trace corresponds to the electron beam current pulsa., Increasing
current is in a downward direction.

tained during or immediately after the excitation pulse. In
contrast to other plasmas, the electron-beam-created
plasma is supercooled at stationary conditions, and in the
absence of significant electron impact excitation of the
laser lower level, CW laser action should be expected.
This, however, does not occur in CdI. Electrons having
enough energy to excite the laser lower levels have to
thermalize before a significant inversion can be estab-
lished.

When mirrors having high reflectivity in the 1.5-2.0
pgm spectral region were used, laser output was obtained
in the CdI 1.65 pm (4f °F{ — 5d ’D,) line as shown in
Fig. 4. This transition presents, as expected, a behavior
similar to the other two recombination lines.

The laser output occurring during the excitation pulse
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Fig. 5. CW laser output power of the 1.85 um line as a function of electron
beam discharge current and voltage. The magnetic field was 2.9 kG and
the plasma tube average pressure was 2 torr.

in Fig. 1 was measured to be at (18 498.8 + 2) A . Laser
action occurred only at Cd reservoir temperatures above
365°C. In Fig. 1, the 1.85 um line is observed to oscillate
despite the mirrors having only 39 percent reflectivity at
that wavelength. By mounting one of the mirrors exter-
nally and introducing calibrated losses into the cavity, we
measured a gain coefficient of 3 percent - cm™' for this
transition. When direct current electron beam excitation
was provided, CW laser oscillation was observed at 1.85
pm. The current threshold for CW oscillation was 70 mA.
Fig. 5 shows the variation of the CW laser output of this
line with electron beam current. None of the known im-
purities present in the plasma has a transition at this wave-
length. This line could be possibly assigned to the
18 500.7 A (5p? °P, — 9p 3P9) transition of CdI.

Excitation of the 5p® *P; level by electron impact has
been previously observed [9]. Doubly excited levels are
usually autoionized with a high probability [10] and, con-
sequently, are not good laser upper levels. However, the
*P, is not subject to autoionization because of the selec-
tion rules [10]. A drawback to such an assignment is the
fact that the transition probability from the level 5p* to
Op, and thus the gain on this line, would be expected to
be very low since it is'a double electron transition. Also,
it is not clear why the 9p level would be favored over the
other np levels. A more detailed investigation is needed
to unambiguously assign the 1.85 um line.

In addition to the 1.85 um line and the three CdI re-
combination lines, we observed seven new laser transi-
tions in CdIl at wavelengths between 1.1 and 2.0 gm. The
wavelengths, levels assigned, and threshold currents for
CW oscillation are included in Table I. The only new CdIl
laser transition not observed in continuous wave operation
was the 1.19450 pm line. The laser upper levels of some
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TABLE I

OBSERVED LASER TRANSITIONS

Wavelength CW Current Threshold
(pm) Spectrum Transition Assignment (A)
1.19450¢ Cd Ii Sf *F% — 6d°Dsp —
1.21999* cd Sf S, — 6d D, 0.2
1.39827 Cdl 6p ‘P — 658, —
1.43316 Cd1 6p P — 658, -
1.64862 Cd 1 4f F} —5d°D; —
1.75226¢ CdII 6g *Gon — 5 *FY, —
1.78396¢ Cd Il 6g Gy — 5 *FY, 1.1
1.80510¢ Cd 1l 6p *PY — 5d *Dspy 0.28
1.84988* cdl1 (M 5piP, —9p P (M 0.07
1.92696" cdll Tp P, — 1528, 0.58
1.99157¢ cd il 6p Py — 5d > Dspy 0.70
“New laser line.
"Measured wavelength.
of these transitions (6g “G) are in close proximity with REFERENCES

the energy of the helium ion ground state. Consequently,
they are expected to be dominantly populated by charge
transfer collisions between ground state helium ions and
cadmium atoms [11]. Radiative cascade from levels pop-
ulated by charge transfer is also judged to make a signif-
icant contribution to the population of the upper levels of
the remaining CdII laser transitions. As expected, laser
radiation was achieved in the 5337 and 5378 A lines of
CdII when the infrared mirrors were replaced by mirrors
reflecting in the green.

Summarizing, laser action has been obtained in three
CdI transitions following electron-ion recombination in
an electron-beam-generated plasma. Oscillation was also
obtained on seven new transitions in CdIl. Electron beams
can be used to generate stationary plasmas that are simul-
taneously dense and cold. Supercooling of the electrons
is accomplished under steady-state conditions, and CW
recombination laser action might result in laser systems
in which the lower level is not significantly populated by
electron collisions. It should be possible to extend the
technique used in this work to higher ionization stages to
obtain efficient laser action in the visible and UV spectral
regions.
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