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Since CF,CH: is a near oblate top, 4 ~B ~2C, the subband
spacing in the perpendicular A; and B; bands is approximately
equal to twice the line spacing in the PP and ZR branches. Lines in
the PP and R branches of the pure rotation spectrum therefore
superimpose to give a regular fine structure. Rotational transitions
with K, = J contribute the greatest intensity to the observed lines.
We have therefore labeled each multiple transition (in Table I) by
the limiting value of J = K, e.g.,J = 15, K, = 0, » = 11.259 ecm™,
J =30, K, = 30, » = 11.228 cm™, i.e., 16 transitions lie within 0.031
em~L. The measurement accuracy of the observed transitions is insuf-
ficient to allow a more specific assignment than that just given. Some
of the lines which possess easily identifiable patterns have not as yet
been used as laser sources. However, by the application of low tuning
fields it can be seen, as shown in Table II, that many more millimeter
lines of known pure rotation transitions can be generated than by
relying on chance coincidences. This type of electric field tuned laser
action has recently been demonstrated by Fetterman et al. [9]
using several lines of NH;. Since much lower fields are required for
CF,CH, than for most of the NHj lines it is possible that, by a com-

TABLE I
AssiGNMENT OF LASER LINES

co,, <o Type of zero CFZH laser CF)CH, laser Ref

) 5 Absorbing transition )
. Field coincidence B emlsSion Aum  asBighment
line Aum
P12 10.5131 strong Vs * Vi P(97) 288.5 J=K, = 96 a
P12 A\ R(73) 375.0 J= KC =73 a
P12 Vg Q 884 J = Kc = 30 b
Vi R 415 J= Kc = 66 b
P14 10.5321 weak \)A? R 554.4 J= Kc = 49 a
Vg qQ 1020 I=K, =26 b
P22 10.6114 very strong Vg P 890.0 J =k =30 a
P22 Vg P 890.1 J = . 30 a
P22 Vg ) P 990.0 J = Kc =27 a
P24 10.6321 weak \IA R 568.0 J = Kc = 48 b
P24 \)9 P 663.3 J = KC = 41 a
P30 10.6964 very strong vy P(61) 458.0 I=X =60 a
R20 10.2466 weak \)9 R(59) 464.3 J = l(c = 59 a
= [1].
® {2},

Zero FiELD COINCIDENCES AND PoOssiBLE ZERO AND Low
ELectric FieLp LaseEr TRANSITIONS

€0, line G0, Aym  Type of zero Assigned low Resonant Possible Possible

field coincidence field line field for laser trans-~ Amm
in ition J'-3"
P °
PA 10. 4406 mediuvm
®, 10.4582 nedium
Py 10.4762 strong Foo vy 1.16 9-8 1.39
fa6 vy 3.33 6-5 1.96
10 10.4945 strong To v, 1.19 9-8 1.80
Prr vy 2.4 11 - 10 1.44
Faus vy 3.76 13 - 12 1.19
P20 10.5910 weak zero 0.93
P36 10.7641 weak zero 2.51
38 10.7874 medium S v, 1.16 9-8 1.39
P40 10.81%1 nedium %9 v, 0.07 9-8 1.35
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bination of the zero field lines that have already been observed with
electric field produced lines, a very wide frequency coverage will be
available using one gas CF,CH..

IV. CONCLUSIONS

The main conclusions that we have drawn from this study are
the following.

1) That the lines observed have high J values, and in many cases
the pump lines belong to the band whose center is furthest from
the laser line.

2) That it should be possible using electric field tuning and less
lossy cavities to observe many more strong laser lines in the 0.5-3-mm
region.
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Plasma Modulation of an HCN Gas Laser

G. D. TAIT, L. C. ROBINSON, anp D. V. BARTLETT

Abstract—A transient plasma is located within the Fabry-Perot
resonator of a dc hydrogen cyanide laser. Plasma tuning sweeps the
resonator modes through the emission line of the HCN molecules
and produces pulses of far-infrared output radiation. Pulse produc-

_tion by hydrogen, nifrogen, helium, and argon pulsed plasmas

is discussed.

I. INTRODUCTION

The electrical discharge of a hydrogen cyanide gas laser produces
molecules in a state of population inversion and, in addition, a
plasma of positive ions and free electrons. When the discharge is
pulsed the plasma electron density varies with time, its spatial
distribution changes, and the nature of the laser radiation is markedly
affected. In particular, “spikes” of submillimeter radiation can be
produced [17].

In the experiment to be described in this short paper we have
separated the effects of the transient plasma from the processes of
HCN molecule formation and population inversion by using two
physically separate discharges both located within the Fabry—
Perot laser resonator. One is a de digcharge through a mixture of
nitrogen and methane and the other is a pulsed discharge through a
different gas.
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Fig. i. Diagram of the laser-plasma system. Between the mirrors of a

Fabry—Perot resonator we have a d¢ HCN laser discharge and an
auxiliary pulsed discharge.

Fig. Pulses of far-infrared radiation produced as resonances of a
Fabry—Perot are swept by a decaying plasma through the emission
Iines of an HCN laser. The arrow-indicated lines are 311 pym and the
others 337 pm. (a) Is for hydrogen and the trace starts at 100. us.
(b) Is nitrogen and the delay is 500 us. (c) Is helium with delay 400
s, (d) Is argon with initial delay 800 us.

II. EXPERIMENTAL ARRANGEMENT

The experimental setup is shown in Fig. 1. The Fabry—Perot
resonator has one plane mirror and one concave mirror with a radius
of curvature of 3.7 m. They are separated by a distance of 2.77 m
and laser radiation is coupled out through a 1.5-mm-diam hole in
the curved mirror. This mirror is movable so the length of the
resonator can be changed and the mirror alignment adjusted. Gases
in the laser vessel are mixed in the ratio two parts methane to one
part nitrogen and they flow at 0.51 torr/s to give a pressure of
1 torr. This vessel has a diameter of 7.5 em and it is excited by
a '1-A continuous-discharge current. The pulsed-discharge vessel
has a 25-em diameter and a length of 33 cm. It is attached to the
end of the laser-discharge vessel but the two discharges are separated
by a polyethylene diaphragm 100 pm thick. We have used the fol-
lowing gases in this auxiliary-discharge vessel: hydrogen, helium,
nitrogen, and argon. Pressures have been typically 20 m torr, and
the excitation voltage 20 kV. Ionization is produced by the dis-
charge of a 1-uF capacitor connected via an ignitron switch. After
the short high-current pulse the electron density decays; the rate of
decay is different for the various gases used, hydrogen being the
fastest and argon and helium the slowest.

Pulses of output radiation are generated as the decaying electron
density of the pulsed plasma sweeps the resonant frequencies of the
Fabry—Perot through the HCN emission line. These pulses are
detected with a free-carrier photoconductive detector with a sub-
microsecond response time and they are displayed on an oscilloscope.

III. PULSE PRODUCTION BY TRANSIENT HYDROGEN,
NITROGEN, HELIUM, AND ARGON PLASMAS

Fig. 2 shows pulses generated by resonator mode sweeping by
hydrogen, nitrogen, helium, and argon plasmas. In Fig. 2(a) hydro-
gen decay results in the onset of three pulses of radiation between
the times 260 and 430 us after breakdown. Two of these pulses are
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337-um radiation and one is 311 gm. With nitrogen plasma in Fig.
2(b) we have four pulses arising at times between 620 and 1005 us.
Helium plasma shows six pulses in Fig. 2 (¢) with onset times between
700 us and 1.7 ms, while argon shows in Fig. 2(d) four pulses
starting at times between 1 and 1.64 ms after breakdown.

By moving one of the Fabry—Perot mirrors by means of a mi-
crometer one can change the length of the resonator in small steps.
The plasma refractive index at 337 um is

[ — () /NJ®

where n(¢) is the time-dependent electron density and N = 9.8 X
10% em™3; as n(f) decreases it can increase the effective resonator
length. Thus, if we mechanically lengthen the resonator, the onset

‘of a given pulse will be earlier in time. This effect is shown in Fig. 3.

Here the Fabry-Perot mirror separation has been increased in
successive steps of 20 um. By such a plot a particular pulse can be
traced through mirror displacements of several wavelengths and the
repeat interval of the curves can give us the half wavelength of the
pulse of radiation. We have thus identified the pulses of 337- and
311-um radiation indicated in Fig. 2.

As the resonator length is changed the number, and to some
extent the shape, of pulses changes. Thus, for example, we obtain
the output of Fig. 4 by decreasing the resonator length of Fig. 2(d)
by 100 ym. The four pulses of Fig. 2(d) now start at times between
940 us and 1.1 ms, and new pulses arise late in the decay. The new
pulses overlap at 2.23 ms and are associated with overlapping modes
of the resonator. )

By following a pulse of output radiation from late in the plasma
decay when the density = (£) is negligibly small—for example, at the
beginning of the plateau of output at time 470 us in Fig. 2 (a) we can
assign n(f) a zero value—we can plot the density as a function
of time by noting that for p successive 20-gm mirror dlsplacements
the effective plasma density has increased by 7 (¢), where

; {[1 = nt)/NJ2 - 1}L
is equal to (20p) . Here L is the length of the plasma. We can
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Fig. 3. Plot showing the time of onset of plasma-produced laser

pulses as a function of laser mirror separation. The repeat interval of
the curves is equal to half of the wavelength of the radiation.

Fig. 4. Pulses produce n plasma s oscilloscope trace’
should be compared w1th Flg 2(d) whlch was obtained under similar
conditions except that in this figure the mirror separation is 100 pm
greater.
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also measure densities by means of microwave interferometry [2].

Laser pulses arise during the decay of the plasma and not during
breakdown. In general the plasma density rises to a peak value
above 10 cm~2, but the onset of laser pulsing occurs only for
n ~3 X 108 em™3. There are two possible reasons why pulses do
not occur at higher densities: the collision frequency in the plasma
may be sufficiently high at early times to keep the laser below its
oscillation threshold; alternatively the radial plasma-density profile
may cause enough beam refraction to prohibit the buildup of os-
cillations.

Because the plasma electron density is higher on the laser axis
than at the outside of the laser beam, the plasma acts as a diverging
element in the cavity and can render the cavity unstable. The effect
of refraction can be calculated from a simple modification of well-
known theory [37]. It has been shown that in conventional pulsed
lasers, beam refractive effects of the plasma may well limit the
earliest time at which laser pulses can be obtained [4], [3]. To
avoid this limitation in the present experiment, we have taken the
following steps. First, a resonator design is chosen with the strongest
possible converging mirror consistent with reliable CW operation.
Secondly, a short high-density plasma is used, since a greater length
change can be obtained while maintaining resonator stability than
with the comparatively long low-density plasma of a conventional
pulsed laser. Finally, a large-diameter plasma vessel is employed.
As a result the cavity should remain stable for electron densities
up to about 5 X 101 cm=2,

A small-diameter discharge vessel would give a steep radial
density profile which significantly limits the earliest times of pulse
onset. For example, if the auxiliary discharge-vessel diameter is
reduced to that of the laser (7.5 cm) the stability limit would be
5 X 10% em~2. In our previous studies of spiking we used a pulsed
HCN laser of a diameter 7.5 cm with similar length and mirror
configuration. The plasma in this case occupied most of the length
of the resonator and resulted in a further reduced stability limit of
3 X 1022 em—3. The onset of spiking did in fact oceur at about this
density [17], [4].

‘Whilé the shorter pulsed plasma vessel has reduced beam refrac-
tion, the plasma density must be higher. This has introduced another
limitation on pulse onset time. The laser radiation intensity is at-
tenuated in passing through the plasma as a result of ecollisional
damping by a factor of

exp (—4rmr/w)

per pass, where m is the length change in radiation wavelengths
due to the plasma, » is the plasma-electron collision frequency, and o
is the radiation angular frequency. The collision frequency varies
as the plasma density and hence for a given length change (m con-
stant) greater attenuation occurs if a short high-density plasma
is used.

From observations of attenuation of microwaves of frequency
120 GHz we have estimated the collisional frequency and thence the
loss per pass of the laser beam. The collision frequency is about
101 g1 at the time of onset of laser pulses and the loss per pass of
the laser beam is between 2 and 3 percent for all gases used. At the
times of the last pulses collisional losses are negligibly small. Collisions
give the largest time-dependent loss process in our system and it
appears that this is the factor limiting the earliest times at which
pulses are produced by the laser.
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TABLE I
PursewinTHS
onset time | base width
(us) wm
480 10
520 17
590 25
660 29
750 32
890 34

IV. COMMENTS ON PULSEWIDTHS, AND THE
FEASIBILITY OF PLASMA @ SWITCHING

Our studies of the shapes of the emitted pulses are at an early
stage, but some preliminary data may be of interest.

Some widths of pulses produced by nitrogen plasma are given
in Table I. They express the width at the base of the pulses in terms
of equivalent length changes of the resonator. The shortest pulses
last about 5 us.

We find that, in general, the pulses are asymmetric in shape and
they tend to be narrower than the HCN-laser gainwidth. At early
times we observe widths of 10 um, but at late times when the plasma
sweeps the resonance slowly through the laser gain curve the widths
are about equal to the gainwidth.

It is clear from the oscilloscope traces shown in Fig. 2 that there
are two regions of buildup of a pulse. A rapid rise precedes a more
gradual change in output. This indicates that lasing starts within
the gain curve of the laser and thereafter follows the gain curve.
Although it is not clear from Fig. 2 we find that the plasma sweeps
the resonance closer to line center before buildup occurs in the earlier
pulses, and even beyond line center in the earliest pulses. This
suggests that our plasma sweeping is sufficiently fast for  switching.
However, we observe no power enhancement with this form of Q
svntchmg This is consistent with the observations of other workers
using conventional techniques and it suggests that the upper laser
level is too short-lived to give output enhancement. '

The fact that plasma sweeping at early times can be so fast as
to take the resonance beyond line center before output buildup
suggests a third mechanism which can limit the earliest onset times
of pulses. We have thus far ascribed pulse-onset limitations to
collisional damping, for this is significant at the earliest times. Our
present experiments are, however, being directed towards the dis-
tinguishing of these effects.
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