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ABSTRACT

This work presents the first measurements of the frequency shifts 
of carbon monoxide laser lines, with changes in the pressure of the gas 
mixture. We have used the standard heterodyning technique for comparing 
the frequencies of two GO laser beams, where one of them is used as a ref
erence and in the other the pressure was changed. The results show a lin
ear dependence of frequency shifts with the rotational quantum number of 
the lasing transition. We have also seen a dependence with the vibration
al quantum number. Previous works have measured this frequency shift in 
only one line. Although we analyzed several lines, there are still many 
more to be studied. As part of the work we also comment on the alignment, 
operation, and calibration of the two carbon monoxide lasers we used.

x



CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem
The study presented here is based oh the heterodyning technique 

for comparing the frequencies of oscillation of two carbon monoxide (CO) 
lasers. Our main goal was the analysis of the shifts in tjie frequency 
of the laser lines with changes in the pressure of the gas mixture. It 
was found that this shift in frequency is linear with pressure, as the 
results presented in Chapter 4 show. A simple argument is given in the 
discussion of Chapter 5 to explain that linear dependence.. As part of 
the results, some variations in frequency seen for changes in the dis
charge current that populates the upper laser levels, are also briefly, 
mentioned.

In preparing this work we had the opportunity to make an almost 
Cold start. At the time I started to collaborate with the group, the 
parts for the lasers were ready, but we still had to assemble and align 
the lasers; this we describe in Sec. 2.1.

The lasers used here are sealed-off rather than the continuous 
flow type. This fact then requires that special attention be paid to 
the gas mixture. We also needed some volume ratios, in order to fill in 
the lasers with the appropriate pressure; we never needed the numerical 
values of the volumes themselves. In See. 2.2 and in Appendix A we. de
scribe the details of these considerations and see how they proved to be



useful in calibrating and measuring the pressure changes performed in 
the lasers.

In regard to the frequency shifts, in Chapter 3 we start by 
describing the heterodyning technique to measure these changes. Then we 
go into some considerations of the sizes of the beams and the means of 
effectively combining them to obtain the heterodyne (or beat) signal.

1.2 Motivation
The development of the different types of lasers has opened new 

opportunities for spectroscopic studies. Recently, (1,2) the CO laser 
allowed the observation of the infrared spectrum of the hydrogen molec
ular ion HD+. This is the simplest molecule in nature, since it con- ' 
sists of two nucleii and one electron. This molecule presents one of 
the few separable problems in quantum mechanics, which means that an 
accurate comparison of theoretical predictions with experimental mea-

= i »surements ought to be possible. Besides, the knowledge of the HD 
spectrum could be of importance to astrophysics and in understanding 
some plasma processes.

The experimental technique for measuring the HD (IR) spectrum
has a potential accuracy of one of two orders of magnitude better than
1 ppm. An estimate of the sources of error (2) indicates that one of

1the major contributions, on the order of 1 part in 10 , comes from vari
ations of the CO laser frequency with operating conditions.

Among the possible parameters that would cause those variations, 
we can.point out the applied voltage, the discharge current, the tem
perature and pressure of the gas medium, and the composition of the gas



mixture itself. Of these, the largest variations derive from changes in 
the pressure; the measurements of which is our goal! As for temperature 
changes, from the ideal general equation of the gases PV=nRT, we see 
that they are directly related to pressure changes. For our measure
ments we performed pressure changes of ~3 Torr, starting at 18.6 Torr 
(filling pressure of the lasers) down to 15.6 Torr, which means a 16.13% 
variation. At our operating conditions of T - -20°C - 250 K, that per
centage would require a temperature change of .~40o.C, which is rather 
large.

The current changes cause variations in the laser, due to changes 
in the plasma density, but this is only a change in the index of refrac
tion of the gaseous medium. This apparent frequency shift, briefly men
tioned in Sec. 4.1, is due to an effective change in the. cavity length, 
since the frequency of oscillation v is determined through v = c/2nL, 
where n is the index of refraction in the cavity length L, and c is the 
Speed of light.

In regard to the gas composition, we should not expect any major 
frequency variations, except perhaps for drastic changes, in which case 
the laser efficiency would drop significantly. At best, the changes in 
the gas mixture might be related to pressure changes. We will recon
sider some of these details in the discussion of Chapter 5.

We have thus seen the importance of analyzing the CO laser fre
quency shifts with changes in the pressure. However, an accurate cali
bration in frequency, at a given pressure, yet remains to be done.



1.3 Other Works
Hie carbon monoxide (CO) laser was developed after the carbon 

dioxide (COg) laser, and they are closely related. Nevertheless, the 
sealed-off CO laser has more stringent requirements in cleanliness and 
in operating conditions. Hence, the CO laser is less liked by people, 
and fewer studies on it have been made, as compared to the many for the 
C02 laser..

The first successful operation Of a sealed-off laser was reported 
by C. Freed (3) in 1971. Later, several authors (4 to 12) reported fre
quency calibrations of CO lasers or frequency measurements in CO cells 
(13,14). However, almost no work has been done in frequency shifts with 
pressure. At the time we wrote this report (May 1979) we were aware of 
only one work, that of Blum et al., (13) in which they found a frequency 
shift s-0.25 MHz/Tort in the fundamental band Vl-H), J8-»9 of CO. This 
result was used by Eng et al. (4) in their frequency calibration of 
laser lines to estimate a pressure shift less than 1 MHz/Torr. This 
estimate is in agreement with our results; some of the lines of Eng et 
al. (4) are within the two bands we worked at (V7-N>, V8-5-7) „

Blum et al. (13), mention in their internal research report (MIT) 
that they planned a study that wOuld include a J-dependenOe of the pres
sure shifts. We believe it could not be done because of a limited nar
row band they had to explore with their PbS „Sen ,0 semiconductorU =, oZ U e lo
diode laser. Here, in the present work, we did not have that limitation, 
and we have indeed found a dependence of the pressure shifts with the 
rotational quantum number J; apparently it also has some dependence 
with the vibrational quantum number V.



There is another work, that of Nerf and Sonnenberg (15), who 
studied the pressure broadening of a transition in the fundamental band 
Vl-K) of CO. From their observations they set an upper bound for the 
lineshifts, <0.3 MHz/Torr. This again is of the same order of magnitude 
of our measurements, although the above value is for a different vibra
tional band.

For the sake of completeness in referring to previous works, we 
now comment on frequency shifts with pressure observed in C0  ̂lasers.
We consider that the best results up to date are those of Freed and 
0 ’Donnell (16), who reported a lineshift = -0.1086±0.213 MHz/Torr for 
the 00°l-t{10o0, 02°0] P(20) line in and they also made a mea
surement for the isotopic variety in the same band, R(24) line,
finding a lineshift = -0.1686 MHz/Torr. The minus sign indicates that 
both are red shifts. These measurements were done at pressures <0.1 
Torr, and the authors indicate that it is expected that the shifts would 
be larger and non linear at higher pressures. In fact, the above results 
are of the same order of magnitude as our results, which by the way are 
also linear.



CHAPTER 2

THE CO LASERS

2.1 Alignment of the Lasers 
In order to have good stability in the cavity length, the mirrors 

are each mounted on a granite block, and the two blocks are separated by 
four Invar rods; these rods have acoustical, thermal and magnetic insu
lation covers around them. In each granite block there is a stainless 
steel bushing, inside which precisely machined parts hold the PZT mount 
(on one end), or the gimbal mount for the grating (other end). The 
first step in aligning the laser is to define the optical axis and align 
it to an alignment telescope (or autocollimator). The optical axis is 
defined by two pinholes (~L or 2 mm diameter) drilled in two metallic 
cylinders, which fit one in each busing. Next, the alignment telescope 
is aligned to the pinholes by means of mirrors Ml and M2 (see Fig. 2,1) 
both having vertical and horizontal adjustments. This first alignment 
is done in an iterative manner: by leaving the farthest pinhole PI al
ways in place and taking P2 in and out, as required, the telescope is 
focused on one pinhole, and this is centered by means of one of the mir
rors; then, the other pinhole is observed and brought to the center by 
means of the other mirror. The convergence of the method is accelerated 
by overcompensating the centering of one of the pinholes, but not both.

Having defined the optical axis, the concave (output) mirror is 
put in place, on its PZT mount, and aligned with the aid of the telescope.



Grating side Output side

M2

Laser structure

Alignment
Telescope

Figure 2.1 Alignment of the CO laser optical axis to the telescope.



A preliminary, or rough alignment is done by looking at the retroreflec- 
ted pattern from the mirror (i.e., focusing the telescope onto the mir
ror's surface) and obtaining a uniform illumination of the reflected 
pattern. The fine adjustment of the three holding screws for the mirror 
is done under the autocollimating condition, (I.e., focusing the tele-; 
scope at the center of curvature of the concave mirror. This, by the 
way, permitted us to check the length of the radius of the mirror,
3.1 m. This center of curvature was always some distance away (>1.1 m) 
from the opposite end of the laser, as is necessary for a stable cavity 
configuration.

The alignment of the grating is a very delicate procedure and 
has to be done immediately after aligning the mirror, in order to avoid 
thermal drifts in the auxiliary mounts used. One of these is a 50/50 
beamsplitter aligned along with the two pinholes. This beamsplitter is 
aligned by focusing the telescope at infinity, since for a flat surface
the radius of curvature is so.

After aligning the concave mirror, the optical axis has to be 
"translated" inside the laser structure, so that the grating can be 
aligned. In Order to "recover" the optical axis inside the cavity, one 
of the pinholes (the one on the grating side) and the 50/50 beamsplitter 
are used. The new optical axis goes from the telescope to the mirrors 
M3 and M4 (see Fig. 2.2) and into the bushing side pinhole and the beam 
divider. For a first rough alignment of the grating, two auxiliary pin
holes, (~1, 2 mm diameter) on brass sheets, are placed along the optical 
axis, one before the bushing and the other some distance away from the
telescope. Then, in front of the telescope an auxiliary He-Ne laser is
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Figure 2.2 Translation of the optical axis.
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10
aligned to the latter two auxiliary pinholes. When placing the grating 
mount inside the bushing, the light from the He-Ne laser is reflected 
into five or six diffraction orders of the grating. As the grating is 
rotated up and down, these reflected orders are made to pass along an 
arbitrary spot on a vertical line. The only requirement is that each 
order passes exactly over that spot as close as possible.

The fine adjustment of the grating is done with the aid of the 
telescope, focused at infinity, since the grating is used in the Littrow 
mount; thus it is effectively a flat surface at each order of diffraction. 
In this step, the illumination is that of a He-Ne laser, instead of the 
regular tungsten lamp in the autOcollimator. The spurious patterns due 
to speckle are removed by rotating a plastic sack at the output of the 
laser. As the grating is rotated up and down, each reflected order from 
the grating is required to come exactly centered at the cross-hair in 
the autocollimator. This fine adjustment of the grating consists in 
rotating its mount around the optical axis, and at each adjustment the 
grating is moved up and down requiring that each order passes along that 
optical axis, so that the CO laser can be "tuned," or better, run at 
different transitions (wavelengths.) for each grating position (up/down).

2.2 Laser Fill and Calibration of Volume Ratios

2.2.1 Laser Fill
In sealed-off lasers, the gas mixture deserves special attention. 

In a flowing-gas laser, the gas mixture may be controlled by the rate 
at which each individual gas flows out of its container (bottle). But
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for a sealed-off laser, the gas composition has to be carefully done
before the laser can be started.

For the present work, we followed a specific filling procedure 
every time the fill had to be renewed. In Appendix A we describe a 
procedure proposed by George Ruff (Bates College, Lewiston, Maine) for 
properly mixing four (or more) gases at desired partial pressures in a 
given volume.

The first sealed-off CO laser was reported by Charles Freed (3) 
from M.I.T. in 1971. Since then, other researchers have published dif
ferent gas mixtures. Some include the addition of another gas, but most 
of them just differ in the partial pressures of four basic constituents, 
CO, Xe, N^, and He. Of these, the CO is obviously basic, and helps 
to populate the upper CO levels, whereas He depopulates the lower CO 
levels; the lower ionization potential of Xe effectively reduces the 
electron temperature in the gas mixture.

From all of the published gas mixtures we found (4,17-19), only 
the work of H. J. Seguin et al. (19) describes an "optimization" of the 
gas mixture. This was done by fixing three of the partial pressures and
varying the fourth one. However, for their optimum mixture they did not
study the variation of the output power vs. the total pressure in the 
gas mixture. This would have led to finding the PD=constaht value for 
sealed-off CO lasers, so that for a given diameter D in the laser tube 
one could choose the optimum pressure P of the mixture.

The design of the CO lasers used in this work is exactly that of 
C. Freed (3). Therefore, the gas fill used is what we have called 
Freed’s standard mixture #2, from his first work published in this type
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of laser. At one time we compared all the different gas mixtures cited 
above, and tried to propose another proportion and pressures of the 
gases. However, the output power was not significantly different from 
what we had before, and hence we went back to Freed's mixture (Table 2.1), 
Filling in the gases in these orders minimized the waste of all of them 
during the filling procedure (see Appendix A).

TABLE 2.1 Gas mixture for the CO lasers
Gas . Partial pressure
CO 0.6 Torr
Xe 1.5 Torr .
,N2 2.5 Torr
He 14.0 Torr

Total 18.6 Torr

2,2..2 Volume Ratios .
The filling procedure described in Appendix. A has the advantage 

in that one does not have to know the actual volumes involved, but only 
their ratios. The procedure is based on the general law of the gases 

PV = nRT (2.1)
from which, for a fixed temperature T, we can define

the quantity of gas = Q = PV (2.2)
and require that in any expansion of a gas from one volume into another, 
or in the mixing of two gases at different pressures going into one 
common volume, the total amount of gas is always conserved. For
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example, let us consider two volumes and V^, joined at a valve b (see 
Fig. 2.3). Let the initial pressure Pj be in and expand this gas in 

into the common volume (V^+V^) obtaining the final pressure Pp. Then, 
before the expansion we have

Q1 = PIV1 ’ Q2 = 0 (2.3)
and after the expansion we get

Qp = Pf (Vi+V2) . (2.4)
The conservation of the total amount of gas before and after the expan
sion requires

Qp = Qi - Q2 (2.5)
so that

V1 .
PF PI V1+V2 • (2.6)

Thus, we see how a ratio of volumes appears. This volume ratio is what, 
we define as a C-value, i.e„,

V1
C = Vl+V2 ’ ^

In the case where other volumes are involved, as in the laser-filling
station we used, similar C-values can be defined. These can then be 
used to evaluate pressure changes in the lasers for different situations. 
In the Appendix we have defined all the C-values that we considered nec
essary, and we have also explained some of their uses, at least the ones 
we needed for our work.

In Eq. (2.6) above we see that knowing the initial and final 
pressures, we obtain a direct measurement of the C-value. In other words, 
the C-value is the ratio of two pressures, rather than of two volumes.
If we had defined the C as teh ratio V^/V2, then this measurement would



Figure 2.3 Expansion of the gas in into the common
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carry some numerical errors, as seen by solving from Eq. (2.7),

II _ _C_ _ PI _ PF (2 8)v~ i-c " p " p - p f * (2'8:)2 , I F
I

Hence, the error in the ratio V^/V2 would carry the numerical error from 
a sum and from a quotient, whereas the numerical error in the C-value is 
only that from a quotient.

Even though the above discussion of possible sources of error 
may not bo a very strong argument, we found the definition of the - 
C-values as given in Eq, (2.7) useful from the practical point of view. 
This is the underlying reason for the way we defined all the C-values 
in the Appendix.

2.5 Wavelength and Transition Identifications 
The grating forming the cavity in the lasers allows some degree 

of tuning, but the actual oscillating frequencies are defined by the CO 
molecular transitions. The intensity of each one of these possible lines 
is determined by the gain in the medium and partly by the variation in 
the effective reflectivity of the output mirror and of the grating at 
its different diffraction orders. The way we compared the relative in
tensities among all the oscillating lines, was by rotating at a constant 
rate the micrometer that "tunes" the grating, and at the same time plot
ting on a chart recorder the output qf a power meter placed at the laser 
output. While running this record, we marked on the chart some indica
tive readings from the micrometer, so that we would be able to reset the 
laser at any desired line. The charts of both lasers were very similar.
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as expected, with some difference arising from different losses and re
flectivities in the cavities and their alignment, gas mixture, cooling 
temperatures, and a few other parameters. This type of chart was the 
first characterization of the lasers.

The next step was to find the wavelength of each line. For this 
we used a 1.0 m monochromator from Interactive Technology. By using a 
visible He-Ne laser (A-0.6328 pm) and reading the mono chromator scale 
up to the 12th order of its grating, at the above wavelength (i.e., up 
to 1=12x0.6328 ym=7.5 pm), we found an offset of -0.0038(2) pm. From 
this we concluded that

Xtrue - Xread * 0-t,058<° "= (2.9)
where (2) was the standard deviation in the readings.

Then we used that same He-Ne laser, but now going in from the 
output of the monochromator (at zeroth order) and the exiting red light 
at the input of the instrument was then sent into the CO laser by means 
of two mirrors. What we were actually doing was aligning the CO laser 
with the monochromator backwards! For the rest of the discussion we 
will refer to the scheme on Fig. 2.4. There we see a CaF^ window that 
lets most of the beam through to the power meter, so we would peak the 
power by tuning the grating and compare these readings with the charge 
previously described in this section.

The 10% to 14% of power sampled from the beam was enough to 
avoid saturating the PbSe photodetector, which was enclosed behind an 
Irtran-2 window and 'cooled down to liquid nitrogen temperature. By 
chopping the laser beam, we were able to feed the output of the detector, 
preamplified, into a lock-in amplifier.
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Figure 2.4 Calibration of the CO laser lines with a 1 mt. monochromator. M
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To measure the wavelength of the oscillating lines, we proceeded 

as follows. At a given line, we peaked the output power of the laser by 
tuning the grating. Then we would set the monochromator to make an 
automatic scan at a reasonable speed, not too fast, nor too slow. When 
the output meter of the look-in amplifier indicated the presence of a 
signal, we stopped the automatic scan, and then did it manually around 
that region. The data thus obtained was the position of the micrometer 
that tunes the grating, and the corresponding wavelength(s) for that 
grating setting. We have indicated a plural because for several grating 
settings, we found that two or more CO transitions were participating in 
the oscillation, not all of them with the same strength, thotigh. The 
wavelengths read directly from the monochromator were later corrected 
for the offset previously found. A flaw in our measurements should be 
pointed out. We were not taking advantage of the full resolving power 
of the grating in the monochromator because the laser beam was directly 
shined into the instrument, instead of using some lens to fill the whole 
aperture of the grating. However, we might probably have covered it to 
some extent since the entrance and exit slits were both at a width of 
about 6X-32 urn. This would have caused some degree of diffraction and 
hence we have spread the infrared light partially over the grating.

The next step in the calibration of the CO laser was to identify 
the molecular transition responsible for each one of the possible oscil
lating wavelengths in the laser. For this matter we used a table of 
laser lines (20), the book by C. S. Willet (21), and a computer printout 
(10) (generated in our group) based on the Dunham series expansion. The 
transition-to-wavelength assignments were done simultaneously and .
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independently by two persons. At the. end we compared both tables. We 
both found, by following a specific vibrational band, that our wave
lengths were shorter by 14 to 25 X with respect to those listed in the 
above references. We considered that this discrepancy was due to some 
systematic error in our measurement, so we used the computed, instead 
of the measured, wavelengths for the table of grating (micrometer) vs. 
wavelength and transition.

Then, finally, from this table of grating vs. wavelength- 
transition, we selected those groups of data corresponding to single 
lines (one wavelength in a grating setting), or those in which the 
transition assignments were unambiguous. We were able to choose 44 such 
groups, covering most of the tuning range. With these groups of 
grating-wavelength-transition data we ran a least-squares fitting pro
gram that adjusts four parameters of a non-linear equation. This equa
tion gives the position at which the grating micrometer has to be set 
to obtain a desired wavelength. This is obviously equivalent to selec
ting a molecular transition and setting the grating at the proper posi
tion, via the wavelength. With the adjusted parameters, that equation 
was used later along with the Dunham series routine, to generate a com
plete listing that .included: grating (micrometer) position, wavelength

“1(pm), frequency (cm ), and the molecular transition (given by its 
vibrational and rotational quantum numbers)

The model used to obtain the equation mentioned above is shown 
in Fig. 2.5. Here, Gq is an offset value of the micrometer position, 
and G is. its actual position, for which we want to solve the final 
equation. The units of G and Go are mm. The•distance r is the length



Figure 2.5 Definition of parameters for the grating (micrometer) position vs. wavelength 
equation. o



of the lever that pushes the grating. The blaze angle of the grating is

(2.10)

(2.11) 

(2.12)

The four parameters to be adjusted in Eq. (2.12) were P(1)=Gq,
1P(2)=r, P(3)=0Q, and P(4)=-g-. In the first runs P(4) was held constant, 

and when the fit was almost completed, the first three parameters were 
held constant and P(4) was allowed to vary. This was so done instead 
of allowing all four parameters to vary because otherwise the fit did 
not converge.

called 0. Then, starting with the. simple relations
G -G

C - G  - G , 0 = 0 - a, sina = —  = —— —o o r r
and using the grating equation 

X = 2d sin 0
= 2d sin

we solve for G to obtain

0_ - sin o
•1 /Go"G

G = G - r sin o 0„ - sin o
,-1where d is the number of grooves/mm in the grating.



CHAPTER 3

PROCEDURES AND MEASUREMENTS

3.1 Obtaining the CO-CO Beat

3.1.1 Mathematical Background
For a photodetector the electrical signal S^.pT at its output is 

proportional to the incidance (flux density of the light falling) on it. 
When we are interested in the heterodyne (or beat) signal between two 
beams, what we look for is the sum of their electric fields, rather than 
their intensities. Hence, for two cosinusoidally time varying fields,

S D E T  ~ 1=|E|2=|E^+E2|2=(E^ co s w^t+Eg cos o^t|2
2 2 2 2 - E^ cos w^t+E^ cos u^t+EE^Eg cos w^t cos w^t (3.1)

and by using some trigonometric identities, we get 
SdET ~  I=-| E12 (1+COS2 w^t) + j  E2 (1+cos2 Wgt)

+ E^Eg [ cos(a)1+ui2)t+cos(w1=(02)t] (3.2)
On physical grounds, we know that for frequehcies and w2 in the in
frared region of the electromagnetic spectrum, the terms at twice of 
each frequency and the one at the sum of them will be averaged to zero 
by (almost) any photodetector. Therefore, the relation (3.2) above is 
very well approximated by

SDET ~  I=f CE12+E22) + E1E2 co s (ti)1-M2)t (3.3)

As long as the frequencies and w2 are very close to each other, the

22
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last term in this expression will not be averaged to zero. In fact, the 
actual requirement on the frequency difference is that it has to
be less than or equal to the electrical bandwidth of the detector to be 
used.

After staring at Eq. (3.3), we learn that it almost does not 
matter what the relative amplitudes between E^ and E^ are, we will al
ways have a non-zero contribution from the AC term, unless one of the 
fields is zero. We also notice that for c o s t = l

j ( E ^ + e / )  > £^2 (3.4)

with thfe equality holding for E^=E2* From this we can see that the per
cent Of modulation in the signal SDET is

E E
% modulation = x 100 = T -y ? x 100 = m (3.5)DC-signal lrj3 2 2̂

2(E1 +E2 )
0 < m < 100%

where, it is clear that only for equal amplitudes in both beams we will 
obtain a maximum beat signal from the detector.

It does not suffice only to have nearly equal frequencies and 
similar amplitudes in the two beams to be heterodyned. . It is also neces
sary that they fall on the detector at the same angle. This is so be
cause if they come at an angle, with respect to each other, then there 
will be an interference pattern (instantaneous or stationary), on the 
area common to both of the beams. Between the zones of constructive and 
destructuve interference (or "bright" and "dark," respectively) there is 
a II-phase difference. Thus, when adding the contributions from every
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part in the common area of the beams, we can have some cancellations and 
as a result obtain a relatively weak signal from the detector.

tolerate between the beams, we will use the concept of "spatial frequen
cy" and require that on the area common to the two beams there is, at 
most, one fringe in the interference pattern. So let us start the dis
cussion by considering Fig. 3.1 where we assume a circular cross section 
of the beams, and the area common to the two beams is that of the nor
mally incident beam. Over this area, the maximum distance across is d, 
so the condition of "at most one fringe," the same as "less than two frin
ges," asks for a spatial frequency (units*length"1)

In order to make an estimate of the maximum angle that we can

(3.6)

d

©
Figure 3.1 Area common to two intersecting beams.
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Now, in the book by Collier et al. (22) we find that for two plane wave
fronts of wavelength X coining at an angle 6 with respect to each other, 
the spatial frequency of their interference pattern is

sin6 (3.7)

From Eqs. (3.6) and (3.7) we find that the angle between the beams has 
to satisfy the condition

< arc sin 2X (3.8)

The CO lasers used for this work oscillate in the region 5.2 pm £ X ^ 
6,4 pm. But we also need the value of d, the beam size, which varies 
according to the laws for the propagation of a gaussian beam.

For the computation of the required value of d we use the for
mulas in the classic review article, "Laser Beams and Resonators," by 
Kogelnik and Li (23). The two formulas we need are

a2 , . 2 w (z) = w q 1 + Xz

R(z) = z
irw

TTW1 o
2 \  2 "

1 + Xz

(3.9)

(3.10)

where z is the distance along the laser beam, measured from the beam 
waist.w , X is the wavelength, R(z) is the radius of curvature of the 
wavefront, and w(z) is the radius of the circular cross section of the 
beam.

Evidently, from Eq. (3.9) we will obtain d, for every point 
along the laser.beam, indeed d=2w(z). But we need the value of w ,
which is obtained from Eq. (3.10) by setting z=L, the cavity length.
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thus R(L)=Rm, the radius of curvature of the concave mirror. Then solv
ing Eq. (3.10) for wQ we get

For the lasers we used, R^=3m. L-l/5,. and we take A=5.3 ym as a repre
sentative value, at least of a region where we worked at. From (3.11) 
we compute wo-1.5 mm at the grating, which plays the role of a plane mirror'.

With the above relations, we find that at the output mirror the 
beam has a diameter din-4,5 mm. At some distances £ away from the output 
mirror, we find the beam sizes (diameter) shown in Table 3.1.

Table 3.1 Widening of the laser beam
I d
1 m 6.19 mm
2 m 8.08 mm
.3 m 10.06 mm

With these values of d we can go back to Eq. (3.8) and have an estimate 
of the maximum allowed angle between the two beams. Instead, though, we 
will compute the maximum separation of the center of the beams at a dis
tance x before they reach the detector. With reference to Fig. 3.2 
where D indicates the location of the detector, and from Eq. (3.8) we 
obtain the condition

2Xy < x tan (arc sin -g- ) (3.12)
With this condition we construct Table 3.2, in order to compare differ
ent possible situations.
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D
x

Figure 3.2 Separation between the centers of the 
beams before reaching the detector.

Table 3.2 Beams separation to obtain 
the beat signal.

d X y

* 5 mm 
10 mm 0.5 m <1.06 mm 

<0.5 mm
5 mm 
10 mm 1 m <2.12 mm 

<1.06 mm
5 mm 

*10 mm 2 m <4.24 mm 
<2.12 mm
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In the actual setup we worked under conditions similar, to those 
indicated by an asterisk. Hence we see that it was only necessary to 
keep the centers of the beams within 1 mm apart.

3.1.2 Experimental Setup
z The two CO lasers are primarily used in the HD experiment, 

where they require the maximum power from the beams. This made us take 
a sample of the beams with CaF^ windows at 45° angles to each beam.
These windows have a reflectance of about 10% in intensity around 5.3 pm. 
We took advantage of this fact because the output powers of the lasers 
were on the.'order of 0,5 watt and 1.5 watt at their brightest lines, and 
we could only put about 10 mW on the photodetector's surface, to avoid 
saturation of the electrical signal as well as heat load on the active 
element. Thus it seemed advisable to split the more powerful laser 
(identified as CO #1, and the weaker as CO #2) once more, whereas on 
the other it might not be necessary. The second beam divider for CO #1 
was also used to combine the beams.

The first experimental setup we used was as sketched on 
Fig. 3.3. This figure does not show the optics used with a He-Ne visi
ble laser beam split into two beams, each of which was aligned parallel 
to one or the other of the CQ infrared beams. This was done in order to 
facilitate the alignment of the infrared beams by means of an "equiva
lent" visible beam.

According to the discussion above (Sec. 3.1.1) we had thus 
accomplished having both of the beams at about the same amplitudes, by 
means of the beamsplitters. By overlapping the beams at beamsplitter



CO #2

Photodetector

Electronics

Figure 3.3 Basic setup for heterodyning the two CO lasers. K>UD
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B„S.3 (Fig. 3.3), on the surface facing towards the detector, (having 

taken into account refraction) we more than satisfied the conditions of 
Eq. (3.12), as given on the Table 3.2 after it. For this we aligned the 
He-Ne beams at two points after B.S.3, one at about half a meter away 
and the other 1.5 m or 3 m beyond; this ensured the parallelism of the 
beams and minimized their separation at the merging point.

We should also say that for any of the two detectors we used, 
their active elements were of about 4 mm x 4 mm in size. Therefore, we 
were actually overfilling the detector area and hence minimizing the 
chances of having any fringes over that area.

One of the detectors we used had a PbSe element, with a 4 MHz 
electrical bandwidth, and thermoelectrieally cooled. The other detec
tor had a Ge:Au element, cooled to liquid ^  temperature, and with an 
electrical bandwidth on the order of 10 MHz, and a sharp cutoff at ~30 
MHz. From the technical point of view, we preferred the GetAu detector 
since it also gave a stronger signal. But the use of one or the other 
detector depended on other than technical reasons.

After some preliminary measurements, we improved the experimen
tal setup to the scheme shown in Fig. 3.4. In this arrangement there 
are two additional samplers which send a beam into the lock-in loops; 
which stabilize each laser to the center of the Doppler broadened gain 
profile. At this point the oscillation ideally has no Doppler shift.
We say ideally because the lock-in loop searches for the peak power, 
and this may not coincide with the center of the gain curve as when 
there happen to be two or more CO transitions oscillating in the laser
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Figure 3.4 Complete heterodyning scheme, with frequency locking on the lasers.
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at a given grating setting. Yet, that is a good reference for stabili
zing the lasers at a fixed frequency.

In Fig:. 3.4 we have also indicated the use of a spectrum analyzer 
and a frequency counter. When using the PbSe detector, the measurements 
were done on the spectrum analyzer (Panoramic). In the case of the 
GerAu detector, having a stronger signal, we read the frequency counter 
and had the spectrum analyzer as a visual indicator. (Besides the 
Panoramic, we also used a Lavoie spectrum analyzer, and each one would 
complement the other).

A more detailed diagram of the lock-in loops is shown in 
Fig. 3.5. The basic element in the loop is the phase sensitive detector 
(PSD), which recovers the modulation signal in the laser beam at the 
reference frequency, jlf the first derivative of this signal is not zero, 
an .error signal is generated at the output of the PSD; this is fed into
an integrator (A2) and after going through a high voltage amplifier (A3)
it is applied to the PZT holder of the concave mirror, so as to adjust 
the cavity length to bring the laser line back to the peak power point.
In order to adjust the loop so that without it the laser line is close 
to the desired point, with the auxiliary oscillator we would make a 
wide Scan, at times, over more than two longitudinal laser modes; then 
by reducing this modulation signal, with the offset adjustment the 
cavity length was adjusted so as to obtain the highest possible power.
At this point we disabled the auxiliary oscillator, enabled the refer?- 
ehce oscillator, and closed the lock-in loop (i.e., "activated" it). 
During and after the adjustments of the loop, the Lissajous patterns 
on the oscilloscope were very helpful, indeed indispensable. Once the
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Figure 3.5 Schematic of the electronics to lock the CO lasers in frequency. Cm
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lock-in loop was closed, the. time constant t in the integrator was 
adjusted to minimize the jittering around the "stable" point.

Each laser had a different reference frequency. However, they 
could be modulated at the same reference frequency, as will be explained 
in Sec. 3.2.

3.2 Beat Signals 
In our first attempt to obtain a beat signal, we set the CO 

laser #1 (or simply CO #1) at one of its brightest lines (V9>8, J20-21), 
This corresponded to the grating micrometer setting 6^=6.254 mm. Using 
the gfating-wavelength-transition tables described in Sec. 2.3.2, we set 
CO #2 at its equivalent grating setting 02=11.429 mm. These grating 
settings did not give a single line (transition) oscillation, yet we 
used them because of their high intensity, in order to be sure that we 
would obtain a beat signal.

With the above conditions, the screen of the spectrum analyzer 
showed several "spikes." Some of these were noise, and to identify the 
real signal we changed the center frequency and/or gain of the spectrum 
"analyzer, the offset bias in the PZT mirror mount, and the tuning of 
the grating. With each one of these changes the spikes due to noise 
did not change. When the beat signal was close to zero frequency, some 
harmonics started to appear, but they moved along with the signal.

Aside from these measurable Changes, a more sensitive test was 
to tap the laser structure, or the table where it was, or even clap the 
-hands! In all of these unorthodox tests the real beat signal showed an 
instantaneous jittering definitely correlated with those mechanical
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vibrations. These vibrations altered the cavity length and hence the 
frequency in the laser, so that these fluctuations then showed up in the 
beat signal.

After gaining confidence in obtaining a beat signal, we decided 
to tune the lasers on single lines. This was done to determine which 
transition the beat signal was coming from. When we added the lock-in 
loops to the Setup we did not have to cause mechanical vibrations to 
identify the beat signal, instead we applied the dithering on the PZT 
mirror mount, thus inducing a frequency modulation (FM) of the laser 
line at the reference frequency of the lock-in loop. When this FM was 
applied to only one of the lasers, what was a narrow line on the spec
trum analyzer, widened out acquiring the characteristic shape shown in 
Fig. 3.6. The width of this signal depended on the amount of modulation 
applied to the PZT. A further verification was to vary the offset of 
the PZT.

Without any modulation, the beat signal had a jittering of 
20 kHz to 50 kHz. We can call this the "natural width" of the beat.
For a dithering signal on the PZT, at a rate of about 2 kHz (reference 
frequency of the lock-in loops), the induced frequency modulation of 
the laser line was measured to be -(23O;±30..) kHz/volt. The frequency 
value was the measured.width of the beat and the voltage was the peak- 
to-peak amplitude of the applied sine wave on the PZT.

When operating each lock-in loop at its own reference frequency, 
the beat width varied at the difference of those two reference frequen
cies (~5 Hz). To avoid this undesirable extra modulation, the lock-in 
loop #2 could also be driven at the reference frequency of the other
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Figure 3.6 Beat signal with frequency modulation in one laser.
a. Panoramic spectrum analyzer, with 300 kHz markers.
b. Lavoie spectrum analyzer, 20 MHz full scale.
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loop. This is indicated schematically in Fig. 3.7. When driving both 
loops (in phase) at thb same reference frequency, we found that for a 
given modulation amplitude in one of the PZT's, there was a specific 
modulation amplitude (different from the first) for the other laser, 
which reduced the beat signal (generally) to its "natural width." This, 
of course, was a calibration we made before closing the lock-in loops, 
and before doing any of the measurements for our final goal.

3.3 Frequency and Pressure Changes

3.3.1 Frequency Measurements
After having built all the necessary background described in 

the. previous sections, we were in a position to start the measurements 
for our final goal. In spite of the iock-in loops for the lasers, there 
still were fluctuations in the frequency of the beat signal. The signal 
would stay for a few seconds about a point, with its natural beat width. 
In periods of 5 to 10 minutes, we measured random fluctuations Of that 
position in the ranges of ±0.090 MHz to ±.300 MHz, but generally the 
signal stayed in a range of less than ±0.200 MHz. These ranges (or 
rather, standard deviations), were determined from the averages of 20 
to 40 frequency measurements of the beat signal in the above time 
interval.

When using the frequency counter, we would set it with a measur
ing gate=0.1 sec., and,at a cycle rate--1 sec. We generally read the 
counter every 15 sec., or in cases where the reading varied around a 
value, we estimated an average of that value and wrote it down.
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Figure 3.7 Reference frequencies for the lock-in loops on the lasers.
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In the event of using the modest PbSe detector, although its 

signal was amplified 80 dB, we could not read it with the frequency count
er. Hence, we used the Panoramic spectrum analyzer which has a sensitiv
ity of another 80 dB. The position of the beat signal was read on the 
10 division scale of the analyzer. We could calibrate this scale on the 
screen by means of frequency markers (see Fig. 3,6a) from an internal 
crystal oscillator, spaced 500 kHz apart. The number of markers in the 
screen can be varied, so that using only two of them we determined the 
natural beat width; by increasing the number of markers to have a total 
dispersion of 2, 3, or 4 MHz, we measured the fluctuations of the beat 
signal before and after a pressure change was done in the laser. For 
these measurements we usually made visual estimates of the position of 
the. signal, yet the results were as good as those obtained with the Ge:Au 
detector coupled to the Fluke frequency counter.

3.3.2 Pressure Measurements
The only place we could make pressure measurements in the system 

was at the manifold, closing the valve g and using the differential pres
sure gauge there (see Fig. A.l in Appendix A) . Because of this, the 
pressure in either of the lasers could not be measured directly. How
ever, let us refer to Fig. A.2 in Appendix A. For the filling proce
dure (Appendix), we used the valve Bq for all the required mixtures.
After a double fill was completed, we closed this valve B0 and did not 
close the lasers’ valves B^ and $2; so both would run at the same pres
sure. After running the lasers for more than an hour, their valves were 
closed, and in the idle volume Vo there remained a portion of the laser



40
gas mixture at the same pressure as in either one of the lasers. With 
the laser valves closed, the valve B was opened, thus expanding the gas 
in Vo into O ^ + V ^ , having previously closed with the valves p and g 
indicated in Fig. A.1 of the Appendix. By means of the formulas given 
in the Appendix, we could determine the pressure we had in VQ and hence 
in the lasers.

In a similar fashion, for reducing the pressure in either laser 
we would close the volumes VQ and Vm, and opening the laser valve we al
lowed the laser gas to expand into (V0+Vl). This pressure reduction 
caused a frequency shift of the oscillating line in the laser. After 
allowing the expanded gas and the lock-in loop to settle for one or two 
minutes, the beat frequency was measured during five or ten minutes, as 
described above. Then the laser valve was closed, the valve B opened, 
and from the measured pressure in the whole volume CV +Vm), we inferred 
the new pressure of the gas mixture in the laser. It is clearly under
stood that before expanding the laser gas mixture into V , we wd.uld have 
pumped out from this volume whatever gas we had. The remaining back
ground pressure was on the order of 10^ Torr or below„ This is negli
gible as compared to pressures of the order of 1 Torr obtained in 
CV +V } after opening the valve -B . We also recall that the starting 
pressure in the lasers was 18 Torr, and after every pressure reduction 
we would have a decrease of about half a Torr in the laser gas.



CHAPTER 4

RESULTS

4.1 Frequency Shifts with Discharge Current 
With the first setup described in Sec. 3.1.2, Fig. 3.3, the 

first experiment we performed was to observe the frequency shifts of the 
beat signal with changes in the discharge current.' We talk here about 
an experiment in the sense that we were still learning how to use the 
different available parameters in the setup. After these "experiments" 
we could proceed to make the measurements for our final goal.

For these first observations we set the grating at some arbitrary 
positions, like the brightest line, a single line on one end of the spec
tral range of the laser, and at a couple of other points. Most of these 
points were On different vibrational bands. The interesting fact was 
that in these bands we measured the same (average) value

H  < + 1. MHz/mA

where Af refers to the beat frequency shift and Ai to the incremental 
change in the discharge current in the laser. The values we used for 
the later increments were Ai=±l mA, ±2 mA, only.

These were rough preliminary measurements, and as such we could 
not obtain a real average value from which we could estimate an error. 
Although we did not repeat this experience more accurately, we estimate 
the error was under 10% of the readings. We should clearly say that

41
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here we were not using the lock-in loop on the lasers, as may be seen in 
the figure referred to above.

The value for Af/Ai above, was also obtained after a change of 
pressure of half a Torr in one of the lasers. Notice we talk about a 
frequency shift with current at a different pressure in the laser, this 
is not a shift due to pressure.

4.2 Frequency Shifts with Pressure

4.2.1 Free-running Lasers
For our first experiences in changing the pressures in the la

sers, we did not have the lasers locked. We were relying on the high 
stability of the lasers, due to their rigid mechanical structure. In 
fact, they are so stable that we did not have to take any average of 
the beat frequency.

Under these circumstances, the only two rough measurements we 
made yielded an upper bound value of the frequency shift 

|Af| < 5 MHz 
with a pressure change

| AP |1 ~ h Torr 
These two values say that 

' Af S 10 MHz/TorrAP
which is a rather large value.

This experiment was done on the CO transition V^->Vg=9-8, 
J^j£=19-20 „ Here we use V to indicate the upper (u.) and lower (£.) 
vibrational quantum numbers, and with J we indicate the rotational 
quantum numbers. We will use this notation for clarity, instead of
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some other short hand identification of the levels involved. We point 
out that in all the vibrational-rotational transitions of the CO-molecule 
we always find AJ=+1, so that we only have P-branch lines in this spectrum.

4.2.2 Locked Lasers
In the case of having both lasers in the free running condition, 

the beat frequency is very stable, thanks to the rigid structure. How
ever, this may have thermal drifts that cause the beat frequency to 
drift along.

When the lock-in loop is turned on, one would expect to cancel 
out all possible drifts. This is true in an average sense, since every 
part of the associated electronics will have or pick-up some noise that 
will cause a random fluctuation of the beat frequency about an average 
value. We observed that the lock-in loops would indeed keep the signal 
within ±0.5 MHz or less during time intervals of half an hour up to 
about 2 hours. We also noticed that it would compensate for thermal, 
drifts when after such periods we compared the offset voltage with the 
position of the PZT defined by the loop, having set the offset at the. 
equilibrium (lock) position at the beginning of those periods.

The time required to make a measurement, with % Torr pressure 
change, was 15-20 minutes totals so that we could rely on the short-term 
stability of the free running laser, and on the stability of the lock-in 
loops as well. That total time included the 5 to 10 minutes for aver
aging the beat frequency before and after the pressure change of about 
0.5 Torr, which was done slowly in 10 sec. and allowing 1 to 2 minutes 
for the new position of the laser line to stabilize; a couple of other
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minutes were used in measuring the pressure, as described before, and 
evacuating the. volumes Vq and again, for the next measurement.

For a given molecular transition we wopld repeat the above mea
suring procedure five or six times in order to obtain a sequence of 
frequency-pressure points that would define a line, and the slope of this 
line then gave directly the value Af/AP for that transition.

The pressure values for the above points had errors significantly 
smaller than 10% and presented no difficulty. However, for the frequency 
measurements the average after one expansion was different from the aver
age before the next expansion, even without touching any adjustment of 
the lock-in loops. Therefore, we had to take the differences between 
the averages before and after a pressure change. The frequency value 
associated to a pressure value was then the cummulative frequency incre
ment, That is, to the initial pressure of the laser we assigned a zero 
frequency value, to the second pressure value (first expansion) we as
signed the sum of the first two increments, and so on. This might be 
clearer by looking at the example shown in Table 4.1 and Fig. 4.1.

The above technique was mostly useful when using the PbSe detec
tor with its 4 MHz bandwidth, for in this case we had one laser free 
running and used it as a reference, whereas on the other laser we would 
perform the pressure changes and have it locked, necessarily, so that it 
would track the actual frequency shift of the Doppler-free laser line 
(i.e., center of the gain curve).

The first formal measurements on a few transition lines were done 
with the PbSe detector. Later, we were able to use the Ge:Au detector 
again and found that locking one of the lasers at different longitudinal



TABLE 4.1 Measurements on the V&>7, J15+16, CO laser transition.

Point # Pressure (Torr) Af ± (MHz) Afcum(MHz)

1 18.09
+0.729+0.113

0
2 17.73

+0.693±6.194
+0.729

3 17.02
+0.16910.157

+ 1.42.2
4 16.67

+1.24110.152
+1.591

5 16.13
+1.48410.089

+2.832
6 15.78

+1.30010.135
+4.516

7 15.25 +5.616
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Figure 4.1 Linear fit to the measurements on the M8r*7, J15-*16 
CO laser transition.
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modes produced a different frequency of the beat signal. In some instan
ces this difference could be as large as 6 MHz and, because of this, at 
times the beat frequency could be brought close to zero frequency. We 
might have been able to take advantage of this fact when using the PbSe 
detector, if we had known it. But with the faster Ge:Au detector we pre
ferred to work at higher frequencies, if possible, to avoid a zero cros
sing, of the beat frequency when making a pressure change. In the event 
of having a zero crossing, we kept track of the direction of the shift, 
since this essentially determined the slope of the frequency-pressure 
line.

In regard to the selection of the transition where we started 
our measurements, we simply chose those which were single. They happened 
to be at the shorter wavelength part of the range of operation of the 
laser. This also corresponded to the lower readings in the grating mi
crometer, and also to low vibrational quantum numbers. The first tran
sition was V̂ -»-Vg=7-6, 16 -17. Then we moved up the micrometer to
the next line, which was in the same vibrational band. Here we should 
say that rather than choosing a transition, we first tuned the grating 
until we had some power out of the laser, and from the Lissajous pattern 
of a scan through at least a couple of longitudinal modes, we could see 
whether it was a single or a multiple line oscillation. Then, with the 
reading of the micrometer we found the corresponding transition(s) for 
that setting, in the grating-wavelength-transition computer printout 
described in See. 2.3. Since this list was generated from the fit to a 
function, we did not always have a perfect match of the actual grating 
reading with the listed values. So in some cases we had two possible
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transitions for a grating position. For example, this happened with the 
third line we chose, but since the two previous ones were in the same 
band, and since generally several lines within a band oscillate, we de
cided the third also belonged to that band.

We had some other clues in deciding the actual transition on 
which we were measuring the frequency shift with pressure. When we cali
brated the lasers, in the cases where there were two or more lines for 
one grating setting, we also recorded which was the strongest, the weak
est, and so on. From the computer printout, sorted by wavelength (the 
same as sorted by grating position), we would see which one of the two, 
or more, possible lines should grow up first as the grating was tuned 
across the position of interest. Hence, by tuning the grating and look
ing at the output signal from a Fabry-Perot optical spectrum analyzer, 
we could determine which was the line we were measuring. In addition, 
we also had a scheme of most of the lines in the various vibrational 
bands, on a wavelength scale. On this scheme we had roughly indicated 
which lines we had seen and more or less which ones had the higher gains.

As we proceeded in making the measurements for one line after 
another, we learned how to use all the above resources and even how to 
take advantage of a few other details. For example, at one time w e . 
were trying to tune on a specific transition. It would clearly show up 
in one of the lasers, but not on the other; this was perhaps because one 
of them was slightly misaligned. After not obtaining any beat signal, 
we first tried to tune the grating and watch for the signal to appear. 
Without any success, we then came to a grating position close to the 
expected value but giving a strong output power. Then we tuned the
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cavity length by changing the offset voltage on the PZT. We found a 
beat signal when the cavity was tuned in between two longitudinal modes. 
Next, by tuning the grating we enhanced a tiny mode that was barely no
ticed in the Lissajous figure of those two longitudinal modes. The final 
grating position happened to be in better areement with the value that 
we actually expected.

For those cases in which some doubt remained, the result of the 
total measurements on the line helped in determining the line. We will 
come back to this at the end of this section.

Now We will present an example of the measurements required to
characterize the frequency shift with pressure on a molecular transition.
We have chosen the line from V -»V-=8-7, J ->Jp=15-16, which we expecteda £ a & r
to be in the 7^6 band. In Table 4.1 we present the measured pressure 
values and the measured frequency shifts, as well as the cummulative 
frequency increments. The standard deviations indicated were associat
ed with the points immediately below, so that we were consistent with 
the value Afcum=0 (with no uncertainty) for the initial pressure in the 
lasers (point #1). From the second and fourth columns (abscisae and 
ordinates, respectively) we obtained the coordinates for the graph of 
Fig. 4.1. There we also plotted the line obtained from a linear regres
sion for the data points, made with a TI-55 (Texas Instruments) pocket 
calculator which has this routine as part of its hardware. We verified 
the result with a program run in BASIC language in a microcomputer IMSAI 
8080. The calculator gives the slope and ordinate-intercept of the in
terpolating line. In this example the slope is m=11.890 MHz/Torr. To 
obtain the uncertainty in this value we had to perform a few more
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computations. For this case, we obtained o^=0.226 MHz/Torr, which 
amounts to 11.9% of the slope above. This order of magnitude in the 
dispersion of the data points was obtained in most of our measurements.

In Table 4.2 we have summarized the measurements on several 
lines in two adjacent, and somewhat overlapping, bands. We have listed 
the transition, and the slope Af/AP along with its uncertainty. We see 
in these results a trend in the values of Af/AP with respect to the ro
tational quantum number.. .Actually, they follow a linear relationship.
We noticed this behavior before we made the measurements on the V8-7,
J15-16 line used in the example above. That is why we expected it to be 
in the 7-6 band, but the change in sign of the slope, rather than the 
magnitude, indicated that we had taken data for a line in the next band.

On Figs. 4.2 and 4.3 we have plotted the values Af/AP against 
the rotational quantum number J. Each figure is for the lines in one 
band. From the values used to plot these graphs we can define a rate
of change R, of lineshifts with pressure, per unit rotational quantum

— 1number. For the band V7-6 we obtain R = + 0.4341 MHz Torr /j and for 
the band ¥8-7 we have R = + 1.1806 MHz Torr-V j , where we have used /j
as a pseudo unit to remind ourselves of the variation with J.
i - . . . .
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TABLE 4.2 Frequency shifts with pressure in two vibrational bands.

Vu V£ Af/AP ± CTm (MHz/Torr) (—  x 100)% m

7-6
7-6
7-6
7-6
7-6

16-17
17-18
18-19
19-20
20-21

-1.099 0.121 
-0.244
-0.395 0.038 
+0.353 0.059 
+0.773 0.046

11.02

9.72
16.93
6.07

8-7
8-7
8-7
8-7

15-16
16-17
17-18
18-19

-1.890 0.225 
-0.512 0.082 
+0.929
+1.565 0.093

11.91
16.04

5.98
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Figure 4.2 Frequency shifts with pressure in the V7-+6 vibrational 
band, versus rotational quantum number.
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Figure 4.3 Frequency shifts with pressure in the V8->7 vibrational 
band, versus rotational quantum number.



CHAPTER 5

DISCUSSION

. 5.1 Analysis of the Results
The measurements presented at the end of Sec. 4.2.2 indicate a 

linear dependence of the frequency shift with pressure at each 
vibrational-rotational transition of the CO molecule. Furthermore, the 
amount of shift (and direction, i.e., sign) also shows a linear depen
dence, with respect to the rotational quantum number of the transition.

As simple as these results are, they can help us to understand 
the physics of the pressure effects on the emission processes. They 
should also give us some insight into the form of the potential in the 
CO molecule. In what follows, we present some simple arguments along 
these lines.

Let us first consider only one energy level of the CO molecule. 
For an isolated molecule this level remains constant in time, but in the 
event of a collision the level will be shifted by an amount AE, say, 
only during the time T of the collision. In Fig. 5.1 we have Sketched 
this situation, indicating a random occurrence of these events in time.

The probability p that a molecule will be colliding can be ex
pressed as the product of the time T, times the collision rate r=l/T,-
i.e., p=T/x, where t  is the average time between collisions in the gas 
mixture. At a constant temperature, as we performed our measurements, 
the molecules in the gas will have an average velocity v. Then, the
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collision rate can be expressed (24) as r=ncv, for n molecules in the 
gas, having a collision cross section a. Also, if the molecules can be 
thought of as having a "size" b, then the time in which a collision 
takes place can be estimated at T=b/v. Hence, by putting together all 
this we can express the probability that a molecule has a collision as 
p=nob.

Going back to Fig. 5.1, we note that although we might not be 
able to see the energy shift during a collision, on the average the ener
gy level E will appear shifted to the value E’. This energy difference 
can be expressed as

E - E' = p AE (5.1)
and from the argument above we rewrite this as

E = E' = nob AE (5.2)
It is to be noted from the general law of the gases P=nkT, that 

for constant volume and temperature, as in our experiment, the number of 
molecules n in the gas will vary linearly with P, the pressure. What 
this says is that the shifts of the energy levels, as expressed by Eq.
(5.2), will have a linear dependence on pressure, just as our measure
ments indicate.

Another feature of the results is that the lineshifts Af/AP are 
not the same for all the transitions. Knowing that the frequency f Of 
a transition is proportional to the difference between the upper and 
lower energy levels, i.e., hf=E^-E^, then the variation in Af/AP implies 
different amounts of shift in the upper with respect to the lower energy 
levels, at each transition.



Recalling that the energy levels are unequally spaced owing to
the anharmonic character of the potential of the CO molecule [analytical
ly described by the Morse potential (25,26)], what the lineshifts Af/AP 
indicate is how the shape of this potential varies with pressure. How
ever, we will not attempt any further explanation of this effect due to 
the difficulty of the task.

with the rotational and vibrational quantum numbers can be through a 
variation with pressure of the Dunham coefficents . These coeffi
cients appear in the summation

which gives the value of each energy level. Now, assuming a linear vari
ation with pressure for the coefficients, we can write

A possible way to express the dependence of the lineshifts Af/AP

Yij(V+yL[J(J-H)] (5,3)

3Y. .
9P (5.4)

where Y..^  is the "unperturbed" coefficient. We can define

(5.5)

so if the frequency of a transition is given by

~ EV,J " EV-1,J+1 (5.6)
then the lineshifts can be expressed as

EL  W {(V+%)1[J(J+1)]J - (V+%-1)1 [ (J+l) (J+2)"*] } (5.7)
ij 2
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A numerical fitting of this equation to the measured lineshifts 

should give the values of the coefficients . In fact, we tried to do 
this but obtained negative results, perhaps because we only have two 
vibrational bands and there may be required a few other values.

5.2 Conclusions
In all of our presentation we have not mentioned our attempts to 

operate one of the lasers stabilized at the Lamb dip. We found it was 
necessary to have the laser gas at a pressure under 4.5 Torr, and a cool
ing temperature lower than -57°C. This thermal load along with that of 
the other laser at 18.6 Torr, and at -20 or -10°C, could not be handled 
by our refrigeration system.

The use of a Lamb dip stabilized reference laser would have al
lowed us to make an unambiguous identification of the transitions. At 
the same time we would have a very accurate reference frequency, owing 
to the calibrations of the CO laser lines„

Hence, we find it necessary that an accurate calibration of the 
CO laser frequencies of its transitions be made at pressures of 18.6Torr, 
or close to this. Alternatively, measurements of the type we have done 
should be repeated at several lower pressures until a Lamb dip operation , 
is attained. If these new measurements happen to give the same linear 
dependence, in magnitude and in direction (sign), then the linear models 
proposed in the last section, 5.1, would prove to be adequate. In addi
tion, an extrapolation of the linear fit of the lineshifts with pressure 
indicates that the frequencies of the laser would be deviated in 3 MHz
up to 33 MHz, depending on the line, with respect to the "zero pressure" 
point.
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Although not directly related to our work, we have mentioned 

that the value of the product PD = pressure x diameter of the inner 
bore remains to be found. The value of this constant PD along with 
the study of the gas mixtures by H. J. Seguin et al. (19) and a curve of 
power vs. discharge current would determine an almost full characteriza
tion of the operating conditions of the CO laser; the behavior with tem
perature has already been reported by M. L. Bahumik et al. (27). Finally, 
a frequency calibration of the lines at these optimum parameters would 
give a complete description of the CO laser.

Among our results, we found that changes with the discharge cur
rent, and changes in the gas density (from pressure changes), were actu
ally changes in the index of refraction of the gas and could be thought 
of as a variation in the cavity length, which can be compensated by the 
lock-in loops.

There might still be some doubt regarding the constancy of the 
gas mixture after the pressure changes. However, we described in 
Sec. 3.3.2 that the laser valves remained open during the 5 to 10 minutes 
for averaging the frequency measurements, and this should give a homo
geneous reduction in the partial pressures of the constituent gases.

Therefore, we conclude that the estimate (2), given in Sec. 1.2,
7of one part in 10 variations in the frequency of the laser with opera

ting conditions was good. This estimate can also be expressed as ~5 
MHz/Torr. Hence, from our results of lineshifts Af/AP < 2 MHz/Torr 
(for low vibrational numbers 7, 8), we can say that the actual variations 
can be half or one full order of magnitude lower than the above estimate.



APPENDIX A

LASER FILLING PROCEDURE AND CALIBRATED PRESSURE CHANGES

A.l George Ruff’s Procedure 
This procedure for filling the CO lasers with the correct gas 

mixture was proposed by George Ruff while he was working with, our group. 
The basis of the method has been explained in Sec. 2.2, thus, with ref
erence to Fig. A.l, we will only state the required steps of the method.

1) Pump out laser (V̂ ) and manifold (V^).
2) Close valves p and t .
3) Open valve & until pressure in manifold is P^ ; close a 

valve,
4) Open valve Z, expanding gas into laser. Now, the pressure

5) Close valve and pump out manifold; then close valve p .
6) Open valve b_ until pressure in manifold is Pg ; close 

valve b_.

7) Open valve Z, expanding gas into laser. Now the partial 
pressures in laser and manifold are:

in laser and manifold

p „ = pfor gas B B
i

Caution: wait 15-20 minutes for the gas mixture to
equilibrate.

8) Close valve Z and pump out manifold; then close valve p.
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?9) Open valve c until pressure in manifold is ; close 

valve c.
10) Open valve expanding gas into laser. Now, the partial 

pressures in the laser and manifold are:

for gas C C yvM+vL

= p 1 / VM V  VL
for gas B B \ r M* \  /

for gas A A

Be sure to allow 15-20 minutes for equilibrium in the . 
mixture.

11) Close valve t  and pump out manifold; then close valve £.
12) Open valve d until pressure in manifold is P̂ ; close 

valve d,

13) Open valve expanding gas into laser. Now, partial pres
sures in laser and manifold are:

Pfor gas D = PD  ̂ MV VL
=  p  '  /  V M  \ / V L

for gas C C ^ V V  \VVl/
for gas B B V m+Vl / V W

for gas A PA

after waiting 15-20 minutes for equilibrium of the mixture,



These are the final pressures in the laser. Close valve Z 
and pump out manifold.

In following the above procedure the gases are added in order of 
increasing desired pressure, i.e., the desired final pressures are

< Pg < < Pq . That is done in order to minimize gas losses inher
ent in the process.

For the above final pressures, the starting (or fi1ling)pressures 
in the manifold must be

% ■ - % ( ¥ ) ( £ ) •

For C. Freed’s standard mixture A-KX), B̂ -Xe, Ĝ -N̂ , M e ,  and the corres
ponding pressures are given in Sec. 2.2.

The relations (A.1) can be simplified by using the C-value de
fined in Sec. 2.2* namely

'" . c  : CA.2,
M+VL

from which ^
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It should be noted that from steps (3) and (4) above we read the pres-

9 Isures and P^+^3 from which the measurement of C = P^+^/P^ follows. 
Using the C-value we rewrite the relations (A.l) for Freed's

mixture
p  v  =  p  i f J -)3 p  ' =  p  i / J -)2CO ^CO C Vl-C/ Xe Xe C Xl-c/

PN2 = PN2 C (l-E-) PHe = PHe C

A.2 Definitions of the C-values 
At one time the filling station was modified to fill both CO 

lasers simultaneously, while they were sitting on the optical table. 
Before, each laser was brought to the filling station. The changes in 
the system are shown schematically in Fig. A.2.

Now we are using subindices 1 and 2 to identify the volumes of 
each laser, since they are slightly different.

Despite the changes in the system, the filling procedure is still 
the same as described above, except that in relation (A.5) we need a new 
C-value. In what follows, we state the C-values required according to 
the situation. These values were derived using the argument of Sec. 2.2. 
of conservation of the "quantity of gas," hence, we state them without 
proof.

As a comment in notation, we explain the subindices:
LI, L2 - referring to the volumes V^, V2 of the lasers, -
M - referring to the volume in the manifold,
0 - referring to the "idle" volume V^.



M

Figure A.2 Modification for double fills.



When two or more are used, the pressure implied is that common to the 
indicated volumes, with these interconnected through open valves.

For filling one laser at a time through either valve Bj or B ,̂ 
with Bq open:

PL1+M+Q f
PM.O ' VX * " 1 ( ’

CV V  , c (A 7)
PM+0 + V o )  2 }

For filling one laser at a time, through the valve B^ while keeping 
B^/Bg open, use the D-values

D1 = C()C1 (A. 8)

D2 = C0C2 (A.9)

where is defined in Eq. (A.12) below.
For a double fill, i.e., both lasers simultaneously, keep valves 

Bj and B^ open and use valve B^ (as valve Z in Sec. A.1), then the
C-value to be used in relation (A.5) is

PLl+L2+0+M _ VM ■ _ c fA 10,
PM -  tV1+V2+V 0 ) + VM -  CD (A - 1 0 )

which in terms of other C-values is
QfjC • Crj ...

S  - - p i —  CA.1D
L1 2

We found it convenient to define three other C-values for calibrated re
ductions of the pressures in the lasers.



where the later two can also be expressed as
(A. 15)

(A. 16)

Their use is explained in the next section.

A.5 Measurements and Pressure Changes
The definitions, of the different C-values indicate in themselves

how they can be measured. They all involve an expansion of a gas at the 
pressure in the denominator (inside the volume in the numerator) into 
an empty volume (in the denominator) obtaining in both Of the volumes 
thfe. pressure in the numerator. It should be noticed that the expansion 
is always into an empty volume.

Another way to measure the C-values is with the readings of the 
actual pressures obtained during the filling procedure. In order to 
exemplify let us refer to the simple model of Fig. A.5. We consider two 
volumes, each at a different pressure, and joined at a value 6. Here 
we define v

After opening the valve b we will have the pressure PTQj through
out both volumes. Then, with the measured pressure and before the 
expansion, we can compute (after the expansion)



V

Figure A.3 Equalization of pressures in two volumes.
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Before filling the lasers, we measured the C-values by filling the mani
fold with helium and expanding it into the volume Vq and then (V^+Vq ) 
into the laser(s)„ Once we had a good estimate, as from five measure
ments, we used Eq„ (A.17) .to remeasure the G-values. From several of 
those measurements we obtained the following averages:

C = 0.9436,
C1 = 0.3349, C2 = -.3330

C = 0.2880, _
= 0.3136, D2 = 0.3142 (averaged D12=0.3139)

C10 = 0.9724, C20 = 0ig726 (averaged €^=0.9725)

The standard deviations (not quoted here), generally implied a 
variation of at most two units in the third decimal place, which is of 
the order of magnitude of our uncertainties in the pressure measurements.

In regard to changes of the pressure in the lasers, the constants 
Cq , Cjo and are the useful C-values. We.could only reduce the pres
sure in the lasers. By closing the valve B- j we would open the valve 
or B2 to reduce the laser pressure. For these cases, the new pressures 
in the lasers would be

PL1 = Plaser 1 *C10 (A.18)
or

PL2 = Plaser 2 sC20 CA.19)

This is good in theory, but in practice we required a measurement. 
Hence, after expanding the laser into V we closed the valve B./BU and

O  1 JL
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having the manifold closed, we opened thus expanding Vrt intoo
(VM+V0); measuring

PM+0 = Po('1“C0‘) (A.20)

where Pq was the pressure in VQ before opening Bq. Noting that Pq=Pl 
(either laser, after expansion), this measurement implied that the new
pressure in the laser was

L 1-C0 M+0 (A.21)

We can combine Eq. (A.19) with Eq. (A. 18)/(A. 19) to compute the original 
pressure in the laser before the reduction (i.e., before expanding 
into V ). We find that the original pressure in the laser was

(A. 22)L,orig C10 1-Cq M+0

where Pm+q is the same pressure measured in Eq. (A.20). Although 
Eq. (A.22) is for CO #1, we need only use Cgg for CO #2, obviously.

There was an occasion when we needed to equalize the pressure 
in both lasers after we had made some changes. We had in CO #2 P^j 
while in CO #1, opened to VQ, we had pl1+q * Then, by opening the valve 
Bg we interconnected the lasers, obtaining in both the common pressure

L1+L2+0
2 - S  1 p +

_1~C10C20_ Ll+0 _1"C10C20
PL2 (A.23)

This equation was used only once, yet it shows how some algebra with the 
C-values could help to compute a pressure in an odd circumstance.
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