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Measurements on a Thermal Gradient Gas Lens
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Abstract—If a cool gas is gently blown through a hot tube, the

temperature distribution within the tube is such to make a positive

optical lens which has no surfaces for scattering and reflection. These

thermal gas lenses are of interest for long-distance optical trans-

mission. In this paper the temperature distributions inside the tube

and the optical properties of these lenses have been studied in detail.

The temperature distributions inside a 0.250-inch ID heated tube

were measured with a small thermocouple probe. The results agree

with theory except for the gravity effect which displaces the coldest

point below the center of the tube.

The optical properties of a 0.250-fnch ID 17.8-cm long lens were

measured with interferometers at 6328A. The temperature pro~es,

paraxiaf focal distances, and aberration coefficients have been

measured under a variety of experimental conditions.

1. INTRODUCTION

T

l+IERMAL GAS LENSES for guiding light beams

were considered previously by several authors

[1]-[3], and their possible value in long-distance

optical transmission was indicated. The gas lens used in

this work consisted of a heated metal tube through which

a cold gas was gently blown. The resultant temperature

distribution and, hence, density variations of the gas

within the tube is such to make a positive optical lens.

This lens has been analyzed by !hIarcuse and Miller

[2] and later in more detail by L’Iarcuse [3]. Some pre-

liminary experimental measurements have been re-

ported by Beck [4].

This paper reports a detailed experimental investiga-

tion of this lens under a variety of conditions. The

temperature profiles within the tube were measured and

compared to the theory. The optical properties of the

lens were measured by interference techniques. The fo-

cal distance and aberrations of the lens were measured

and where possible they were compared to the theory.

II, TEMPERATURE lhIEASUREMENTS

As the first step in investigating the gas lens, the

temperature profiles of the gas in the tube were mea-

sured. The theory of the temperature distribution as-

sumed by a cool gas blown through a hot tube of con-

stant temperature has been considered by Jakob [5]

and Marcuse and IMiller [2]. The theoretical tempera-

ture profiles can be calculated from formulas given in

these references.

The experimental arrangement for measuring the

temperature profiles is shown in Fig. 1. The tube was

0.250-inch ID brass. A small movable thermocouple

probe was inserted axially in the gas exit end of the
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Fig. 1. Experimental arrangements for measuring temperature
profiles inside the heated tube.

heated tube. To minimize the end effects, the probe was

inserted 0.50 inch in from the end of the hot tube. This

was as far as was practical because of the fragile probe.

The thermocouple probe was then moved radially by a

micropositioner and the temperature profiles were mea-

sured.

The length of heated tube was varied to give the

effect of measuring the temperature at various points

down a long heated tube. The tube was heated electri-

cally. The flow system consisted of pressure regulators

and a stabilizing tank to insure a constant volume flow.

Typical measured temperature profiles are shown in

Figs. 2 and 3. The distance z is measured from the gas

input end of the hot tube to the plane of measurement.

The effect of gravity can be clearly seen in the vertical

profiles of Fig. 2. Gravity causes the coldest spot in the

tube to be below the tube center. Figure 3 was measured

in the horizontal plane and is symmetrical about the

center.

Also shown on the vertical profile as dashed curves

are the theoretical profiles. The theoretical curves have

been shifted downward in the tube so their coldest point

falls at the same radial position as the measured coldest

point.

Generally, it can be said that the measured profiles

agree with the theory except for the convection effect.

Convection displaces the coldest point below the tube

center. The temperature gradients in the upper part of

the tube are less than predicted, and in the lower part of

the tube are greater than predicted. The temperature

profiles were also checked using Nz gas, lower wall tem-

peratures, and higher flow rates. The same agreement

was found there. As expected, it was found that the con-

vection effect is larger in COZ than in Nz.

The magnitude of the convection effect and its vari-

ation with Tw and gas flow rate can be seen from Fig. 4.

740
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DISTANCE FROM TUBE BOTTOM Ihl MILLIMETERS

Fig. 2. Vertical temperature profiles for CO,, TW= 100”C, 1.0
liter per minute gas flow, Dashed curve is theoretical.
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Fig. 3. Horizontal temperature profiles for C02, TW= 100”C, 1.0
liter per minute gas flow.
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Fig. 4 Gravity effect vs. flow rate. TW= 100C’C.

Here the distance ~ that the minimum temperature is

displaced below the tube axis normalized to the tube

radius a is plotted vs. gas flow rate. The points are ex-

perimental and the curves are an attempt to fit a smc,oth

curve to the points.

In the figures:

0, =Tw– To

TO= Gas input temperature

Tw = Wall temperature.

The convection effect is low at very low flows because

there is little temperature difference between the gas

and the wall after only a short distance down the tube.

At high flow rates the convection again decreases, be-

cause the gas spends less time in the tube. As expected,

the convection is greater for heavier gases and for greater

initial temperature difference.

In summary, the theory for the tern perature dis-

tributions inside the tube seems good except for con-

vection which is not included in the theory.
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III. OPTICAL MEASUREMENTS

The second step in the investigation of the lens was

the measurement of its optical properties. It is im-

portant, however, to consider first what parameters de-

scribe the lens.

A. Description of the Lens

Marcuse [3] showed that the gas lens should have an

aberration symmetric about the center of lens. He

showed that the focal length and the position of the

principal plane vary with radial position in the tube. It

is known from the temperature measurements that

gravity will cause the lens center to be slightly below

the tube center and will cause an asymmetric aberra-

tion in the vertical plane.

With inter ferometric techniques we can measure the

shape of a phase front at any point in space. If this

phase front comes from a gas lens excited by a plane

wave, the properties of the gas lens can be inferred from

the shape of the wave front. To do this we must trans-

form this wavefront back to an equivalent lens at the

gas lens position. We cannot tell the position of the

principal plane and cannot distinguish between aberra-

tions caused by variation in focal length and aberra-

tions caused by variations in the principal plane posi-

tion.

We have chosen to relate all measurements to an

equivalent lens located at the gas exit end of the heated

tube. Since the focal length of a lens should be properly

measured from the principal plane we have chosen to

call the distance from the exit end of the tube to the

point where the ray crosses the axis, the focal distance.

We are therefore measuring focal distances in this paper.

We have also chosen to relate all observed aberrations

to variations in the focal distance with radial position.

These are also measured from the exit end of the heated

tube.

From the results of filarcuse [3] and from the tem-

perature measurements, it is reasonable to assume that

the gas lens can be described in a vertical cross section

by

f = fo(l + az – &P)

and in a horizontal cross section by

f = fo(l – m’),

where

j= focal distance= distance from the end of the hot

tube to the point where the ray crosses the axis,

.to = focal distance at the center of the lens,

a = parameter describing the gravity aberration,

~ = parameter describing the symmetric aberration,

x = distance from the center of the lens.

For some cases the center of the lens was found to be

displaced below the center of the tube a sufficient dis-

tance A to be measured. This displacement is also

caused by gravity. The radial distance x is measured

from the center of the lens and not the center of the

tube. This distance A is related to but should not be con-

fused with 6 which is the distance the minimum tem-

perature is displaced below tube center.

In relating the observed wavefronts back to an equi-

valent lens it is assumed that the three-dimensional

problem can be handled by two orthogonal two-dimen-

sional problems. Geometrical optics is assumed and the

wave propagation is analyzed in two-dimensional cross

sections only.

B. Description of the Experimental Lens

The lens used in the experiments is shown in Fig. 5.

The heated section was 7 inches long. To assure a lam-

inar flow the gas was introduced through a porous stain-

less-steel tube and an unheated 8-inch length of tubing

was placed before the heated section. The tubes were

all 0.25-inch I D brass with their axes horizontal during

the measurements.

Brewster angle windows were used on each end. At the

exit end the gas was blown out of the tube through sev-

eral holes placed radially in the tube near the Brewster

window. If the heated gas is blown directly out the end

of the tube it will cause fluctuations in the light beam as

the gas rises. In some cases it was possible to remove the

exit Brewster window to see if forcing the gas to flow

through the radial holes had any effect on the lens. No

measurable effect could be found.

~’”~ ~8”UPLEMUMcHAMB
Fig. 5. Experimental gas lens.

C. Interferometer Measurements

The measurement of the three parameters fo, a, and

~ is difficult because of the small lens aperture and,

hence, limited number of interferences which could be

seen. By making the measurements with two different

kinds of interferometers, however, it was found the ac-

curacy could be improved. For this reason both a lateral

shear interferometer and a Mach-Zehnder interferom-

eter were used.

The lateral shear interferometer was found to give a

good first approximation to f oeven when the aberrations

were neglected. The aberration correction to this first

approximation was seldom greater than 10 percent. This

value of fo could then be used in analyzing the Mach-

Zehnder ring patterns to obtain the first approximations

to a and ~.

If was found that the lblach-Zehnder ring patterns

are much easier to analyze and give greater accuracy in
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finding a and ~. The distortions are also easier to visual-

ize from the ring patterns.

A second approximation to f, can then be made by

using the first approximation of ~ to recompute ~0 from

the lateral shear interferograms. Similarly, a second

approximation to ~ and a can be made from the Mach-

Zehnder patterns. In most cases it was only necessary to

calculate the second approximations.

1) Lateral Shear Irderferometer il!leasurements of f o:

For measuring fo, the focal distance at the center of the

lens, a lateral shear interferometer shown in Fig. 6 was

used. The interference pattern where the phase fronts

overlap is a series of lines. A photograph of a typical in-

terference pattern is shown in Fig. 7. The crowding of the

lines near the bottom is due to gravity. A collimated

dominant transverse-mode laser beam at 6328A of

about 5-mm diameter was used as a light source.

— INTERFERENCE REGiON

QuARTZ SHEAR PLATE

Fig. 6. Lateral shear plate interferometer.

Fig. 7. Typical lateral shear inte~ferogram.
COZ, f?o = 26.5°, 1.0 liter per mmute.

In Appendix B it is shown that fcm a horizontally

sheared wave front

where

s = amount of lateral shear,

tiw = spacing of the interference lines in the center of

the pattern,

X = optical wavelength,

D = distance from the point of measurement to the

lens position.

The results of the lateral shear measurements of ~. are

shown in Figs. 8 and 9 for wall temperatures of 100”C

and 500C and for COZ and N2 gases. At most only the

second calculation of fo was necessary. The curves are

theoretical and the points experimental. The theoretical

curves are from NIarcuse [3].

In general, the agreement is good and indicates tlhat

the theory for jo is valid. There seems to be a greater

discrepancy at the lower 00, however, where the assunnp-

tions used in the theory should be most accurate. I t is

possible this is an experimental error which becomes

large in measuring larger focal distances. At long focal

distances any focusing action in the optical cc]mponents

used in the interferometer or errors in collimating the

input beam would become more important. Nothing

of this type could be found, however, and the discrep-

ancy remains unexplained.

2) Mach-Zehnder Interferometer Measurements of the

Aberrations: As we pointed out earlier, tlhe Ma.ch-

Zehnder interferometer was found more accurate and

more convenient for finding a and (3. A Mach-Zehnder

interferometer is shown in Fig. 10. In Fig. 11 are shclwn

some typical ring patterns. The pattern for COZ at

0.75 liter per minute gas flow shows the effect of gravity.

Gravity causes a crowding of interference rings at the

pattern bottom. The pattern for COZ at 4.0 liters :per

minute gas flow shows the gravity effect to ‘be greatly

reduced at high flow rates. The symmetric aberration (3

is evident here. This causes the center spct to be Ia. rge

and the outer rings to be smaller and crowldec~ together.

The pattern for Nz at 1.5 liters per minute shows that

the gravity effect is much less for Nz. At 6 liters per

minute the symmetric aberration can be seen in the Nz

pattern.

a) Evaluation of P: The values of (3 were computed

from the results derived in Appendix A. The ~ param-

eter was evaluated from measurements of ring spacing

in the horizontal plane. If bl and b’ are the horizontal

distances from the pattern center to two rings separated

by n rings, then

[

4[2A@o – (b12 – b22)] 1/2
–1+ 1+ —

&Z – b22 1 R03
B .

26’ fo’

where

6 = (b, +bJ/2

A =,633 X10–3 mm

R, =fo – D

D = distance from the end of the lens to the plane of

measurement.

The results for L?are shown in Fig. 12. The points are

experimental and the dashed curve is the smc)oth curve

which seems to best fit the data. It can be seen thalt 6

is positive for high flows, negative for low flows and,

hence, there is some flow rate which gives a lens with no

symmetrical aberration.
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From the theory of Marcuse [3], the theoretical

values of ~ can be calculated. The experimental curves

have the same general shape as the theoretical, but are

displaced to higher flow values by approximately 25 per-

cent.

b) Evaluation of a: The gravity aberration parameter

a can be evaluated from vertical measurements of the

ring patterns. It is shown in Appendix A that if c1 is

the vertical distance from the pattern center to the top

of an interference ring, and CZ is the vertical distance

from the pattern center to the bottom of the same ring,

then

where

c = (c,+c,)/2

R. =fo –D

D = distance from the end of the tube to the plane

of measurement.

The values off. and ~ were taken from the previous

measurements. The results for a are shown in Fig. 13.

The points are experimental and the dashed curves

represent an attempt to fit smooth curves to the data.

The values of a observed for Nz, 190= 2t5.5°C were all too

small for the measurements to be meaningful.

There is no theory for the gravity aberrations to com-

pare to the observations. We can correlate to some ex-

tent, however, the temperature profile measurements

of Section II with these results. The variation of a with

gas flow rate agrees with the variation of u/a shown in

Fig. 4, The gravity aberration falls off at low flows be-

cause after a short distance down the tube the gas on

05 -

T
E
E
z 0,4 -

v

0.3 -

0,2 -

/

/

\
A

To =23.5° C

\

\“

\

\

\

\

\

0

o I 2 3 4 5 6

FLOW IN LITERS PER MINUTE

Fig. 13. Gravity aberration parameter vs. gas flow rate.

axis is very near the wall temperature. The w again[ de-

creases at high flow rates since the gas spends little

time in the tube.

3) Other Observations from the Ring Patterns: From

the ring interference pattern for COZ at 00= 76. 5°C

shown in Fig. 11, it can be seen that when the gravity

aberration is high there is also some astigmatism in the

lens near the axis. This implies that the foca[ length on

axis is different in the horizontal and vertical planes.

This causes the center rings of the pattern to be oval

shaped. No attempt was made to evaluate this aberra-

tion since it only occurred when the gravity aberration

was very large. The focal distance measurements shown

in Figs. 8 and 9 are measured in the horizontal plane.

Because the gas lens involves a flowing gas, there has

been some question as to its stability in time. The Ma ch-

Zehnder interferometer patterns were as stable in time

with the lens in one arm as with no lens in the inter-

ferometer. This means the lens is at least a:s stable in

time as the interferometer.

.IV. EVALUATION OF A

As pointed out earlier gravity causes the center of

the lens to occur below the center of the tube. This dis-

tance is labeled A and was measured as follows:

1)

2)

3)

A photograph of the focused spot was made in the

plane where the spot is minimum size.

A 0.250-inch diameter brass insert with a O.OIO-

inch diameter hole on axis was then inserted in

the end of the heated tube and the gas turned off.

On the same film and in the same plane as 1) a

photograph of the diffraction rings from the

O.010-inch diameter hole was taken.

The center of the focused spot locates the center of

the lens and the center of the diffraction rings 10CElkS

the center of the tube. The distance between them is A.

Care must be taken to assure that the light goes down

the center of the tube. This was done by double expos-

ing a picture of the unfocused laser spot (gEIS lens Ioff)

and the diffraction rings from the O.010-inch hole. The

position of the tube was then adjusted until the cliff rac-

tion pattern fell in the center of the unfocused spot.

The results for C02 at T.= 100”C are shown in Fig.

14. For lower TW and Nz the effect could not be meas-

ured. This is because A is smaller and the center diffrac-

tion spot was larger, since the focal plane (where the

photograph is made) is further from the 0.010-inch

hole.

From Fig. 4 it can be seen that when A is large, it is

very nearly equal to the 6 at the end of the hot tube.

That is, the center of the lens very nearly corresponds to

the minimum temperature position at the end of the

hot tube.

As expected from this measurement, the lens tends

to give the least distortion when the light is centered

below the tube center. If a Gaussian spot is sent into the

lens, the spot, after going through focus, has what ap-

pears to be the most uniform intensity distribution if

the light goes through the tube below center.
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Fig. 14. Distance thelens center is below the tube
center vs. the gas flow rate.

v. SUMMARY

Blowinga cool gas through a hot tube makesa sur-

prisingly strong optical lens. For moderate flow rates,

moderate temperatures and lengths, and common gases,

a lens with a focal distance of 50 cm or less, with small

aberrations, is possible. Focal distances as low as 24 cm

have been observed.

The lens has a variation of focal distance with radius

which is symmetric about the center. This aberration

can typically result in a 10–20 percent variation in focal

distance over the center l-mm radius portion of the lens.

At a gas flow rate giving nearly the minimum focal dis-

tance for the wall temperature, tube length, and gas

used this symmetric aberration can be near zero.

The lens laid horizontal also has a vertical asymmetric

variation in focal distance with radius which is caused

by gravity. In severe cases this can result in a 70 percent

variation over the center l-mm radius portion of the

tube. More typically this will result in an 8–10 percent

variation. This effect is maximum near the minimum

focal distance flow rate.

Although the aberrations of the gas lens would make

its use for image formation doubtful, these aberrations

may not be harmful in an optical transmission line. The

requirements for a useful optical power transmission

medium are not the same as those for image reproduc-

tion. The deleterious effects of lens aberrations on im-

ages do not necessarily imply serious losses in a power

transmission system.

These lenses appear to be well suited for long distance

optical transmission. The focal lengths are short enough

to give a reasonable minimum bending radius for the

guide to allow the pipe to follow the terrain. The lenses

have no surfaces for scattering and reflection of the

beam.

As an example, a lens with a 50-cm focal length with

small convection aberrations is possible using nitrogen.

A series of these 0.250-inch diameter lenses spaced at

50 cm would give an optical transmission line with the

following properties at 6328A:

Beam spot radius, 0.33 mm

Minimum bending radius [6] of the lens for 0.33-mm

beam deflection = 1500 meters.

Since the diffraction losses of such a line would be ex-

tremely small, the losses will primarily be determined by

the scattering from the gas, imperfections in the lenses,

and misalignment of the lenses. It would seem that these

losses could be kept low.

The general conclusion, which can be drawn from

these measurements, is that the theory derived for the

gas lens is valid except for the gravity effect, not in-

cluded in the theory. The temperature distribution of

the gas as it moves through the tube is very nearly as

predicted. The paraxial focal distance is also very close

to the theory.

The theory and observations of the symmetric aber-

ration show a general agreement. The variations with

gas, wall temperature, and flow rate are as predicted

and the zero crossings are in the predicted order. The

quantitative agreement, however, is not so good. This

may be error in experiment since the measurement of P

involves small differences in large numbers. The param-

eter j? could perhaps be measured more accurately by a

technique which would remove the first-order curva-

ture of the phase front and leave only the variation in

curvature. Similarly, it is possible for the theory to be

in greater error in predicting aberrations than in pre-

dicting the paraxial focal distance of the lens. Because

differences of large numbers are involved the assump-

tions used in the theory are less accurate.

There is no theory for the gravity effect with which a

comparison can be made. There is good correlation be-

tween the gravity asymmetry observed in the tempera-

ture measurements and the gravity asymmetry ob-

served in the optical measurements.

APPENDIX A

A. Calculation of A bewations from Mach-Zehnder Inter-

ference Patterns

1) Eqaation of the Phase Front: Consider a lens whose

focal length in a cross-section is given by

f = fo(l + ax’ – /3&) (1)

where

X’ = distance from the center of the lens

f,= focal length at x’ = O.

Assume a plane wave incident on the lens as shown in

Fig. 15 and consider only two dimensions. At a distance

D <f from the lens it can be seen from Fig. 16 that the
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equation of the phase front can be found from

dz X

dx=j– D

if z!(j — D) << 1. It is approximately true that x’

=j’J(jO – D)x and hence

dz x

dx = ~. ~+a~x_p~_x2

[ 1
(2)

R02 R,,3

\vhere

RO=f, –D.

~) EvalLLat~on of (j

Consider a horizontal cross section where the convec-

tion effect and hence a is negligible. Then (2) becomes

dz x
—.z=

[RO l–~$x2 1
Integrating:

R/

[

fo3
~=— —log l–(%x’

2(3’03 1
2:o[l+%%+~!%)2;]”

z—=

If a reference plane wave is mixed with this, it will

produce interference rings. Let the radii of two such

rings, separated by n. rings be, respectively, bl and bz.

Then

– [27zXRo – (b,’ – b,’)] = O,

and hence,

[

4[2nARo – (blz – b,z)]- 1/2
–1+ 1+

b12 – bz2 - R03

P = .—. —

2P fo3 ‘

if

where

3) Evaluation of a

Consider a vertical cross section of the wavefront de-

scribed by 2. If terms only to first order are retained in

a and (3 then

dz X

[

jo’ jo’
—=— 1l—a4&+4x2-2ax; @=x”.
dx RO

Integrating:

If this phase front is mixed with a reference plane

wave, interference rings are formed. Let c1 be the d is-

tance from the pattern center to the top of some inter-

ference ring, and let CZbe the distance from the pattern

center to the bottom of the same ring. Then:

2 .fo’ jl)’ G,4 4 jo’ fo3~12__a_ c13+p__— —-p-~ 15~15

3 R02 R03 2 5 R02 R03

2 .fo’ jlf c,’ 4 f,? jo3
=c22+—a —c23i-p —-+- a—-”c2525

3 R02 R03 2 5 R02 Ro3

which gives

jo’ C,4– c,’
~l! — c2~+p—

R,3 2 R02
~=— ——

jo2
: (cl’+ 623) + +8 + (cl’ + C2’)
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or

if

Where

3 (cl – c’,)

[ 1
SHEARED WAVE FRONT

O! =— l–+? ~

2 c’ j’”oz

s

z

c1 — c~
—<1.

APPENDIX B

A. Evaluation of f~ from Shear Interferometer Patterns

Consider a plane wave which has gone through the

lens with aberrations and has traveled a distance D >f

beyond the lens. The equation of the phase front in the

horizontal plane, where there is no gravity effect, can be

found in the same way as (2). In two dimensions this

becomes

dz x

z= ~.~+Bh&( )
(3)

R03

where now RO =D —fO.

Let this wavefront be laterally sheared in the horizon-

tal plane a distance s as shown in Fig. 17. The spacing

of the fringes &Y in the region where the fronts overlap

is given by

L PRIMARY WAVE FRONT

Fig. 17.

The spacing of the fringes in the center 8x0 where

x = s/2 is therefore

6X(N

[
—=RO 1++-;

A 1

and

fo=D– RO
[ 1=D–?l– #---
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