260

South African Journal of Science 104, July/August 2008

Research Articles

The spinning pipe gas lens revisited

C. Mafusire’’, A. Forbes™”, G. Snedden’ and M.M. Michaelis’

The graded index (GRIN-like) medium generated by gas inside a
heated steel pipe when rotated about its longitudinal axis has the
ability to focus a laser beam. While the effective focal length of such
a system has previously been studied, there is little information on
optical phase aberrations and no study to date on the propagation
parameters of the laser beam, but has rather remained rooted in the
domain of ray optics. We revisit the spinning pipe gas lens in this
paper with new perspectives on the propagation of optical waves,
and show how the position of the focus is not a measure of the focal
length of the lens. We make use of both the intensity and phase
information carried by waves to accurately measure the salient
parameters of the lens, and complement our experimental findings
with a computational fluid dynamics model.

Introduction

The device discussed in this paper is a horizontal heated steel
pipe, rotated (spun) about its horizontal axis, forming a radially-
graded refractive index profile in the gas within this pipe. The
profile allows for wave guiding under certain conditions, and
with a judicious choice of pipe length, an output beam that
converges in space can be obtained. When this happens, the
system is deemed to act as alens, and is referred to as a spinning
pipe gaslens (SPGL). Interest in this type of gaslens began in the
early 1960s, when scientists at Bell Laboratories developed gas
lenses for use as waveguides."” More recently, gas lenses have
been proposed as the final optical device in laser fusion and laser
propulsion systems, where high average flux would otherwise
cause expensive damage to solid-state lenses.® The early gas
lenses did not guide beams by being spun, but rather by a laminar
flow of gas that was injected axially into a heated, stationary pipe
and exhausted radially.>*”® The concept of rotating a heated
metal pipe was introduced in 1975 by Martynenko,” who
showed both theoretically and experimentally that the lens
overcame the asymmetric nature of the temperature field and it
removed aberrations caused by free convection.

However, most of the studies carried out at that time, and
since, have concentrated on the lensing aspect alone, for example,
to focus intense laser beams for the drilling of holes in metal
sheets, and as telescope objectives. ™ These studies disregarded
the effect the SPGL had on the wavefront of the propagating
laser beam.

This paper considers the use of a Shack-Hartmann wavefront
sensor to measure defocus on the optical wavefront. This sensor
was developed by the US military as part of their adaptive optics
programme. Laser light, traversing thousands of pinholes, is
simultaneously sampled to yield phase shift data across the
beam. The next section discusses some established theories of the
SPGL as a waveguide. A calculation of focal length dependence
on beam waist location based on an ABCD formulation is covered
in the following section. A computational fluid dynamics model
is subsequently presented to complement these findings,
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followed by the presentation of experimental results from a
Shack-Hartmann wavefront sensor.

Spinning pipe gas lens

In the case of an SPGL with a density gradient which is
sufficiently large, a beam propagating along the axis can be
converged several times per unit distance, waveguiding it along
the length. By making a judicious choice of wall temperature
and pipe rotation speed, a beam will be in focus on exit, like a
lens. Previous studies have shown that the SPGL imitates a
graded index (GRIN) medium, with a refractive index which is
maximized along the axis, and decreases parabolically with

radial distance towards the walls:""'>!>1¢

n(r)=n, —]Eyzrz, @

where 7 is the radial distance from the axis, y is a radial refractive
index parameter, which is a measure of the power of the SPGL,
and ny is the refractive index along the axis. The parameter y
implies that the SPGL focuses a beam y times per unit distance.
This means it is possible to get either a diverging, collimating or
converging laser beam after passing it through an SPGL. To
obtain a converging or focused beam, the GRIN medium inside
must be in the process of focusing the beam on exit, as would be
the case if the SPGL terminated at point X, as shown in Fig. 1.

We started by repeating previous experiments'® with variation
of the SPGLs beam waist location (the point where the beam size
is a minimum) with changing pipe rotational speed at selected
temperatures. The results are given in Fig. 2. The measurements
were made by recording the intensity of the light after the SPGL.
The data clearly indicate an inverse relationship between the
pipe rotational speed and the resulting waist location. An empir-
ical formula for the waist position, z’, behind the lens was
derived as:

Z(@,T)=3.14x10° 0T, )

where T represents the SPGL wall temperature in kelvin and w is
the pipe rotational speed — the number of revolutions of the pipe
persecond —and is measured in hertz. The graph also shows that
with increasing temperature, the beam waist moves closer to the
gas lens for a given rotational speed. The same trend is noted
when increasing the rotational speed at constant temperature. If
the input field to the lens is large, with a small divergence, then
the effective focal length of the lens will be given approximately

e

Fig. 1. A schematicillustration of a laser beam being converged to a waist size w;, a
distance z’ behind the lens on exit (at point X) from a spinning pipe gas lens of
length L. The incident beam is assumed to have a waist of size w, located a distance
z before it enters the lens.
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Fig. 2. A graph showing the inverse relationship between beam waist location and
rotational speed at selected temperatures. An empirical law has been fitted to the
data points.

by the new waist distance according to Equation (2). This has
been the assumption in all prior work on SPGLs. But this is not
generally the case, and in the next section we derive an equation
for the relationship between the focal length of the lens and the
waist location z”.

Laser beam propagation

The relationship between the effective focal length of the
SPGL and the new waist location of the beam after the lens can
be found by applying the ABCD matrix representation” of the
system. Assuming a parabolic refractive index profile, a gas lens
has the matrix:

ABCD(L) = {2 B } _ [ cos(yL)

3
— ysin(yL) ®

Yy sin(yL)
D

cos(yL)

for an SPGL of length L. For a laser beam of Rayleigh range z,
whose waist, of size wy, is a distance z in front of the SPGL, the
corresponding output waist position and Rayleigh range, z"and
2, respectively, can be acquired from:"
r.o_Alz—iz, )+ B
Z ZZO_C(Z—I'ZO +D° (4)

The waist of the output laser beam, of size w;, is located at a
distance z’ and has a Rayleigh range given by z, = 7w} /A for a
vacuum wavelength of 4.

In this model, z’is positive or negative depending on whether
the output waist is in front of or behind the SPGL, respectively.
The Rayleigh range can be defined as how well a beam has been
collimated; the larger it is, the more collimated is the laser beam.
Equating the real parts on both sides of Equation (4), we have the
relationship:

, _(Az+B)(Cz+D)+z,AC
Z =
(Cz+D) +z,C?

®)

For any focusing ABCD system, the effective focal length is
given by

f=-=. (6)
By combining Equations (3)-(6), we derive the following

expression for the focal length of the lens in terms of the input
and output beam waist positions:
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This is a significant result, as it exposes the deficiency in the past
approach by many authors in assuming that the waist location
after the lens is equivalent to the focal length of the lens. It also
expresses the focal length in terms of measurable quantities,
thus allowing an indirect route to determination of the focal
length. This indirect route involves careful measurement of the
beam intensity change during propagation after the SPGL in
order to determine the new waist location. The intensity is
measured and the beam size extracted at each propagation
distance after the SPGL. One can determine the waist size
and waist location by plotting the change in beam size with
propagation distance. This approach, while very accurate, can
be tedious as it requires the measurement of the beam size at
numerous positions after the lens.

A more direct route is through measurement of the wavefront,
or phase, of the laser beam. Lenses introduce a quadratic phase
change across the wavefront of the light, the magnitude of
which increases with lens strength in a well-known relation
ship.”'® This wavefront curvature is termed as defocus, and is
quantitatively described by the Z,, Zernike polynomial with
weighting coefficient A,,. Other higher-order terms also exist,"”
which give rise to optical aberrations, having a deleterious affect
on the propagation of the focused laser beam.

Computational fluid dynamic model

Computational fluid dynamics (CFD) simulation of a simpli-
fied test system was executed using the commercial CFD code,
STAR-CD. Assumptions included the removal of the mounts
and other three-dimensional geometry features that would
complicate the geometric model. The tube, however, is accu-
rately reproduced with the further assumption that the mounts
act as a heat sink and thus the tube ends are unheated. A fully
transient solution is presented in which the tube is spun up from
a heated steady-state buoyancy-driven solution, and held at
fixed speed until a steady state has been reached.

As indicated by Figs 3 and 4, rotation of the pipe initiates a

Fig. 3. In-plane velocity fields showing net flow inwards at the centre of the pipe and
(not clearly visible) net flow outwards near the wall of the pipe. The gradient of the
field decreases as one moves towards the middle of the pipe, showing that this
exchange is mostly due to effects at the pipe ends. In addition, it is clear that the
rotational velocity is an order of magnitude higher than that of the longitudinal flow.
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Fig. 4. Simplified and exaggerated model of the flow in the rotating gas lens. A: Core-flow profile develops as the rotation flings the peripheral gas out from the end of the
pipe. B: Core-flow is fully developed by the time the heated pipe length is reached by the gas, and the hot flow is removed toward the free end by the flow moving out of the
pipe at the wall periphery. C & D: Longitudinal flow structure decays towards the middle of the pipe length.
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Fig. 5. Cross-sectional density profiles showing (a) initial state in free convection; (b) rotating steady state, showing the influence of the longitudinal flow on the gradients
forming the lens; (c) initial state; and (d) rotating steady state. Gas density decreases from Region 1 to 7.

weak longitudinal flow structure by discharging air out of the
end of the pipe, close to the wall, air replacement occurring at the
centre. This longitudinal flow structure is an order of magnitude
weaker than the rotational flow structure (depicted in an
exaggerated form in Fig. 4). It develops, with longitudinal decay
of this effect, towards the middle of the pipe, where a mirror-
image structure from the opposite end meets it. The develop-
ment of the flow structure and its influence on the focusing func-
tion can be controlled to a limited extent by the choice of
pertinent parameters such as the diameter and length of the
section of unheated pipe, as it is a function of boundary layer
development and pipe flow theory, albeit in a complex
three-dimensional flow-field, dominated by the out-of-plane
rotational effect. Turbulence is modelled using the k-¢ model,”
which involves numerical solution of two coupled equations, a
turbulent kinetic energy (k) equation and an energy dissipation
rate (¢) equation.

Figure 5 indicates the focusing effect caused by the interaction
of the longitudinal flow structure with the thermal boundary
layer of the heated pipe length. Hot gas is expelled at the outer
boundaries, and cold environmental flow replaces it via the rota-
tional axis or core of the pipe. The full thermal effect is localized
to a few pipe diameters up- and downstream of the hot/cold
interface at the bearing block. The initial density gradient is

determined by the highly unstable interaction of buoyancy and
gravitational forces, as the pipe interacts with the environment
in a free convection mode. Small changes in the angle of the pipe
will result in vastly different density gradients and patterns.
Examining the transient results, as the pipe settles into a near
steady-state flow pattern, there is clear evidence of unsteadiness
in the density pattern across the bearing block interface. This
unsteadiness is caused by the relatively large rotational viscous
forces created by the rotation of the pipe in relation to weak
longitudinal flow. This results in a slow oscillation of the cold
(denser) core around the pipe centre, rather than a perfectly
symmetrical situation with the core perfectly stationary in the
centre. Viewing from a strictly fluid dynamic point, itis clear that
thelongitudinal flow is the weakest of all the forces in the model,
and yet it is this that drives the focusing function of the lens.
This gas dynamic behaviour provides an understanding of
why the SPGL becomes a stronger lens, not only with a higher
wall temperature, but also with a higher pipe rotational speed.
As this speed increases, air is centrifuged and driven more
quickly from the ends, and is also entrained further down the
tube. The ‘effective length’ of the gas lens, namely the length
over which there is an appreciable thermal gradient, increases.
The gas dynamic model also explains why the SPGL, like
conventional drawn-air lenses, suffers from aberrations. The
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Fig. 6. The experimental setup for measuring the aberrations created by the
spinning pipe gas lens.

approximately parabolic refractive index profile is the result of
integration along the optical path length through a variety of
non-parabolic sections, some more strongly differentiated than
others. The Shack-Hartmann wavefront sensor allows one to
measure the extent to which the SPGL differs from a perfect gas
lens by providing inter alia a measure of all the known primary
aberrations, such as tilt, defocus, coma and spherical aberration.

Wavefront measurement and results

Experimental setup

A stainless steel pipe of length L = 143 cm, with an internal
diameter of 3.66 cm, was used. Ambient air was the gas phase. A
heater tape was wound along a 93-cm middle section of the pipe,
with bearing blocks on either side, separating the heated section
from a 25-cm unheated section at each pipe end. A HeNe laser
beam, expanded to about 6 mm in diameter, was directed
through the gaslens. The waist position was located by observa-
tion of the distance at which the beam diameter was a minimum,
inserting a removable mirror in the beam path after the lens.
Without the removable mirror, the laser beam passed through
the SPGL and onto the Shack-Hartmann sensor, from which
frames were transferred to a computer for processing. The
sensor was placed about 10 cm from the gas lens exit in order to
obtain an accurate determination of the wavefront after the lens
(optical wavefronts change during propagation, so free-space
propagation was minimized). Suitable neutral density filters
were used to avoid saturation of the wavefront sensor.

A non-rotating and unheated pipe was used as a reference
device. The test pipe was heated successively to wall tempera-
tures of 348 K, 373 K, 398 Kand 423 K. Atleast 15 sets of wavefront
measurements were acquired at each of the four temperatures
and selected rotational speeds. These were averaged and the
reference data subtracted to obtain a contribution from the SPGL
alone. The experimental setup is shown in Fig. 6.

Results

We refer to the direct measurement of the beam waist by obser-
vation of the intensity of the beam as the intensity method,
whereas the indirect calculation of the new waist position by
using the Shack-Hartmann wavefront sensor is termed the phase
method. The raw wavefront data are shown in Figs 7(a) and (b),
where the near-flat wavefront is observed when there is no
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Fig. 7. A Shack—-Hartmann phase-reconstructed wavefront of (a) an unfocused
laser beam and (b) a beam focused by the gas lens. The unfocused beam shows a
flat wavefront, whereas the focused beam displays a clear curvature.

lensing action. When the SPGL is active, the wavefront takes on
awell-defined curvature associated with the defocus aberration.
The magnitude of this defocus increases monotonically with
both pipe-wall temperature and pipe rotational speed, as shown
in Fig. 8.

The new waist location after the SPGL was determined from a
wavefront measurement, and then converted into an effective
focal length using Equation (7). The phase method results are
shown in Fig. 9. Comparison of these results with those in Fig. 2
(intensity method) shows that the two methods (intensity and
phase) are in excellent agreement. The two data sets are collated
in Fig. 10 as a parametric plot, showing a close linear relationship
with slope of 1. The poor agreement at long focal lengths (low
rotational speeds and low pipe-wall temperatures) is probably
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Fig. 8. Defocus measured by wavefront sensor, arising from an increasing SPGL
rotational speed at selected wall temperatures.
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Fig. 9. A graph showing the focal length of the SPGL as calculated from the
Shack—Hartmann sensor data, using the phase method.

because a weak gas lens forms in a beam with a large Rayleigh
range, thus increasing the uncertainty in beam waist location.
Returning to the empirical law of Equation (2), we compare the
phase and intensity methods in their respective predictions (see
Table 1). The two methods agree within experimental uncertainty.
This validates the single measurement wavefront approach,
using the phase method. The advantage of this new approach to
measuring the properties of an SPGL is that all the propagation
parameters and aberrations can be determined by a single
measurement.

Conclusion
This study approaches the SPGL from a new perspective,
incorporating the full laser beam propagation through the
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Fig. 10. Parametric plot of the focal length of the SPGL as measured using the
phase and intensity methods, for various rotational speeds and wall temperatures.
The slope of the fitted straight line is approximately 1, and indicates a close agree-
ment between the two methods.
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Table 1. Comparison of the deduced parameters in the empirical formula in the
form z’ = Aw"T* acquired from both the phase and intensity methods.

A b c
Intensity (3.1+0.4)x 10° -0.7+0.1 —27+04
Phase (3.1 £0.4) x 10° —0.7+0.2 —28+0.6

system and the resulting wavefront changes. A CFD numerical
model has shown that the pipe ends contribute significantly to
overall focusing, and future work could exploit this new CFD
model to determine the wavefront aberrations expected from an
SPGL. A direct measurement of the wavefront of the laser beam
after the SPGL, using a Shack-Hartmann wavefront sensor,
confirms the lensing capability of the gas lens, and is in good
agreement with previous intensity-based methods. An analytical
equation relating the focal length to the measurable waist
position has been derived, and should serve as a preliminary
starting point for future research on such lenses.
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