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IR transmitting hollow waveguides are an attractive alternative to solid-core IR fibers.
Hollow guides are made from plastic, metal, or glass tubes that have highly reflective
coatings deposited on the inside surface. These guides have losses as low as 0.1 dB/m at
10.6 nm and may be bent to radii lessthan 5 cm. For use in high-power laser delivery
applications the guides have been shown to be capable of transmitting up to 3 kW of CO,
laser power. They are also finding uses in both temperature and chemical fiber sensor
applications. This paper reviews the progress in hollow waveguide technology with
emphasis on the best guides available today.
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I ntroduction

Infrared (IR) optical fibers may be defined as fiber optics transmitting wave engths grester than
approximately 2 mm. Thefirg IR fibers were fabricated in the mid- 1960 s from cha cogenide
glasses such as arsenic trisulfide with lossesin excess of 10 dB/m.(1) During themid-1970’s,
the interest in developing an efficient and religble IR fiber for short-haul applications increased
partly in response to the need for afiber to link broadband, long wavelength radiation to remote
photodetectors in military sensor gpplications. In addition, there was an ever-increasing need for
aflexible fiber ddivery systlem for trangmitting CO, |aser radiation in surgica gpplications.

Around 1975, avariety of IR materiads and fibers were developed to meet these needs. These
included the heavy metd fluoride glass (HMFG) and polycrystaline fibers aswel as hollow
rectangular waveguides. While none of these fibers had physical properties even approaching
that of conventiond slicafibers, they were, nevertheless, useful in lengths lessthan 2 to 3 mfor

avaiety of IR sensor and power ddivery applications. (2)

Main Subcategory Examples
Glass Heavy metd fluoridee HMFG ZBLAN - (ZrF4-BaF,-LaFs-AlFs-NaF)
Germanate GeO,-PbO
Chalcogenide A$S; and AsGeTeSe
Crystal Polycrysdline—-PC AgBrCl
Snglecrystd — SC Sapphire

Hollow waveguide

Metd/didectric film
Refractiveindex < 1

Hollow glass waveguide
Hollow sapphire at 10.6 nm

Table1l Three main categories of IR fibers with examples of the most common type of fiber
within the category of glass, crystdline, or hollow fibers.




IR fiber optics may logicaly be divided into three broad categories: glass, crysaline, and hollow
waveguides. These categories may be further subdivided based on ether the fiber materid or
structure or both as shownin Table 1. Over the past 25 years many novd IR fibers have been
made in an effort to fabricate a fiber optic with properties as close to silica as possble, but only a
rdaively smdl number have survived. A good source of generd information on these various

IR fiber types may be found in the literature. (3,4,5,6) In this paper we will review only the
hollow waveguide technology with emphasis on the best and most practica hollow waveguide
candidates available today. In generd, both the optical and mechanical properties of IR
transmitting hollow waveguides remain inferior to silica fibers and, therefore, the use of hollow
guidesis 4ill limited to non-telecommunication, short- haul applications requiring only afew
meters of waveguide rather than kilometer lengths common in teecommunication gpplications.
The short- haul nature of these specid IR fibers results from the fact that the guides have lossesin
the range of afew dB/m rather than afew dB/km. Also, hollow guides have an additiona loss
on bending; and they are aso somewhat weaker than slicafiber. These deleterious features have
dowed the acceptance of hollow guides and redtricted their use today to applicationsin chemical
senaing, thermometry, and laser power delivery.

Background

Hollow waveguides present an attractive dternative to other solid-core IR fibers. (2) Key
features of hollow guides are: ther ability to transmit waveengths well beyond 20 mm; their
inherent advantage of having an air core for high-power laser ddivery; and their rdatively
sample structure and potentiad low cogt. Initidly these waveguides were developed for medica
and indudtria applications involving the ddlivery of CO, laser radiation, but more recently they
have been used to transmit incoherent light for broadband spectroscopic and radiometric
gpplications. (7),(8) In generd, hollow waveguides enjoy the advantages of high laser power
thresholds, low insertion loss, no end reflection, ruggedness, and smal beam divergence.
Potentia disadvantages, however, include an additiond loss on bending and asmall NA.
Nevertheless, they are today one of the best dternatives for both chemica and temperature
senang aswell asfor power delivery in IR laser surgery or inindudtrid laser ddivery sysems
with losses as low as 0.1 dB/m and transmitted cw laser powers as high as 2.7 kW. (9)
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Figure 1 - Structure of two types of hollow waveguides aso showing the key parameters of bore
and bending radius affecting the losses in hollow guides.



Hollow-core waveguides may be grouped into two categories. 1.) those whose inner core
materials have refractive indices greater than one (lesky guides) and 2.) those whose inner wall
material has arefractive index less than one (attenuated totd reflectance, i.e. ATR, guides).
Lesky or n>1 guides have metallic and didectric films deposited on the ingde of metdlic,

plagtic, or glasstubing. (10) ATR guides are composed of didlectric materids with refractive
indices less than one in the wavelength region of interest. (11) Therefore, n<1 guides are
fiberlike in that the core index (n » 1) is greater than the clad index. Hollow sapphire fibers
operating a 10.6 mm (n = 0.67) are an example of this dass of hollow guide. (12) The structure
and key parameters for hollow guides are shown in Figure 1. In generd, hollow structures with
n>1 have been made from metd, plagtic, and glass tubes while the n<1 or ATR guides are made
of sgpphire or some special n<1 oxide glass.

The theory of hollow waveguide transmission has been described from the viewpoint of both
wave and ray optics. Marcatili and Schmdtzer (MS)(13) have used awave optic approach which
predicts for either metallic or didlectric waveguides that a ~ 1/a°, where a is the attenuation
coefficient and a isthe bore radius. Bending the hollow waveguides increases the totd |0ss.
Recently, Miyagi, et d. (14) have shown that the additiond bending loss variesas /R, where R
isthe bending radius. Therefore, we have, in contrast to the solid-core fibers, aloss that depends
grongly on the diameter and bending radius of thefiber. For the thin film waveguide Structures,
Miyagi and Kawakami(15) have shown that for dielectric coatings deposited over ametalic

layer, the attenuation coefficient, is given by,
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where ay isthe lossfor astraight guide; U, is a mode-dependent parameter which for the lowest

order HE;1 mode equals 2.405; n and K in (Y4 )meta refer to the optical congtants of metd film,
and Fiim isaterm which accounts for the loss due to the dilectric film(s).

M etal-tube waveguides

Hollow core waveguides have been fabricated using a variety of techniques. Some of the
methods include physical vapor deposition of slver and diglectric layers on metdlic
substrates,(16) sputtering of metdlic, dielectric, and semiconductor films on aleachable mandrel
followed by dectroplating,(17) and liquid phase formation of coatings ingde plastic tubing(18)
and glasstubing. (19) Most often the cross section of the guidesis circular but early work by
Garmire, et d. (20) and more recently by Kubo, et d. (21) on rectangular guides continuesto be
of interest. The advantage of the circular cross section isthe ease of bending and the small
overal size compared to rectangular or square cross section guides.

Professor Miyagi and his co-workers at Tohoku University(17) have pioneered the development
of metdlic waveguides based on ahollow nickdl substrate. Their fabrication process involves
three steps. In thefirst step a pipe made typicaly of duminum is placed in a sputtering chamber
and adidectric layer followed by ametdlic film is deposited on the pipe. Next, the coated pipe
is put into an dectroplating tank where athick nickel layer is deposited on top of the sputtered
layers. Findly, the pipeis etched away leaving the find structure shown in Figure 2.
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Figure 2 - Structure and spectra losses for metalic waveguide fabricated by Miyagi’s group at
Tohoku Universty. (22)

In Figure 2 we dso show atypicd loss curve for one of their best didectric coatings (ZnS) over
dlver. The data shown are for two 1000 mm:bore guides, one optimized for the 3 nm
waveength of the Er:Y AG laser and the other optimized for the 10.6 nm waveength of the CO,
laser. The optimization for each wave ength results from adjusting the thickness of the thin-film
didlectric coating. In Figure 3, bending losses for these hollow waveguides are given for both

the CO, and Er:YAG laser wavelengths. (22) The losses are seen to be aslow as 0.25 dB/m at
10.6 mm for light polarized perpendicular to the plane of bending but dightly higher for pardld
polarized light. Thisis as expected from waveguide theory or from Smple considerations based
on Fresnd reflections from metd surfaces. The highest CO; laser power delivered using a 2,000
mm bore metdlic guideis over 3kW. (9) Miyagi and his co-workers have also developed a
hollow structure based on a square cross section. (23) To fabricate a square cross-section tube
they have developed a processin which they first deposit, usng evaporative techniques, thin-
film coatings of ZnS, PoTe, and/or PbF, on phosphor bronze strips and then they solder four of
these phosphor bronze metd strips together in a continuous process. The losses for these square
guidesare aslow as 0.1 dB/m at 10.6 nm.
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Figure 3 - Losses for bent hollow metallic guides shown in Figure 3 taken at both CO, and
ErYAG laser waveengths. (22)



The waveguides developed by Morrow et d. (24) are congtructed from asilver tube. Instead of
depogiting a metdlic layer ingde a hollow mandre, they begin with an extruded slver tube and
then deposit aslver hdide film on the insde of the tube as shown in Figure 4. To ensurethe
lowest loss, Morrow et d. firgt etch the bore of the slver tubing to make it smooth. Then an
AgBr film is gpplied on the ingde using wet chemistry methods. The bending loss for a 1000
mm:-bore tube, 1-min length & 10.6 nm isaso shown in Figure 4. We note from this data that
the losses in the straight guide are quite low. Unfortunately, the guides tend to mix modes and,
therefore, the beam output is rather multimode compared to the hollow glass or sapphire
waveguides. Thisisduein large part to the rougher inner surface of the extruded tubing
compared, for example, to the smooth inner surface of glass.
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Figure 4 - Structure and bending loss for hollow guide made from slver tubing with a AgBr film
deposited on the indde surface. (24)

Luxar's gpproach is based on technology initialy developed by K. Lagkmann and her

colleagues. (16) Their fabrication technique involvesfirs depogting asiver film on ametd

grip and then overcodting the siver with athin film of PoF,. The metd srip is then rolled and
inserted into stainless-sted hypodermic tubing as shown in Figure 5. The bending loss for one of
thelr guidesis aso shown in Figure 5. This waveguide had a 750 mm bore, 1-m length and the
losses shown are for 10.6 mm. Like the other hollow waveguides, the losses are quite low at CO,
laser wavelengths. Furthermore, we note the 1/R behavior of the loss on bending. Thisis, of
course, characterigtic of al hollow guides but the magnitude of this loss depends largely on the
quality of theinner surface. In generd, these bending losses are tolerable for the radii normally
encountered in practica gpplications.
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Figure 5 - Structure and bending loss for hollow guides made by Luxar. (16)
Plastic-tube waveguides

Hollow waveguides may aso be formed on theinsgde of plagtic tubing. Thisleadsto avery
flexible structure thet is inexpensve to fabricate and durable enough that a reasonable |aser
power (safe limit < 25 W) can be tranamitted through the guides. Croitoru’s group a Te Aviv
Univerdty has pioneered the gpproach of first depogdting aglver film on theingde of Teflon and
polyethylene plastic tubing (see Figure 6) and then overcoating the silver film with adidectric
layer of Agl(18) usng wet-chemistry techniques. (25) Initidly, Croitoru used rather large bore
tubing but more recently guides with bore sizes of about 1000 mm have been fabricated. In
Figure 6 we show the bending loss for a 1000 nm bore tube measured at 10.6 nm. Thelossesare
somewhat higher than those measured for the metdlic tubes. Thisis primarily due to increased
scattering losses resulting from the rougher inner surface of the plagtic tubing. 1n an independent
measurement we were able to transmit over 65 W of CO, laser power for severd minutes
through an 1850 mm bore guide.

Losses in the plastic waveguides made by Croitoru may be reduced if smoother polymer tubing
is chosen. Haan and Harrington(26) have used smilar wet-chemistry methods to deposit Ag/Ad
filmsingde polycarbonate tubing. Extruded polycarbonate tubing in lengths of 2 m and bore
gzes from 840 pum to 2 mm was used to meke the guides. Figure 7 shows the lowest straight
lossesfor severd hollow waveguide structures; two polycarbonate waveguides, a Teflon
waveguide, and hollow glass waveguides (see next section) measured usng aCO, laser. The
solid curveis cadculated for the lowest order mode at 10.6 mm using Eq. 1. The attenuation
vaues of 0.22 dB/m for an 840 um PC guide and 0.10 dB/m for a 1500 um PC guide show the
improvement over the Teflon or polyethylene waveguides. In asmple power test using a CO;
laser, the 1500 pm waveguide was able to withstand more than 25 W of incident laser power.
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Figure 6 - Structure and bending loss for hollow plastic waveguide made by Croitoru’s group at
Td Aviv Universty. (18)
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Figure 7 - Composite data for hollow glass and plagtic waveguides. Note the low loss at 10.6 nm
for the glass guidesin comparison to the plastic guides.

Hollow glass waveguides (HGWSs)

One of the most popular hollow waveguides today is the hollow glass waveguide (HGW)
developed by Harrington's group a Rutgers University. This hollow glass structure has the
advantage over other hollow structures because it is Smple in design, extremdy flexible, and,
most important, has a very smooth inner surface. HGWs have ametdlic layer of Ag on the
indde of slicaglass tubing and then a didlectric layer of Agl over the meta film identicd to that
used to make the hollow plastic guides. Figure 8 shows a cross-section of the structure of the



HGWs. Thefabrication of HGWSs begins with slicatubing which has a polymer (UV acrylate or
polyimide) coating on the outsde surface. A wet-chemidry technique (see Figure 9), smilar to
that used by Croitoru and his co-workers(27,18) to depost meta and dielectric layers on the
indde of pladtic tubing, is employed to first depost aslver film usng sandard Ag plating
technology. (28) Next, avery uniform didectric layer of Agl isformed through aniodization
processin which some of the Ag is converted to Agl. (29) Using these methods, HGWswith
bore szes ranging from 250 to 1000 mm and lengths as long as 13 m have been made.

Agl film
Silver film

Glass tube
Plastic coating

Figure 8 - Structure of the HGW's showing the metdlic and didectric films depogted ingde
glicaglasstubing.

The spectrad response for HGW's depends criticaly on the thickness of the didectric film.
Generdly, for the Agl films, the film thickness ranges from 0.2 to 0.8 nm. In Fgure 10, we
show the spectral response of two waveguides which have different thickness films deposited on
the ingde of a 700 nm bore slicatube, 1 min length. The thickest film gives a minimum loss a
10.6 mm while the thin film was sdected for minimum loss near 3 mm. The latter guide hasa
fairly flat response beyond 3 mm and, therefore, this guide would be useful in broadband
gpplications. The structure observed in the spectrais due to thin-film interference effects amilar
to that commonly observed in thin-film coatings on optical components. These effects have been
observed and extensively discussed in the work of Matsuura, et d. (30)
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Figure 9 - Schematic of the experimenta set-up for deposting the Ag metdlic and Agl didectric
filmsingde slicatubing to form the HGWSs
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Figure 10 - Spectra response of two HGWS, one designed for low loss at the CO, laser
wavelength of 10.6 mm and the other for low loss at the Er:Y AG laser wavelength of 2.94 nm.

The strong bore-size dependent loss for straight HGWSs is shown for two guidesin Figure 11.
(28) These datawere taken using CO, and Er:Y AG lasers and the guides were optimized for
minima lossat 10 and 3 mm, respectively. The solid curves are theoretica caculations of the
losses for the lowest order HE; 1 mode. At the CO; laser wave engths we see not only the strong
1/a® dependence predicted by MS theory but aso that there is good agreement with the
experimentd results. However, at 3 nm the cdculated |osses are much lower than the measured
vaues. Thisisaresult of increased scattering losses a the shorter wavelengths and the
multimode character of the Er'Y AG laser.
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Figure 11 - Measured losses for straight HGWs using CO, and Er:YAG lasers. Note that the
predicted losses are well below the measured ones at 2.94 nm.

Bending increases the loss in hollow waveguides beyond that shown for the raight loss seenin
Figure 12. The additiond bending loss varies as 1/R as reflected in the data for two 530 mm bore
guidesin Figure 12. These data show the totd loss for guides with a congtant length of fiber
under bending. A curvature of 20 represents a bend diameter of only 10 cm. Thisis sufficiently
smadl for most applications.

5 - -

w P

Loss (dB/m)
N

0 4 8 12 16 20
Curvature (1/m)

Figure 12 - Bending losses for two 530-mm-bore HGWs measured at 10.6 and 2.94 mm.
Hollow, n<1 waveguides

The idea of an n<1 structure originated with Hidaka, et d. in 1981. (31) Inthisgructure, the air
core (n=1) has arefractive index greater than the inner-wall, cladding materia and, therefore,
this type of waveguide isfiberlike in that nyag<ncore. Thisisaso referred to as an attenuated total
reflectance (ATR) guidein contrast to the lesky Structure of the n>1 guides discussed above (see
Figure1). To beuseful for laser trangmisson, the ATR guides must have the region of
anomaous disperson, where nislessthan 1, fdl within some useful laser waveength range.

The first n<1 guides studied by Hidaka, et d. (32) focused on glass tubes made from lead and
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germanium doped silicates. By adding heavy ionsto slica glass, he was able to shift the infrared
edge to longer wavelengths so that the n<1 region of anomalous digperson occurred within the
CO, laser wavelength band. Worrel(33) aso studied n<1 glasses, in particular the germanate
glasses. Thelossesin the hollow-glass, n<1 fibers, however, were very high dueto ahigh k or
extinction coefficient and this technology has largely been abandoned.

|

Attenuation, dB/m
- L] -]

Waveguide bore dameter, microns
Figure 13 - Measured loss at 10.6 nm for straight, hollow sapphire waveguides. Note that the
losses fal between the theoreticd 1osses for the HE; 1 and HE;» modes. Thisis aresult of surface

roughness of the sgpphire tubing.

A more promising n<1 sructure is hollow sgpphire. It wasfirst pointed out by Harrington and
Gregory(11) that sapphire or Al,O3 has n<1 from 10 to 16.7 nm and, in addition, it has avery
gmall k value of 0.05 at 10.6 mm. This means that the theoretical oss predicted by MStheory is
very low (lessthan 0.1 dB/m for a 1,000-nm:bore tube) for this materid. Single-crystal sapphire
tubing is fabricated by Sgphikon, Inc. in Milford, NH in bore sizes ranging from 250 to 1070 nm.
In Figure 13 we show the measured sraight losses for five different bore Szes. Alsoin Figure

13 the theoretical losses for both the lowest order HE;; and next higher-order HE; 2, modes are
plotted. The measured losses are somewhat higher than that predicted by M S theory as a result
of the roughness of sgpphire’sinner wal. Gregory and Harrington(11) showed that the surface
roughness of hollow sapphire accounted for the increased attenuation over that predicted by
theory for the HE;1 mode. Figure 14 shows the bending loss for the 530 nm bore tube. The
curvature is not as great asit isfor the HGWS s because sgpphire has a high modulus and,
therefore, cannot be bent to small diameters. Hollow sgpphire ddivery systems have been
coupled to CO, lasersfor use in gynecology and orthopedic surgery and they have been
packaged in awater-cooled jacket for the delivery of over 1,900 W of CO, laser power.(34)
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Figure 14 - Bending loss for 560 nm bore, hollow sapphire tubing at 10.6 mm.
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Laser power ddivery in hollow glass waveguides

Hollow waveguides are ided for high power laser delivery because of the inherertly high

damage threshold of an air-core structure. For most medical and some [ow-power industrid
gpplications, it is sufficient to be able to ddliver up to 100 W of laser power. For these purposes,
the HGWSs can be used without cooling dthough it is often hdpful if an inert gasis used to purge
the bore of the guide. In Figure 15, we show the results of low-power, CO- laser power delivery
through 700 and 530 nm bore HGWs. It isdso possible to delivery higher CO; laser powers
through the guidesiif active cooling isincorporated. In Figure 16, we show the results of high-
power CO; laser transmission through a 700-mm-bore HGW that has a water jacket surrounding
the guide. The maximum laser power ddivered through the guide was just over 1,000 W! (34)

The 2.94-mm, pulsed Er:Y AG laser is becoming an important medical laser because the depth of
ablation is very shdlow and, therefore, this laser has greet potentia in surgica applications
involving precise cutting and adlation. In Figure 17 we show the average 3 nm laser power
delivered by the 1000 mm-bore HGW. These data were obtained usng amultimode Er-YAG
laser made by Continuum. The maximum average output power of about 8 W represents a
subgtantia average power for thiswavelength. This power is sufficient for most surgicd and
denta gpplications.

O
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Figure 15 - Low CO; laser power ddivery for two bore sze HGWs with no cooling. Thisisthe
typical laser power used in medical lasers and for low power cutting and marking.

The output beam profile of the HGW isimportant for many gpplications. In principle the HGWs
are nearly single mode because the higher order modes are attenuated by the factor (Ug)? (see
Egn. 1). In practice, however, mode distortion can occur even with a TEM oo input beam. The
gpatia profile can worsen on bending due to increased coupling into higher order modes. The
amount of coupling into higher order modesis afunction of the diameter of the waveguide, the
roughness of the surface, and the refractive indices of the materia. The spatid profile of a530-
mm-bore HGW is shown in Figure 18 A and B. From the data we see that it is possible to
generate a Sngle-mode HE;; output when the guide is straight or bent (Figure 18A), but, & other
times when the guide is bent, low-order modes can be generated resulting in the moda patternin
Figure 18B. Animportant point isthat the smdler the bore sze the better the moda purity even
on bending. A 250-mm-bore, straight or bent guide, for example, retains a nearly perfect sngle
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mode output. (35) The near single-mode output from the glass waveguides is very important
when small spot sizes are needed for precise cutting or marking.
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Figure 16 - High CO; laser power delivery for a 700 mm bore HGW with awater cooling jacket.
Note that the maximum power is just over 1,000 W!

Applications of hollow waveguides

Applications of hollow waveguidesfdl into two broad categories: laser power ddivery and fiber
sensors. Asfiber sensors, hollow waveguides are generally used ether to transmit blackbody
radiation for temperature measurements or as an active or passive link for chemica sensing.
Saito and Kikuchi(36) give agood review of the use of hollow guides as IR fiber sensors. The
use of hollow glass or metalic waveguides to ddiver laser power has largely been relegated to
laser surgery where the required power islessthan 100 W. Furthermore, most of the surgical
gpplications to date involve the CO; laser, asthislaser is one of the most commonly used
medical lasers. As mentioned above, the HGWs are capable of ddivering over akilowatt of CO,
laser power yet they have not been accepted as flexible delivery systems for indudtrid lasers.
There are two mogt likdly explanations for this: 1. hollow guides have a somewhat higher loss
when compared to current articuated arm technology; and 2. industrid gpplications generdly
require a high quality (low M?) laser output mode whereas hollow waveguides can distort the
TEM o input beam of the CO, laser and this can lead to unacceptable kerfs and welds in cutting
and welding applications.
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Output Power, W
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Input Power, W

Figure 17 - Power ddivery though aHGW usng an Er'YAG laser.
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Hollow waveguides are an idedl means of trangmitting blackbody radiation for thermometric
measurements. In particular, the peak of blackbody radiation near room temperature is around
10 mm where these guides transmit very well. They have aso been used to tranamit radiation
above 1,000 °C for the measurement of jet engine blade temperatures. Asaddivery sysemin
chemical sengng gpplications, hollow guides may be used merdly as a passve fiber link from the
chemical processing area to aremote detector, or they may play a more active role in which the
guide isfilled with the gasto be sensed. The latter gpplication involves using the hollow guide
itsdlf as both the container for the gas sample and as awaveguide. (26) That is, acoiled hollow
guide can replace a sandard White cdll to give along pathlength and asmal volume cell.
Severd researchers have used this method to measure smal quantities of benign gases. (26)

Conclusions

Hollow, IR tranamitting waveguides are becoming an attractive fiber optic for the ddivery of
high power laser radiation aswell as for important temperature and chemical fiber sensor
gpplications. In generd, these guides enjoy losses of afew tenths of a dB/m and are quite
flexible. Because the energy is carried in the hollow core, there is no core materia that might be
easly damaged by high pesk or average laser powers as there would be in a comparable solid-
core IR fiber. In addition, thereisno Fresnd loss; thisis epecialy important in comparison to
the cha cogenide glass fibers where Fresnd |osses can be as high as 25%/surface. When
sdlecting ahollow guide, it isimportant to remember thet the optica principles are different

between a hollow core-guide and a solid-core fiber. The most important ditinctions are that the

hollow guides have alossthat varies asthe reciproca of the bore radius cubed and that thereis
an additiona loss on bending which variesas /R These properties are not shared by
conventiond solid-corefibers. It isour experience, however, that most applications of IR fibers
do not require tight bending radii so that the additiona 1oss on bending is not prohibitive. Two
other advantages of hollow guides are important: these guides are nearly sngle mode and there
seems to be no loss due to aging as we have observed no change in transmission after storage of
the guides for over two years.

Figure 18 A - High qudity output beam profile from Figure 18 B - A smilar HGW but with the output
abent 530 nm bore HGW. beam profile distorted somewhat by pushing against

the side of the guide.
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